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Abstract

The inclusive production of the f3(1525) in hadronic Z° decays has been studied in data collected by the DELPHI
detector at LEP. The Ring Imaging Cherenkov detectors were important tools in the identification of the decay f3(1525) —
K*K™. The average number of f3(1525) produced per hadronic Z decay,
{f3) = 0.0204 0.005 (stat) % 0.006 (syst),

and the momentum distribution of the f5(1525) have both been measured. The mass and width of the f3(1525) are found
to be

(Mgy)=1535+5 (stat) == 4 (syst) MeV/c*, (Ty;) =60 20 (stat)-3= 19 (syst) MeV/c*
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1. Introduction

The theory of strong interactions, QCD, does not
provide reliable calculations of the transformation
of the final state quarks and gluons into observed
hadrons. This phase, called “hadronization”, is usually
simulated using hadronization models. The measured
particle production cross sections provide constraints
and test the models available. Particles with high
mass and spin may be produced more directly and so
provide cleaner information.

In hadronic Z° decays, inclusive production rates
have been measured for a large number of meson and
baryon states (see Ref. [1] and references therein).
However, up to now, the tensor meson f3(1525) has
been observed and studied only in exclusive reactions
like K"p— f3A [21, J/¢p — fry [31 and yy — f;
[4]. Inclusive studies of this state are necessary for
understanding the dynamics of its production.

This letter reports the first observation and inclusive
analysis of f5(1525) production in e*e~ hadronic
events at a centre-of-mass energy around 91.2 GeV.
The measurement has been performed using data col-
lected with the DELPHI detector at the LEP collider
from 1992 to 1994.

The f5(1525) has a mass of 1525 £ 5 MeV/c?
[5]. Its decay into K™K~ (branching fraction 35.6%)
was used in the present analysis.

2. Event selection and analysis

The DELPHI detector and its performance have
been described in Refs. [6,7]. This analysis relied on
the information provided by the tracking detectors: the
Micro Vertex Detector (VD), the Inner Detector (ID),
the Time Projection Chamber (TPC), the Outer De-
tector (OD) and the Forward Chambers (FCA, FCB),
and by the Ring Imaging Cherenkov (RICH) detec-
tors.

Charged particles were used if they had polar angle
# with respect to the beam axis between 25° and 155°,
momentum p larger than 0.2 GeV/¢ and smaller than
50 GeV/c, measured track length in the TPC longer
than 50 cm, and impact parameter with respect to the
nominal beam crossing point less than 5 cm in the

! On leave of absence from THEP Serpukhov.

transverse plane and 10 cm along the beam direction.
Hadronic events were selected by requiring that there
were at least 5 such charged particles in the event,
that the total energy of the charged particles exceeded
3 GeV in each of the two hemispheres defined with
respect to the beam direction, that the total energy of
all charged particles was larger than 15 GeV, that the
total momentum unbalance was less than 30 GeV/c,
and that the polar angle of the thrust axis satisfied
| cos By, |< 0.75.

The K+ identification relied on the Barrel RICH and
Forward RICH detectors, imposing the “tight” selec-
tion criteria in the DELPHI algorithm HADSIGN [7].
Charged kaons were identified with an average purity
of about 70% for momenta larger than 1.0 GeV/c, as
estimated from Monte Carlo simulation. In the 1994
data, for which both the liquid and the gas RICH were
operational, .1 020 889 hadronic events were retained
after the cuts. The number with at least two identified
charged kaons was 300 821. Adding the data collected
during 1992 and 1993, when the gas RICH was op-
erational, increased the statistics for kaon pairs with
xp > 0.22, where x, = 2p/+/s, by about 50%.

The detector effects on the analysis were estimated
using the DELPHI simulation program DELSIM [7].
The events were generated using the JETSET 7.3 Par-
ton Shower model [ 8] with parameters tuned to DEL-
PHI data [9]. Production of the f5(1525) was in-
cluded.

