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Abstract

Crystal Barrel data for proton-antiproton annihilation in flight at 900 MeV/c
are presented. The channelspp! �0�0�0, �0�0� and�0�� are used to search
for isoscalar0++ and2++ mesons in the mass range1500�2000 MeV, which
is not accessible with stopping antiprotons. Both�0�0�0 and�0�� data sets
require an isoscalar2++ resonance decaying into�0�0 and�� with massM =

(1867 � 46) MeV and width� = (385 � 58) MeV. The analysis of�0�0�
leads to an isovector2++ state decaying into�0� (M = (1698 � 44) MeV,
� = (265 � 55) MeV). The�0�� data show a strongf 02(1525) signal, larger
than predicted by the OZI rule. The�0�0�0 and�0�� data do not show any
f0(1710). This adds supportive evidence that this meson is mainlyss.

1 Introduction

Scalar (0++) mesons overpopulate the mass spectrum below 2 GeV. Table 1 shows a
possible SU(3) classification of these states. The low mass scalars are interpreted as
scattering resonances [1]. Alternatively, thea0(980) andf0(980) are often referred
to asK �K molecules orq2q2 states [2, 3]. In the literature the narrowf0(1500) and
f0(1710) compete for being the ground state glueball. Recent data in�pp annihilation
and in central production show that both thef0(1370) andf0(1500) couple mainly
to pions [4, 5] whilef0(1710) couples mainly to kaons [5]. I will show in this
presentation thatf0(1710) is most likely dominantlyss. This then adds evidence
for f0(1500) to be mainly gluonic, whilef0(1370) is theu�u + d �d isoscalar meson
[6]. More complicated schemes have been proposed. For a detailed discussion and
for a bibliography see refs. [7, 8].

The tensor (2++) ground state nonet is well established, but a tentative classifi-
cation of2++ q�q excitations, which lie above 1500 MeV, is not possible. This is due
to the lack of systematic data in two-body decays like��, K �K and��, very much
in contrast to the range below 1500 MeV, which was extensively studied at LEAR.
The Particle Data Group [9] lists 9 isoscalar mesons above thef 02(1525), while 6
are expected between roughly 1600 and 2400 MeV (23P2, 33P2 and13F2 nonets).



I = 1 I = 0 I = 0 I = 1=2 Nature
a0(980) f0(400� 1200) f0(980) �(900) Scattering resonances

(or �)
a0(1450) f0(1370) f0(1710) K�

0 (1430) 13P0(qq)
f0(1500)

? f0(2020) f0(2200) K�

0 (1950) 23P0(qq)

Table 1: Tentative SU(3) assignment of scalar mesons. The first isoscalar (second
column) couples strongly to pions, the second (third column) strongly to kaons. The
“pionic” states are very broad, exceptf0(1500), which is supernumerary.

The2++ glueball is predicted in the upper part of this range [10]. In this talk I will
show the evidence for three tensor mesons perhaps building up the23P2 nonet.

2 Annihilation at 900 MeV/c

This paper presents the analyses of proton-antiproton annihilation in flight at 900
MeV=c, corresponding to a c.m.s. energy of 2050 MeV, into the three final states
�0�0�0, �0�0� and�0��, leading to six detected photons [11].

The analysis is based on 17.9 million events which were taken with the all-
neutral trigger during the last data taking run of Crystal Barrel at LEAR in 1996.
The offline analysis required complete reconstructed events with exactly six clusters
and no charged tracks. Figure 1 shows a two-dimensional scatterplot of the 2 in-
variant mass for kinematically fitted�04 events (imposing momentum and energy
conservation). Clear signals for�0�0�0, �0�0� and�0�� are observed.

The three annihilation channels were selected by applying kinematic fits re-
quiring also three pairs of2 invariant masses to match the�0 or � masses. For
measurements in flight the annihilation vertex of neutral events was not observed
and had therefore to be determined by the kinematic fit. Due to the small transverse
size of the LEAR beam, the annihilation vertex was assumed to lie on the detector
axis. The coordinate along the beam direction was then determined by the fit. The
center of the target was found to be displaced by 4.5 mm with respect to the de-
tector center (fig. 1). Since this displacement had to be taken into account for the
energy calibration of the crystals (from the measured angles in�0 !  decays),
an iterative procedure had to be applied to determine the energies of the photons.
The data selection presented here is therefore at variance with the one reported in
ref. [12] which assumed a vertex at the center of the detector and therefore incorrect
 energies and angles.
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Figure 1: Left: Invariant massm(12) versusm(34) for kinematically fitted
pp ! �01234 events (6 entries per event, logarithmic intensity scale). One
observes�0�0�0 (A), �0�0� (B) and�0�� (C) events. Right: vertex distribution
along the beam axis.

