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Abstract

Measurements are reported of inclusive £,(1270) and £(975) production in vp, x*p
and K*p collisions at photon beam energies of 65 to 1756 GeV and hadron beam enpergies
of 80 and 140 GeV. The f, and f, mesons were found at masses of 1.250 GeV and
0.961 GeV respectively. Inclusive f, production at low zp was found to have a similar
Pt dependence for each beam type, whereas an additional pion-exchange contribution
was found for production by pions at high zp. Cross sections are compared to those
for p%(770) production and give no indication of a non-qg component in either f-meson
state.



1 Introduction

The f5(1270) and f,(975) mesons have been observed in many previous experiments .

although with differences in their parameters and their interpretation. The f; seems to
be a standard qg state but the width is still giving difficulties with a recent determination
in pp [1} giving a value of 325 + 55 MeV which was interpreted as evidence for a gluon
content. New evidence for the existence of a spin zero enhancement under the f,(1270) has
been reported in 7y — w°x° and interpreted as an indication of an £,(1270) {2]. Thus further
study of the f;(1270) region in inclusive mass spectra produced with different projectiles is
valuable.

There is uncertainty in ascribing the fo(975) to the lightest qg scalar nonet. The K§(1430)
and ag(980) are known and in the I=0 S-wave cross section there is a broad enhancement,
f,(1400), that is largely elastic and the £(975) which also couples to KK. The £,(975)
coupling to KK suggests that it contains an admixture of s§ quarks; it has been interpreted
as a KK molecule or a 4 quark state; see [3] for a review. Unconventional classification
of £5(975) and ag(980) gets support from the possible observation of scalar qq objects by
the partial wave analysis of yr data by GAMS [4] and of K3K] data by LASS [5], in which
S-wave enhancements have been seen under the corresponding tensors a,(1320) and f,(1525).

Measurements are reported here, using data taken in experiment WA69 [6] at the CERN
Omega spectrometer, of the inclusive production of £2(1270) and £,(975) in yp and h*p
collisions; here h* denotes a mixture of #* and K* beams adjusted by means of beamline
Cherenkov counters and software to a ratio of 2:1 in order to simulate the quark content of
the photon [7]. A total of 20 million photon induced and 24 million hadron induced triggers
(subdivided into 8 million at + 80 GeV and 16 million at + 140 GeV) were taken using a
trigger which selected most of the hadronic total cross section. In the analysis, no dependence
was found on the charge of the hadron beam and so all results presented are the sum of
similar sized data sets taken with opposiiely charged beams. These event samples yielded
96000 photoproduced and 250000 hadroproduced f, mesons, and 16000 photoproduced and
37000 hadroproduced f, mesons. The analysis reported here was similar to that described
in [7], with the program TRIDENT (8] being used for event pattern recognition and
reconstruction. In the photoproduced event sample, electiromagnetic backgrounds were
reduced by cutting events having equatorial tracks in the Omega magnetic field. Final
elimination of electromagnetic contamination in the photon data and the minimisation
of trigger biasses were achieved by requiring a minimum of four charged particles in the
final state. Hence all elastic and the lower charged multiplicity part of the inelastic #+x~
production were suppressed.

The extraction of the f-mesons and measurement of their masses in the #+7~ mass
distributions are described in section 2. In section 3 cross sections for £,(1270) production as
functions of zr and py are discussed as are total cross sections for production of the f(975)
meson. The reaction mechanisms for £,(1270) are discussed in section 4 and conclusions are
given in section 5.
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2 Masses and widths of the f-mesons.