The f}(1525) signal in the K*K~ mass distribu-
tions was described, both for the full measured x,
range and for separate intervals in x,,, by a relativistic
Breit-Wigner function

_ M-My-T(M)
BWIM) = QB3 + (Mo - T(M))?
. (a w1 g2
(M) =T, (qo) & +q*’ . v

where M is the KYK~ mass, My and I'y are the mass
and width of the f3(1525) resonance, g and gy are the
kaon momentum in the K*K™ rest system for masses
of M and M, respectively, and the angular momen-
tum of the decay products L was set equal to 2. The
background was parametrized by the function

BG(M,ay, ...,as) = a1 + oM +asM* +asM>.  (2)
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In part of the analysis, a second resonance f,;(1710)
[5] decaying into K"K~ was also included in the
fitting procedure, using the same function as (1) with
L set equal to 2, and neglecting possible interference
between f5(1525) and f;(1710).

Thus the K*K ™ invariant mass spectrum was fitted
with the function

a-BWg (M) + B BWy,(M) + BG(M,a, ..., as).
(3)

The resonance masses My and widths I'y were either
left free in the fitting procedures, or were fixed at their
values as measured in this experiment, or were fixed at
their world average values [ 5] from the Particle Data
Group (PDG). The K*K~ mass distributions were
fitted in the region from 1.3 to 2.0 GeV/c?. The num-
bers of f5(1525) candidates were determined by in-
tegrating the Breit-Wigner function in expression (3).

3. Results and discussion

The KTK™ invariant mass spectrum for identified
charged kaon candidates is shown in Fig. 1 for the
1994 data in the region x, > 0.05. A clear f;(1525)
signal is observed. For the fit to the function (3) that
is shown, the mass and width of the f;(1710) were
set to the world averages, 1709 and 140 MeV/ c” re-
spectively [5], and the parameters of the f3(1525)

were left free. The fit gave M2 = 1535 & 5 MeV/c?

and 1"{;2 = 60 =+ 20 MeV/c?, to be compared with the
PDG values of 152545 and 76110, respectively.

The measured KK~ invariant mass distributionsin
four x, intervals are presented in Fig. 2 together with
the fits and the background. The 1992 and 1993 data
are included for x, > 0.22. The masses and widths of
the f5(1525) in the separate x, intervals were fixed
to the experimental values obtained above for the full
xp > 0.05 region.

In the lowest x,, region, 0.05 < x, < 0.10, a signal
consistent with the f;(1710) state is seen. A fitto a
fs(1710) signal with free mass in this x, interval gave
My, =1690 & 11 MeV/ ¢?, in reasonable agreement
with the world average [5]. The number of f;(1710)
candidates in this x, interval obtained by a fit with
the f;(1710) mass and width fixed at the PDG values
was 405 % 200 (¥2/DF = 29.3/43), Excluding the

> 1400
s
S 1o f,(1525)
E 1000
DELPHI
800 [

600
400

200

PRI VST R

13 ‘ 14 15 16 1.7 1.8‘ ‘ I‘1.9I ‘ ‘2
M(K*K™) , GeV/c?

Fig. 1. The K*K™ invariant mass spectrum in the f}(1525) mass
region for the measured x, interval x, > 0.05, for the 1994 data.
The full curve is the result of the fit to expression (3). The lower
part of the Figure presents the data and.the fit for f}(1525) after
subtracting the background and the f;(1710) contribution and
multiplying by a factor 2.5. The dashed curve is the result of the
fit to function (3) with 8=0.

-200

f7(1710) increased the y? by 5.6. It was also verified
that in the simulation, although some structure from
charm meson decays in the f,;(1710) mass region
was observed at higher x, values, the production of
states with higher masses, particularly the production
of charmed mesons, did not generate an enhancement
inthe f;(1710) mass region in this lowest x, interval.