The feedthrough from one channel to the other was determined to be less than
0.7 %. The reactionpp! �0 ! with !! �0 (and a missing) was the dominating
background channel for�0�� and�0�0�. Background contributions of 13 % to
�0�� and 3 % to�0�0� were estimated from the data. The background in the3�0

channel was negligible. To avoid an excessive loss of good events, anticuts against
!�0�0 were not applied. Instead, Monte Carlo simulated events were included in
the amplitude analysis described below. We obtained 600,9623�0, 161,158�0�0�
and 18,419�0�� events with a detection and reconstruction efficiency of about 27
%. The ratio of cross sections of�0�0�0, �0�0� and�0�� in pp annihilation at 900
MeV=c are�0�0�0: �0�0�: �0�� = 1 : 0.66� 0.02 : 0.17� 0.01. These numbers
are corrected for reconstruction efficiencies and for the unobserved�0 and� decay
modes.

The symmetrised�0�0�0 Dalitz plot is shown in fig. 2 (left). One observes the
f2(1270), thef0(1500) and/orf2(1565). A faint dip in the 1500 MeV band around
1000 MeV corresponds to thef0(980) interfering destructively with the structure
at 1500 MeV. Figure 2 (right) shows the Dalitz plot for�0�0�. One observes the
f2(1270), thef0(980), thef2(1270), and thea0(980). The symmetrised�0��
Dalitz plot and the�� mass projections are shown in Figure 3. One observes the
a0(980), thea2(1320), thef0(1500), and/orf 02(1525), and a band around 1000
MeV from thea0(980). In the region of thef0(1710), only the interference of the
two a0(980) bands can be observed and no obvious signal is present (arrow D).
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Figure 2: Left: Dalitz plot forpp! �0�0�0 (six entries per event) withf2(1270)
(A), f0(1500) (B), f0(980) (C). Right: Dalitz plot forpp! �0�0� (two entries per
event) withf2(1270) (A), f0(980) (B), a2(1320) (C) anda0(980) (D).

3 Analysis method

The data sets were analysed in the helicity formalism in terms of the isobar model,
in which thepp system is assumed to decay into the three-body final states through
a two-body intermediate state made of a resonance and a spectator meson. The tran-
sition amplitude for this process, where thepp system has givenJPC and helicity
M , is expressed as

AJPC

M =
X
�;�

HJPC

� � f�;M(
;

0

) � bF (m) ; (1)

where the sum extends over all possible initial and final state helicities� and�. The
complex constantsHJPC

� describe the production process of thepp system. The
amplitudesf�;M(
;


0

), where
 and

0

are the production and decay angles, pa-
rametrise the angular dependence of the decay [13].bF (m) is a dynamical function
in the K-matrix formalism which is used to describe resonances in partial waves
of given quantum numbers [14]. In the case of a single resonance coupling to one
decay channel only,bF (m) reduces to a Breit-Wigner amplitude [15]. Since neither
beam nor target was polarised, the total transition probabilityw for each event is
given by the incoherent sum over�pp spin-singlet and spin-triplet amplitudes with
different helicitiesM :

w =
���XAS=0

M=0

��� 2 +
���XAS=1

M=�1

��� 2 +
���XAS=1

M=0

��� 2 +
���XAS=1

M=+1

��� 2 : (2)
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Figure 3: Left: Dalitz plot forpp ! �0�� (two entries per event) witha0(980)
(A), a2(1320) (B), f0(1500)/f 02(1525) (C). Right: �� mass projection showing the
f0(1500)/f 02(1525). The long tail is due to the newf2(1870). The histogram is the
final fit discussed in the text.

Masses and widths are given by the complex poles of theT -matrix [14].
While annihilation at rest in liquid hydrogen proceeds mainly fromS�states,

more initial states are contributing with increasing energies. TheJ = 4 contribu-
tions to the data sets was found to be less than 5 % and contributions fromJ � 4
were therefore neglected. The following initial partial waves were included in the
analysis of the present data:1S0, 3P1, 3P2 + 3F2, 1D2, and3F3

The(��)S�wave was parametrised as a(3� 3) K-matrix with four poles cor-
responding to thef0(400�1200), f0(980), f0(1370) andf0(1500). The parametri-
sation was taken from the analysis of the�0�0�0, �0�0� and�0�� final states at rest
[16]. A possiblef0(1710) was parametrised as a Breit-Wigner amplitude since it
is reported to be rather narrow [9]. The(��)S�wave was parametrised as(2� 2)
K-matrix with couplings to�� andK �K and poles for thea0(980) anda0(1450)
[16]. The(3� 3) K-matrix with four poles from�pp annihilation at rest was used
for the (��)S�wave [16]. For the other resonances the masses and widths were
taken from the PDG tables [9].