Inclusive two-particle mass distributions were compiled for each of the beam types and
for each of the energy ranges, assuming that all observed final state particles were pions. As
an example, figure 1(a) shows the 777~ mass spectrum for the total pion induced data (the
corresponding photon and kaon induced data are similar). To measure f; and f; intensities,
the 7*x~ mass distributions in the mass range from 0.74 to 1.5 GeV were fitted using a
function of the form:

F(m) = p - BG(m;pa,p3,pa) + ps - BWs,(m) + pe - RES,(m) + pr - BW,(m)

with BG(m;Pz,PsaPJ.) = (m - me)m ) exp(""PSm - pdmz)s
m2—4m2 \J} L
m«mg - I‘(m) I‘(m) —T,. (mo--ttm.,z‘.) Z

(= w3+ m3 - [7(m) e

BW(m) =

RES,(m) is the same Breit-Wigner form as was used in [7], i.e. skewed with a S&ding like
term to account for coherence effects with the background. The mass range was chosen so
as to exclude the complex region on the lower side of the p%(770), and effects due to the
wtx~ decay of the p(1600). To account for the experimental resolution, the function ¥
was convoluted with the resolution function G{§m;m) extracted from the momentum errors
of the tracks as given by the reconstruction program. The parameters p; of the resulting
function

F(m) = fG(m — m'ym' )\ F(mdm/

were fitted using the program MINUIT [9).

Figure 1(a) shows a fit to the pion data with the masses, widths, and spins quoted by the
particle data group[10] (mg, = 1274 MeV, I'y, = 185 MeV, I, = 2; and my, = 975.6 MeV,
T, = 33.6 MeV, Iz, = 0). This fit has a x>-probability of 4.7 per degree of freedom. The
significance for the f; signal is approximately 9 standard deviations in the r data, 5 in the
K data and 8 in the photon data. The f;, but not the f; signals are much more pronounced
at high zr as seen in figure 1(b) which shows the r*x~ mass spectrum for 7 pairs from
figure 1(a) with zr > 0.7. In order to investigate the fits to the f signals in more detail,
all contributions, except those from the f; and f;, were subtracted; figure 1(e) shows the
resulting distribution. Both resonances appear to be shifted towards lower mass values than
those given by the Particle Data Group [10]. This effect is also seer in the corresponding
plot for the photon and kaon induced data (figures 1(c) and (g)). Independent fits to the
photon and pion data with variable f-meson masses yielded consistently m;, = 1250 +3 MeV
and mg, = 961 + 3 MeV. Hence the masses were fixed at these values throughout the rest
of the analysis. Corresponding fits are shown in figures 1(d) (photon data), 1(f) (pion data)
and 1(h) (kaon data). The overall x* per degree of freedom was typically 1.3 for the fits to
the photon and pion data. A possible interpretation of these mass shifts is discussed below.

Tests of the stability of these results have been made. Systematic shifts in the mass
determination due to the detector are excluded by the observation that the K**(892) and
#(1020) mesons were observed precisely at their nominal mass values [11]. The replacement
of a skewed p° shape by a normal Breit-Wigner p° increased the fitted mass of the £,{975)
to 966 MeV and its intensity by 25%, had a negligible effect on the f; parameters, increased
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the overall x* per degree of freedom to 2.3 and made the fits in the p° region much worse.
Allowing an additional cubic term in the background, such as was found necessary in [7],
increased the fitted intensity of f; by 2%, but made a negligible change to the x* per degree
of freedom, or the overall shape or other {, or f; parameters. Thus, although the backgrounds
in the region of both {-meson peaks are large, the f-meson parameters are stable to the form
of the background. Hence it appears unlikely that the mass shifts are caused by errors in
the background estimation.

The yield of p°(1600) in the #* 7~ mass spectra around 1600 MeV was far too small to
influence the f; signal. There is no indication for a p°(1250) in the elastic data of the reaction
yp— wtx~p [12] or ete™ — w¥xr~ [13]. Hence the possible contribution of 17~ resonances
in the immediate vicinity of the f-meson peaks has been neglected.

Final state particle identification was not used in this analysis, and so the K*x¥ decay
of the K3(1430) reflects into the w7 mass spectrum with a peak at about the f; mass. This
is potentially important in the kaon data where leading production of the K; is expected.
The magnitude of the effect has been measured by assigning the kaon mass to one of the
charged particles and fitting the K in the resulting mass spectrum. The yield due to the
K; reflection (shown as the shaded area in figure 3(f)) corresponds to less than 2 15% Kj
contamination of the f, signal in the kaon induced data. This contamination was found to
be negligible in the photon and pion induced data.