However, the significance of the f;(1710) corre-
sponds to only two standard deviations. The analy-
sis was therefore repeated without accounting for this
state, i.e. when fixing 8 = 0 in function (3). The
dashed line in Fig. 1 shows the overall fit obtained.
The dotted lines in Fig. 2 show the backgrounds ﬁtted
in each x, bin.

The numbers of f}(1525) obtained in the four x,
intervals are presented in Table 1. The averages of
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Fig. 2. The K*K~ invariant mass spectra in the £4(1525) mass region for the x, intervals indicated. The full curves show the fit to
expression (3); the dashed curves represent the sum of background and the contribution of the f;(1710). The dotted curves show the

background for the fit with 8= 0 in function (3). The upper Figures are for the 1994 data while the lower Figures are for the combined
1992, 1993 and 1994 data.

Numbers of f}(1525) — K+ K~ candidates with and without including the £;(1710) in the fit, the average of those two numbers, the
ratio sfﬁ /e}, (with its statistical error) of the reconstruction efficiencies for ¢ and fé decays into KtYK™, and the resulting average
2

£%(1525) multiplicity per hadronic 7% decay in the four xp intervals, corrected for unobserved decay modes.

x, interval Number of f}(1525) Average e /e, (ngr)

2 (A0 4 2

number
with f; without f

0.05-0.10 419 4 118 295 £+ 105 357 £ 112 1.18 + 0.04 0.0050 & 0.0017
0.10-0.22 561 + 164 375 + 147 468 1 156 0.81 + 0.02 0.0074 &+ 0.0026
0.22-0.50 186 + 173 25 4+ 141 106 £ 157 0.72 &£ 0.02 0.0012 £ 0.0018
0.50-1.00 109 £ 46 120 £ 50 115 + 48 1.04 £ 0.05 0.0023 £ 0.0010
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the numbers obtained with and without the f;(1710)
were used for the subsequent analysis, and half the
difference between these numbers was taken into ac-
count as a systematic error. In the region 0.22 < x,
< 0.50, the number of f}(1525) candidates depended
slightly on the range used for the fitted mass distribu-
tion. The differences between the fit results were also
taken into account in the systematic error.

In order to measure the average multiplicity and x,
distributionrof the f7(1525) in the hadronic Z decays,
the rates were expressed relative to the ¢ production
rates by

Nr/ Gr

r r S ¢
) = ) 2 o 4)

2

where <"?§ ) and (ny) are the mean multiplicities per
hadronic event, N}, and N’ the numbers of recon-
structed decays, and e 7 and e¢ are the efficiencies,

for f5(1525) and ¢(1020) respectively. All numbers
in Eq. (4) correspond to the numbers reconstructed in
the K*K~ decay mode, indicated by the superscript
r, both for f5(1525) and ¢(1020). The Ny, were ob-
tained using the same KTK™ mass distributions as the
N%,, and a similar fitting procedure.

The average of the ¢(1020) production rates mea-
sured by the LEP experiments [10] is 0.107 =+ 0.009
per hadronic Z° decay [1]. As the tuned JETSET
model yields a good description of the momentum
spectrum of the ¢(1020), the relative ¢(1020) mul-
tiplicities in the four x, regions were calculated from
JETSET, while the global ¢ multiplicity was renor-
malized to the above average value measured at LEP.
The systematic errors on the numbers and average
multiplicities of the ¢ were taken into account, as was
the branching fraction of ¢ into K*K~ (49.1%).

The use of Eq. (4) for measuring the average
f5(1525) multiplicities avoided the calculation of the
kaon efﬁciency from the simulation: the efficiency
ratio €¢/ €% could be extracted more reliably from
the simulation than €, 7 itself since possible wrong
estimates of the kaon 1dent1ﬁcat10n efficiency tend to
cancel in the ratio e¢/ € Ty The efficiency ratio was
calculated from simulated events for the full measured
xp interval, 7,/ e;,=0 87, and for the four x, regions.
In each region of x,,, the average of two s¢/ € ratios,
one for the full measured x, interval and the other for

the given x, region, was used. The efficiency ratios
are given in Table 1. Their dependence on x,, reflects
the momentum dependence of the kaon identification
efficiency [7] and arises because the Q values of the
two decays are very different. Their quoted errors are
statistical. Their possible systematic errors were taken
into account as described below in Eq. (6).