Since there are four independent kinematic variables we performed a maximum
likelihood fit. To fit the�0�0�0 and�0�0� data sets the program was ported to the
NEC SX-5 supercomputer of the Swiss CSCS facility in Manno. A typical fit took
about 10 hours.



4 Results

The first description of�0�0�0 included the(��)S� wave and thef2(1270). The
fit was then extended with a second pole in the(��)D�wave to test for a spin 2
meson. The fit clearly required a high-mass tensor state around 1870 MeV. The best
fit was obtained by parametrising the(��)D�wave asK-matrix with three poles:
f2(1270), f2(1565) and a broad new tensor state with mass 1877� 30 MeV and
width 318� 55 MeV, which we callf2(1870). An f0(1710), parametrised as Breit-
Wigner, was also offered to the fit. The contribution was(0:8 � 0:5) % and the
improvement in the likelihood value was not significant. The upper limit for the
contribution of thef0(1710) to�0�0�0 is 1.5 % at 90 % confidence level (compared
to a signal fromf0(1500) contributing (10� 2) %). The�� mass projection is
shown in fig. 4.
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Figure 4: Left:�0�0 mass projection in the 3�0 channel. The histogram shows the
best fit. The peaks are due tof0(980), f2(1270) andf0(1500)=f2(1565), and the
long tail to the newf2(1870). Right:�0� mass projection in the 2�0� channel. The
peaks are due toa0(980) anda2(1320).

The first description of�0�0� consisted of the(��)S� wave, thef2(1270),
the a0(980) anda0(1450) in the (��)S� wave, and thea2(1320). Crystal Barrel
reported in�0�� at 1940 MeV=c an isovector state at 1660 MeV, decaying into
�0� [17]. Hence thisa2(1660) was introduced into the(1� 1) K-matrix of the
(��)D�wave as a second pole. The fit improved significantly. The fitted projec-
tions together with the data are shown in fig. 4. Thea2(1660) contributes with



(7� 2) % to the data and for this2++ isovector state we find

M = 1698� 44 MeV; � = 265� 55 MeV; (3)

in excellent agreement with our result in�0�� at 1940 MeV/c [17]. The contribution
to �0�0� of exotic1�+ resonances like�1(1400), decaying into�0�, was found to
be completely negligible.

The first description of�0�� included in the(��)S�wave thea0(980) and the
a0(1450), and thea2(1320) in the(��)D�wave. Significant differences between fit
and data were observed for�� masses around1500� 1550 MeV and1650� 1800
MeV. To describe the�� peak at 1500 MeV, the tensor resonancef 02(1525) was
introduced. A good agreement with data could be obtained in the high mass region
by adding a high mass tensor state. For this fit the(��)D�wave was parametrised as
a (1� 1) K-matrix with two poles and couplings to�� in order to also include the
f 02(1525). The resultingT -matrix poles of the(��)D�wave werem = (1516� 10)
MeV and� = (74 � 11) MeV for thef 02(1525), andm = (1820 + 57

� 10 ) MeV and
� = (358 � 42) MeV for f2(1870). The parameters of the former agree well with
the PDG values [9]. The mass and width of the latter agree with the ones found in
the analysis of�0�0�0.

The�� invariant mass projection is shown in fig. 3. The data description is good
and there are no significant deviations. Thef0(1500) contributes with(10� 2) %,
the f 02(1525) with (15+1

�3) %. As in �0�0, the inclusion of thef0(1710) in the ��
S-wave was not successful. Thef0(1710) is not required to describe the�0�� data
set.

Since the analyses of�0�0�0 and �0�� require a high-mass isoscalar tensor
state, the data sets were simultaneously fitted with a common description of the
resonances, e.g. thef2(1870) (for �0�0� this state lies far above the phase space
limit).

The fitted Dalitz plots and projections for the two data sets differ only marginally
from the ones obtaines by the single fits. TheT -matrix pole parameters of the
isoscalarD�wave are listed in table 2. All these parameters are compatible with
the values found in the separate analyses. Thef 02(1525) andf2(1565) parameters are
compatible with the ones from the PDG tables [9]. We derive an upper limit for the
contribution of thef0(1710) to �0�0�0 and�0�� of 2.1 % and 2.6 %, respectively,
at 90 % confidence level, assumingm = 1715 MeV, � = 125 MeV [9].



Mass [MeV] Width [MeV]
f2(1270) 1275 185
f 02(1525) 1508� 9 79� 8
f2(1565) 1552� 13 113� 23
f2(1870) 1867� 46 385� 58

Table 2:T -matrix pole parameters of the(��)D and(��)D�waves of the coupled
fit. Thef2(1270) parameters are fixed.

