Observation of Two JPC = 0++ Isoscalar Resonances at 1365 and 1520 MeV

The CRYSTAL BARREL Collaboration

V.V. Anisovich^{8,a}, D.S. Armstrong^1, I. Augustin^{7,b}, C.A. Baker^4, B.M. Barnett^{10}, C.J. Batty^4, K. Beuchert^2, P. Birien^1, P. Blüm^7, R. Bossingham^1, K. Braune^{11}, J. Brose^{10}, D.V. Bugg^8, M. Burchell^{5,c}, T. Case^1, A. Cooper^8, K.M. Crowe^1, T. Degener^2, H.P. Dietz^{11}, M. Doser^5, W. Dünnweber^{11}, D. Engelhardt^7, M. Englert^{11}, M.A. Faessler^{11}, C. Felix^{11}, G. Folger^{11,d}, R. Hackmann^{10}, R.P. Haddock^9, F.H. Heinsius^6, N.P. Hessey^5, P. Hidas^3, P. Illinger^{11}, D. Jamnik^{11,e}, Z. Jávorfi^3, H. Kalinowsky^{10}, B. Kämmle^6, T. Kiel^6, J. Kisiel^{11,f}, E. Klempt^{10}, M. Kobel^{5,g}, H. Koch^2, C. Kolo^{11}, K. Königsmann^{11,h}, M. Kunze^2, R. Landua^5, J. Lüdemann^2, H. Matthäy^2, M. Merkel^{10,c}, J.P. Merlo^{10}, C.A. Meyer^{12}, L. Montanet^5, A. Noble^5, K. Peters^2, C.N. Pinder^4, G. Pinter^3, S. Ravndal^2, J. Salk^2, A.H. Sanjari^{8,i}, A.V. Sarantsev^{8,a}, E. Schäfer^{10}, B. Schmid^{5,j}, P. Schmidt^6, S. Spanier^{10}, C. Straßburger^{10}, U. Strohbusch^6, M. Suffert^{13}, C. Völcker^{11}, F. Walter^{10}, D. Walther^{10}, U. Wiedner^6, N. Winter^7, J. Zoll^5, B. Zou^8

1 University of California, LBL, Berkeley, CA 94720, USA 2 Universität Bochum, D-44780 Bochum, Germany 3 Academy of Science, H-1525 Budapest, Hungary 4 Rutherford Appleton Laboratory, Chilton, Didcot OX11 0QX, UK 5 CERN, CH-1211 Genève, Switzerland 6 Universität Hamburg, D-22761 Hamburg, Germany 7 Universität Karlsruhe, D-76344 Karlsruhe, Germany 8 Queen Mary and Westfield College, London E1 4NS, UK 9 University of California, Los Angeles, CA 90024, USA 10 Universität Mainz, D-55099 Mainz, Germany 11 Universität München, D-85748 München, Germany 12 Carnegie Mellon University, Pittsburgh, PA, USA 13 Centre de Recherches Nucléaires, F-67037 Strasbourg, France a) permanent address: PNPI, Gatchina, St. Petersburg district, 188350, Russia b) Now at University of Siegen, Germany c) Now at University of Kent, Canterbury, UK d) Now at CERN, Genève, Switzerland e) On leave of absence from the University of Ljubljana, Ljubljana, Slovenia f) On leave of absence from the University of Silesia, Katowice, Poland g) Now at University of Freiburg, Germany h) Now at Max Planck Institut, Heidelberg, Germany i) Now at State University of New York, Stony Brook, NY, USA j) Now at University of California, Irvine, CA, USA

1 Abstract

From a simultaneous analysis of data on pp → π^0π^0π^0 and pp → ηηπ^0 at rest, two I = 0 J^{P C} = 0^{++} resonances are identified above 1 GeV. The first has mass M = 1365^{+20}_{−55} MeV and width Γ = 268 ± 70 MeV, close to the f_0(1400) of the Particle Data Group. The second has M = 1520 ± 25 MeV, Γ = 148^{+20}_{−25} MeV.

2 Text

Mesons in the J^{P C} = 0^{++} sector have until now been shrouded in uncertainty. We report an amplitude analysis throwing new light on the situation up to 1.6 GeV. The information comes from an analysis of pp annihilation at rest into the channels π^0π^0π^0 and ηηπ^0. These data were obtained by stopping antiprotons from the CERN Low Energy Antiproton Ring (LEAR) in the liquid hydrogen target of the Crystal Barrel detector [1].

In our earlier publications [2, 3], the two channels were analysed separately. Here both are fitted simultaneously with a consistent set of resonance parameters. The I = 0 J^{P C} = 0^{++} partial wave in the ηηπ^0 data was found in Ref. [2] to require two resonances decaying to ηη. The first was at 1430 MeV with a width of 250 MeV, and the second at 1560 ± 25 MeV, with a width of 245 ± 50 MeV. Annihilation occurred largely from the initial state^1S_0, with 12% from^3P_1. In [3], the scalar π^0π^0 partial wave of the π^0π^0π^0 data above 1.1 GeV contained only one pole, interpreted as the f_0(1400), and the region around 1500 MeV was fitted with an I = 0 J^{P C} = 2^{++} resonance at 1515 ± 10 MeV with a width of 120 ± 10 MeV. However, the fit required 60% of the annihilation to stem from initial^3P_1 and 3P_2 states, a surprising result as most pp annihilation channels at rest in liquid hydrogen show a large initial S-wave dominance.

Here we present an alternative interpretation where both π^0π^0π^0 and ηηπ^0 channels are fitted assuming pure^1S_0 annihilation. This fit requires two 0^{++} resonances at 1365 and 1520 MeV. The change in the fit is very largely in π^0π^0π^0, so we concentrate on a discussion of this channel. With the restriction to a single initial state, interference between the three pairs of particles in the final state determines the ππ and ηη amplitudes with great phase sensitivity.