The average f5(1525) multiplicities, (n #;)» in four
Xp intervals, calculated using Eq. (4) and corrected
for unobserved f4(1525) decay modes, are given in
the last column of Table 1. The measured average
multiplicity in the x, > 0.05 range, obtained by sum-
ming over the four x,, intervals, amounted to 0.0159 +
0.0037 (stat) per hadronic event. The extrapolation to
the full x, range, assuming that the unmeasured inter-
val x, < 0.05 is represented by the normalized JET-
SET 7.3 PS model tuned to DELPHI data [9], yielded
the final value for the average f;(1525) multiplicity,

(f2):
(f3) =0.020 £ 0.005 (stat) = 0.006 (syst).  (5)

The systematic error quoted is the quadratic sum of
the following uncertainties.

— The fitting with and without the f;(1710) con-
tributed an error of +0.0041.

— The uncertainty on the ratio of the efficiencies and
the numbers and average multiplicities of the ¢ was
estimated by recalculating the average f5 multiplic-
ities using instead of Eq. (4) the expression

(nf§> = N;‘é/(Nev : 6;5) (6)

(where N,, is the number of hadronic Z decays),
which does not make use of the ¢ multiplicities, and
taking the f3(1525) efficiencies, 5};’ from simula-
tion. The difference in the average f3(1525) mul-
tiplicities obtained from Eq. (4) and Eq. (6) was
0.0031; this difference was considered as a system-
atic error.

- The fitting function and the mass and width of the
signal were varied. As an alternative shape of the
14 signal, the shape from simulated events was con-
sidered. As input value for the mass and width of
the f}, the PDG values, 1525 and 76 MeV/c? re-
spectively, were chosen. The analysis of simulated
events did not show evidence of a distortion of
the Breit-Wigner shape of the f} due to the influ-
ence of phase space and detector effects. No sig-
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nificant mass shift was observed and the width was

increased by the value of the K*K~ mass resolu-

tion; this was almost constant at about 10 MeV/c?
over the full measured x, > 0.05 range. The error
from these sources was estimated to be £0.0017.

- The reflections from other states in the f} mass re-
gion was calculated from events generated accord-
ing to the JETSET model and passed through detec-
tor simulation, and were subtracted from the exper-
imental KK~ mass distributions. All states decay-
ing into two or more charged particles which were
identified after the detector simulation as an unlike-
sign kaon pair were considered. The corresponding
error was estimated to be +0.0017.

~ The correction for the unmeasured interval x, <

0.05 based on the JETSET 7.3 PS model amounted

to 0.0043; an error of +£0.0014 (one third) was

assigned to it.

The total systematic errors on the measured mass
and width (MJ? = 153545 (stat) MeV/c? and I'}? =
6020 (stat) MeV/c?) were estimated as 4 MeV/c?
and 19 MeV/c?, respectively. These values are the
quadratic sums of the uncertainties due to the reflec-
tions from other states in the f) mass region, from the
fitting procedure with and without the £, and from the
effects of the detector and phase space (mass scale,
shape of the f} signal). The effect of the mass scale
uncertainty, which was about 0.7 MeV/c?, was esti-
mated from the shift of the K° mass, by assuming the
uncertainty to be proportional to the momenta of the
decay products in their centre of mass frame. The sys-
tematic errors from each source are given in Table 2.
Finally the values quoted for the mass and width of
the f/ are

(M) = 1535+ 5 (stat) +4 (syst) MeV/c* = (7)
(Ty;) = 60+ 20 (stat) & 19 (syst) MeV/c*.  (8)