The existence of a spin zero bump under the f» has been reported in 4v — 7%¢° and
interpreted by [2] as an indication for an f5(1250). This state could be present here and could
contribute to the low mass observed for the f,. A fit allowing such a state in addition to a
standard mass f, is satisfactory but assigns the whole of the peak to such an f;. As shown
below there is good evidence, at least at high 2 in pion production, that the 1250 MeV
peak in the present data has a dominantly high spin component. A contribution to the f,
peak from a T*71~ decay of another resonance at about this mass cannot be excluded. An
alternative, and plausible, explanation of the mass shifts found here is that they are due
to interference between the f resonances and the background; such an explanation was used
successfully to describe p® meson production in [7]. Although in general interference effects
can alter the total area under a peak, so that neglecting them may introduce errors in a
cross section measurement, the error due to the shifts reported here is small. Interference
effects in f; production in the quasi two-pomeron exchange pp— n*tn~ and pp— KK~ at
300 GeV have been observed by WAT6 [14], but this cannot be directly compared with the
present work.

3 Cross sections for f~meson production

The Monte Carlo program HERWIG (15] was used as an event generator to provide a
sample of f;, mesons for the determination of the experimental acceptance over the zr-pr
grid. This program produced, by default, tensor mesons in the final state of the hadronization
procedure. [t was used in its default mode, and the f; was taken at its nominal mass, decaying
isotropically into 7#*n~. The f; width given by [10] was applied. The Monte Carlo events
were processed through a simulation chain taking account of the detector, trigger, and data
selection as in [7], and the number of f,-mesons extracted from the resulting mass spectra.
The acceptance was then calculated as the ratios of reconstructed to input numbers of f; per



Beam type Energy o [pb]
¥ 65 - 110 GeV | 5.18 + 0.24
~ 110 - 175 GeV | 462 + 0.28
¥ 65 - 175 GeV | 5.06 + 0.21
T 80 GeV [ 1186 + 45
T 140 GeV [ 1306 + 43
K 80 GeV | 386 <+ 44
K 140 GeV | 435 + 30
3 80 GeV | 919 £+ 32
h 140 GeV | 1016 + 35
h 80/140 GeV | 967 <+ 28

Table 1: Total cross sections for inclusive f, production in the range —0.1 < 25 < 1 and
pr £ 2 GeV. The quoted errors exclude the normalisation uncertainty of +15% but include
a £2% estimate of the error due to the choice of background parametrisation.

zr and pr bin. The acceptance varied by less than a factor of 2 over the whole z and PT
range and agreed well in magnitude and shape with the acceptance for p° mesons deduced
in [7]. Its dependence on the beam energy was weak.

Cross sections for f; production were evaluated for bins of 0.4 GeV in pr over the range
from 0 to 2 GeV/c, and of 0.2 or 0.3 in zr over the range from -0.1 to 1.0. Two ranges of beam
energy were taken separately: low energy, 65 < E, < 110 GeV and Ej,q = 80 GeV; and
high energy, 110 < E., < 165 GeV and Ep.q = 140 GeV. A correction for the branching ratio
of f; — w*x~ of 56.7% has been made. Figures 2(a-f) show the differential cross sections,
d*c [dzrdpr, for f, production for each combination of beam particle type and beam energy.
The fit errors on each zp-pr bin at low pr are typically +20%, £20% and +30% for 4, 7 and
K beams respectively. In addition, there is a £15% normalisation uncertainty in all data.
The total cross sections, integrated over zr and py are given in table 1.

Figures 2(a-f) show that different projectiles give rather different distributions at high zr.
Figures 3(a-f) give the zp projection, and the histograms on 3b and 3f show the prediction
of HERWIG normalised to the data. The shaded histogram in figure 3(f) shows the amount
of K3(1430) contamination in the f, signal.