5 Discussion and conclusions

The relative strength of thef0(1500) decaying into�� and�0�0 in the present analy-
sis,

B(f0(1500)! ��)

B(f0(1500)! �0�0)
= 0:24� 0:10 ; (4)

is somewhat smaller but compatible with the value found in the coupled channel
analysis at rest,0:47� 0:18 [16].

The partial wave analysis of�0�� showed that thef 02(1525) is definitely required
to describe the data. The quark line rule states that the production of neutral reso-
nances inpp annihilation occurs through theu�u + d �d part of their wave-functions
(assuming no valence strange quarks in the nucleon). The ratio of production rates
of the two isoscalar members is related to the mixing angle in the corresponding
nonet. For the tensor mesonsf2(1270) andf 02(1525) this ratio is

B(pp! f 02(1525)�
0)

B(pp! f2(1270)�0)
=
�f 0

2

�f2
tan2(�2++ � 35:3�); (5)

where�2++ denotes the mixing angle of the2++ nonet. Using for the phase space
factors� the Vandermeulen prescription [18] and�2++ = (25:3 � 1:1)� from ref.
[4], one expects this ratio to be 0.025� 0.007, while we find from the present data
0.13� 0.05. The contribution of thef 02(1525) stems mainly from high angular
momentum states, in particular1D2 and 3P2. A large and compatible value ofR
was reported by the Obelix Collaboration inpp annihilation at rest in gas [19],
where initialP�wave contributions are large. A similar enhancement is observed
in various channels at rest, e.g. in�pp! ��0 (for references see [15]).

The fits of�0�0�0 and�0�� including anf0(1710) were not satisfactory. In the
best fit ofpp! �0�0�0 the improvement of the log-likelihood was not significant
when thef0(1710) was included. When mass and width of thef0(1710) were fitted
freely in the�0�0�0 and�0�� data sets, the resulting object was broad and the other



resonances became unstable. The conclusion was drawn that thef0(1710) is not
present.

As demonstrated with thef 02(1525), theobservationof an isoscalar in�pp an-
nihilation does not exclude this state to bes�s, although the OZI rule forbids the
production of pures�s states inpp annihilation. The mechanism for the violation of
the OZI rule is not clear and several explanations have been proposed (references
can be found in [15]). However, theabsenceof an isoscalar points to a dominants�s
component, as there are no obvious mechanisms suppressing au�u+d �d scalar inpp
annihilation. The absence off0(1710) in our data is therefore compatible with an
s�s assignment. Recent results in central production [5] show thatf0(1710) prefers
to decay intoK �K rather than into��. This also points to ans�s interpretation of the
f0(1710) and therefore suggests that this meson is the (mainly)s�s member of the
scalar nonet. It strengthens the interpretation of thef0(1500) as a glueball, or as a
state with a large gluonic admixture in its wave-function [6].

The best fit to�0�0�0 was obtained including thef2(1565) in theK-matrix
parametrisation of the(��)D�wave. The relative ratio of production inpp anni-
hilation at 900 MeV=c and decay into�0�0 for thef2(1270) andf2(1565) is 0.21
� 0.06. This is in good agreement with the value found in the analysis at rest,
0:27 � 0:10 [20]. Hence thef2(1565), which was so far only observed at rest, is
confirmed in flight.

The analysis ofpp! �0�0� clearly showed that the(��)D� wave requires two
poles, corresponding to thea2(1320) and its radial excitationa2(1660). The L3
collaboration analysing ! �+���0 also reported a2++ isovector state in this
mass region, decaying into�+���0 [21].

The�0�0�0 and�0�� data sets require a high-mass tensorf2(1870) decaying to
�0�0 or ��. We do not confirm the narrowf2(1810) decaying into�� [9]. What is
this new state? The relative strength of thef2(1870) decaying to�� and�0�0 is 0.27
� 0.10. This ratio is related to SU(3) mixing angles [6]. One gets two solutions for
the mixing angle [11], one being compatible with a pureu�u + d �d state (� � 35:3�),
hence a radial excitation of thef2(1270). Thenf2(1565) andf2(1870) are both
radial excitations but do not belong to the same nonet. The other solution (� � 15�)
leads to a larges�s component forf2(1870), in which casef2(1565), a2(1660) and
f2(1870) could belong to the23P2 nonet. The mass formula then predicts the kaon-
like state to lie around 1800 MeV. The ambiguity could be solved by measuring the
��0 and/orK �K decay rates of thef2(1870).



I would like to thank GSI and the organizers for inviting me to this very pleasant
and informative workshop.
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