The observed ratio of average multiplicities in
hadronic events for f3 and ¢,

(f5(1525))/{(1020)) = 0.19 4 0.07, ¢
agrees with the ratio

(£2(1270))/{p°(770)) = 0.24 & 0.07 (10)

measured in [11], as well as with the average ratio
of average multiplicities of tensor to vector mesons in

Table 2
Systematic errors from different sources for measured mass and
width of f7(1525).

source AM(];2 (MeV/c?) AI‘({2 (MeV/c?)
reflections 33 11

f7(1700) 1.0 11

Detector, phase space 1.0 10

total 4 19

Table 3

Differential cross section ¢ for the production of f(1525), nor-
malized to the total hadronic cross section oy,q. The first error is
statistical and the second is systematic.

xp interval (1/01aq) -do/dxp

0.05-0.10 0.100 £ 0.034 + 0.032
0.10-0.22 0.062 £ 0.022 + 0.024
0.22-0.50 0.004 4 0.006 £ 0.006
0.50-1.00 0.005 £ 0.002 £ 0.002

badronic reactions in the incident momentum range
from 32 to 400 GeV/c of 0.25 £ 0.03 [12].

Table 3 and Fig. 3 give the differential cross sec-
tions o for the production of f3(1525) as a function
of x,, normalized to the total hadronic cross section
Ohad- The dashed line in Fig. 3 shows the ¢(1020)
production as modelled by JETSET and normalized to
the mean ¢(1020) multiplicity measured at LEP [1].
The shapes of the x, distributions of the f5(1525)
and ¢(1020) are in agreement within the large errors.
An increasing ratio of tensor to vector production (up
to one) for the leading mesons in the high x, region,
as observed previously in Ref. [11], is however also
not excluded by the present data.

The measured average multiplicity and the x, dis-
tribution of the f}(1525) can be compared with the
JETSET 7.3 model tuned to DELPHI data [9]. Param-
eters which are important for f}(1525) production in
the model are the strangeness suppression factor and
the probability of strange tensor meson production;
these were set to 0.28 and 0.132, respectively. The
predicted value for the f5(1525) average multiplicity
in JETSET is 0.024, in good agreement with the mea-
sured value. The JETSET model also describes the
xp distribution well (Fig. 3). Note that the JETSET
model was tuned to DELPHI data for production of
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Fig. 3. Differential cross section (1/opaq)-do/dxp for inclusive
fé( 1525) production. Errors are statistical only. The dashed line
shows the differential cross section (1/op,q)-do/dxp for ¢(1020)
production at LEP, the shape being taken from JETSET (see text).
The full curve represents the expectation for the f}(1525) from
the JETSET 7.3 PS model with parameters tuned to other DELPHI
data.

other mesons and baryons without using the present
results on f}(1525) production.

4. Conclusions

The first observation of f}(1525) production in
hadronic Z° decays has been reported.
The f2 mass and width have been measured to be

(M) = 1535+ 5 (stat) +4 (syst) MeV/c?,
(T's;) = 6020 (stat) = 19 (syst) MeV/c”.

The production rate per hadronic Z° decay

o

£5) =0.020 4 0.005 (stat) & 0.006 (syst)

and the x, distribution have been measured. The ra-
AAAAAAAAAAAA (188N 1 L10D Sores
UU Ul CIOUd> beLlUllb J 2\ 1040) 7 @y 1ULU} lb lll agice-
ment with the vector-to-tensor meson ratios measured
for other states. The shapes of the x,, distributions for
f5(1525) and ¢(1020) are similar, indicating simi-

lar production mechanisms of these mesons. The av-

erage multiplicity agrees well with the prediction of

DELPHI Collaboration / Physics Letters B 379 (1996) 309-318

the JETSET model with DELPHI tuned parameters.
The shape of the x, spectrum is consistent with the
one predicted by JETSET. The results of the inclusive
analysis are consistent with the assumption that the
f5(1525) is an s5 tensor meson.
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