The ratios of production cross sections for 7 and K beams give information on the nature
of states. At high zr the ratio is determined by the possible meson exchange mechanisms,
whereas at lower 2r, near zero, the ratio gives information on the quark or gluon content of
the state. For u/d quark states the ratio would be equal to 2, by valence quark counting.
This value is likely to be reduced slightly by contributions from sea quarks or gluons. If the
state contains strange quarks {e.g. a KK molecule) the ratio would be expected to fall even
further. Figure 4 shows this ratio for f, and p° production as functions of zp, indicating
that the shapes are consistent. Some systematic errors are possible because of the somewhat
different shapes of the background distributions for 7 and K beams and the results are thus
consistent with being equal and having a value close to 2 in the region zr < 0.5. The rise at
higher zr presumably results from meson exchange contributions in this region.

The corresponding ratio for f,(975) production is less well determined but is again
consistent with a value of 2, and therefore points to a u/d quark interpretation of the



Beam type a(p°) a(f) a(fo)
04 170 £ 02) 506 £+ 021{1.18 £ 0.15
T 4004 + 50(1250 + 45| 180 + 20
K 2001 £ 90| 410 £+ 36 109 + 20

Table 2: Meson production cross sections in pb. Errors are statistical and neither an overall
normalisation error of £15% nor systematic errors due to the parametrisation are included.

fo meson. In an earlier photoproduction experiment using the same spectrometer [16], a
standard u/d quark structure was favoured for the ay(980), the apparent isovector partner
of the f; in the scalar octet: inclusive photoproduction of charged ag (with a subsequent
decay into 7w*) was observed with a large cross section and was found to fit well into a qf
production scenario involving Light quarks only.

Total production cross sections (with a minimum observed charged multiplicity of 4 — see
section 2) for p° (from [7]), f,, and 1, are given in table 2. (A branching ratio for fy —» 7 x~
of 52.1% has been assumed.) It should be noted that the ratios of f, and f; total cross
sections cannot be simply interpreted because of the additional f; production mechanism at
large zr which is discussed below. There was insufficient data to determine differential f;
production cross sections with respect to zr or pr.

4 Production dynamics for f; mesons

As a comparison of photon and hadron induced data in the central region, figure 5 shows
the differential cross section, de/dpr, for a subset of the data where 2 cut on zg(f;) < 0.5
has been applied. The corresponding plot for high zr (not shown) is similar., The lines in
figure 5 correspond to a fit of the form

do 2
= oprexp(~bpr)

to the data points. The fitted values of the parameter b for the six data samples are all
consistent with each other and give an average value, b = 2.0+ 0.1 GeV~2. Since the f; state
is well separated in rapidity from the projectile, it is not expected to be significantly spin
aligned and decay angular distributions of the f; decay products would be expected to be
isotropic. This angular distribution (not shown) is indeed observed to be isotropic for each
beam type.

At larger z¢ (oF > 0.7), there is a substantial yield with a strong angular dependence in
the badron-induced data. This suggests an additional mechanism in hadro-production and
also confirms that the object seen at a mass of 1250 MeV at high 2 is dominantly a high
spin object such as the f,. Only pion induced data were used for this analysis because of the
K3 contamination in the kaon induced data. The angular distribution for a pion from the f;
decay, integrated over the azimuthal angle, is given by [17]:

1 2
W(cosf) {pgg sin® 8 + py15in? 28 + 3pg0 (c032 [/ - 5) } (1)



these data (18] OPEA
poo | 0.66 + 0.02] 0.93 + 0.07| 0.85
pu | 027 + 001] 026 + 002 0.07
p2 | -0.10 £ 0.01]|-0.22 + 0.02 0

Table 3: Measured spin density matrix elements for f; at r > 0.7 (7 data, high energy).
The errors are purely statistical.

where p;; are the spin-density matrix elements and the polar angle 8 is that of the decay »*
with respect to f;, momentum in the overall center of mass system. This has been successfully
applied [18] to the description of do/df(7~p — fn) at a 7~ energy of 8 GeV. In the present
analysis it leads to a fit of the data as described by the dotted curve figure 6, with results
listed in table 3. The fit was restricted to the range T/10 < 8 < 97/10 so as to avoid
uncertainties in the acceptance at extreme values of 4.

The OPEA-model {one pion exchange with absorption [18]) predicts a preponderant Poo
contribution to W(cos 8} in equation 1 which is seen in the fourth column of table 3. Table 3
also gives the results of [18] and of this experiment. In this experiment the £, is found to be
dominantly produced at low pr, i.e. in the regime of one pion exchange. The measurement
of a non-vanishing py; indicates the existence of other exchange contributions or of a small
contribution from a lower spin resonance (e.g. the fo(1250) suggested by [2] superimposed on
the f,). The measured pr distribution at large zr can be described by a triple Regge ansatz
including a;-exchange. Reference [7] argues that such a mechanism can be parametrized by

Lo L\ Zenlt)-1 5 ) 2em(d-1
%9 N spagp(t) * [ ~—= :
zd(iys) = G (Mx) + Gorarp(2) (M%) @)

exp(—6t)
(t —m2)?
The data are not sensitive to the value of the exponent in the above expression for Gr.p and
values up to 9 show little variation in the quality of the fits. The parameters A and B were
determined by fitting the data for 7p — £,X (high energy, zr > 0.7) to equation (2) and
the result is shown or figure 7(a). The curve on figure 7(b) shows the consequent prediction

of the spin dependent contribution according to equation 2 superposed on the data already
shown on figure 3d .

where Gurp=A and Gg,e,p = B.

5 Conclusions

Inclusive 7*7~ mass distributions have been studied in photo- and hadro-production, and
f2 and f, meson production have been measured. The masses of the peaks have been found to
be lower than previously reported, at 961 and 1250 MeV, whereas the widths agree well with
previous work. The natural explanation of the mass shifts is interference with non-resonant
(or possibly resonant) backgrounds. Cross sections for f,(1275) production were measured
as functions of three kinematical variables: zp, the transverse momentum pr with respect
to the beam direction and the polar decay angle 6 of the decay =+ with respect to the f,-
momentum in the overall center of mass system. The cross sections are interpreted in terms
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of different production mechanisms in different zr regions. Central production is isotropic
and rather independent of the beam type. The ratio of production by pion and kaon beams
are consistent with a g7 interpretation of the bump. Forward production, with a pion beam,
shows strong backward and forward peaks for the decay pions relative to the beam direction.
This supports the interpretation of the dominant contribution to the bump at 1250 MeV
being due to a high spin state such as the f, rather than the proposed f5(1250). The high
zp data are interpreted using the phenomenology of the triple Regge picture. There remains
a possibility that the object produced at low zr at a mass of 1250 MeV is not the same as *
the peak seen at higher zr, although the similar masses and the plausible explanation given
above make this unlikely. Corresponding high zr effects for kaon production of f, mesons are
not expected to be detectable because of the relative magnitude of the coupling constaats.

The ratios of £,(975)-meson total production cross sections for * and K beams compared
with those for the corresponding p° production suggest that the f-meson is 2 normal qg
state. '
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Pigure 1: Invariant 7¥7~ mass distributions for: (a) pion induced data summed over all zx
and pr with the fit described in the text (fz and fy at their nominal masses), the photon
data are very similar; (b) the subset of the pion induced data where the 7¥7~ combination
is at ¢ > 0.7; (c) photon data after subtraction of fitted background; (d) as (c) but with
ms, = 1.250 GeV and my, =0.961 GeV; (e) as (c) for pion induced data; (f) as (d) for pion
induced data; (g) as {c) for kaon induced data; (h) as (d) for kaon induced data.
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reflection.
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Figure 5: Inclusive cross section for f, production vs pr for zp(fz) < 0.5: (2) photon beam,
low energy; (b) photon beam, high energy; (c) pion beam low energy; (d) pion beam, high
energy; (e) kaon beam, low energy; (f) kaon beam, high energy. The line shows the fit to an
exponential form, the dashed histogram corresponds to the HERWIG prediction.
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Figure 6: Decay angular distribution, W{cos §(f, — 7*+x~)), from pions at high energy. The

dotted curve corresponds to the fit to equation (1) and the dashed histogram shows the
acceptance. .
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Figure 7: (a) Differential cross section, do/dpy(rp — £,X ) for zp(f;) >0.7 (the dashed

histogram corresponds to the triple Regge fit); (b) do/dap(rp — £, X ) (the curve shows the
triple Regge fit).
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