The 3π^0 data are shown in Fig. 1. Because of the identity of the three pions, the plot has sixfold symmetry. We choose to discuss the top left corner. The new interpretation rests upon resolving the structure previously ascribed to a single

A_X(1515) into two components. The first of these, which we call A, is a narrow band at s_{12} ≃ 2.3 GeV^2 running the full width of the corner of the Dalitz plot. We shall show that this is due to a 0^{++} resonance. There is a second broad feature peaking near the middle of the band, but centred at slightly higher mass s_{12} ≃ 2.5 GeV^2, s_{23} ≃ 0.6 GeV^2. This latter bump, which we call B, can be fitted dominantly by constructive interference between two broad enhancements centred at s_{23} = s_{13} = 0.6 GeV^2. Here the ππ S- wave phase shift δ_S is known from previous work of Au, Morgan and Pennington [4] to rise slowly through 90^∘ over a wide mass range, 600 to 950 MeV. This is the old σ resonance.

Figure 2 shows the amplitude squared for the ππ → ππ S-wave. In order to constrain the fit to bump B as tightly as possible, we fit simultaneously the annihilation data and the ππ → ππ amplitude. For the latter, we have gone back to the original data sources from πN → ππN [5] and K_{e4} decay [6]. The formalism is given in full below, but first we outline the physics.

Consider first the bump B of Fig. 1. At cos θ_{13} = 0, the two σ bands are in phase, and create a peak centred at about 1560 MeV. As one moves along a line of fixed s_{12} to lower s_{23}, the phase of the ππ S-wave amplitude in channel 23 decreases, but s_{13} increases and with it the phase of the amplitude in channel 13. On either side of cos θ_{12} = 0, these two amplitudes become out of phase with one another and the intensity falls, creating bump B. Fig. 3 shows slices of the Dalitz plot at a series of values of s_{12}. The central bump has a width in terms of (s_{23} − s_{13}) which is independent of s_{12}. The flat component A peaks at √ s_{12} = 1520 MeV, the central bump at 1560 MeV. The fit requires that these two components interfere with one another and also with the tail of f_2(1270). This point illustrates two important features of the present approach. Firstly, it shows that all three interfering amplitudes may originate coherently from a single pp initial state, which we now take to be^1S_0. Secondly, the fit shows that the band at s_{12} = 2.3 GeV^2 indeed has the phase variation of a narrow resonance.

The Argand diagrams we obtain for the ππ S-wave amplitudes in pp → 3π^0 and ηηπ^0 are shown in Fig. 4. For 3π^0, there is a broad loop due to δ_S going through 90^∘ at 800 MeV, followed by a small loop due to f_0(975), then a complicated structure due to f_0(1365) and f_0(1520). The dip in intensity at masses between f_0(1365) and f_0(1520) is visible in the 3π^0 data of Fig. 1, though obscured by f_2(1270). It is also clearly visible in the ηηπ^0 data of Ref. [2] (Fig. 2 there, and Fig. 5 here).

We now give the explicit algebraic forms used to fit the ππ S-wave and the pp data. We fit the former using the two channel approach of Au, Morgan and

Pennington[4] with ππ as channel 1 and KK as channel 2. It is the part up to 1.1 GeV which is important; above this energy, the CERN-Munich data have indicated only a slowly varying phase. The scattering amplitude can be written in terms of a 2 × 2 K− matrix K̂ as follows:

T̂ = K̂(I − iρ̂K̂)^{−1} (1)

and so for ππ → ππ

T_{11} =

K_{11} − iρ_2(K_{11}K_{22} − K_{12}K_{21}) D (2) D = 1 − iρ_1K_{11} − iρ_2K_{22} − ρ_1ρ_2(K_{11}K_{22} − K_{12}K_{21}) (3)

where

ρ_1 = (1 − 4m^2_π/s)^{1/2}, m_π = 134.96 MeV (4) ρ_2 = (1 − 4m^2_K/s)^{1/2} for s > 4m^2_K, m_K = 495.67 MeV (5) = +i(4m^2_K/s − 1)^{1/2} for s < 4m^2_K . (6)

The matrix elements K_{ij} are parametrised by: K_{ij} = _{s − 2m2π} s ! _{αiαj} s_A − s + β_iβ_j s_B − s + γ_iγ_j s_C − s + A_{ij} + B_{ij} s ! . (7)

The processes of three-meson production involve a sum of diagrams with final state interactions of outgoing particles. The low energy part of the twopion S-wave interaction in the final state for particles (αβ) can be written T = N_{ππ}(s_{αβ})/D(s_{αβ} ), where the denominator is identical to that used to fit the low energy part of δ_S, while the numerator is related to the three-meson production amplitude and will in general be modified from that fitting δ_S. This is the essential point of difference from previous attempts to fit these data. In [3], N(s) was taken to be identical to that of ππ elastic scattering. We depart from this restrictive assumption by taking

N_{ππ}(s_{αβ}) = (Λ_1 + Λ_2s_{αβ})K_{11} + iρ_2(Λ_3 + Λ_4s_{αβ})(K_{11}K_{22} − K_{12}K_{21}). (8)

The same form is assumed for N_{ηη}, except that Λ_2 and Λ_4 are set to zero, because of the limited mass range involved. Note, that here the K-matrix elements in N(s) do not have the same meaning as in the two-channel approach of [4], but form, together with the first order polynomials in s, a convenient parametrisation, flexible enough to account for the s-dependence of three-meson production. We have checked that the fit results are rather insensitive to a great variety of modifications in the parametrisation of N(s). Triangle diagrams involve final state particles emerging from one resonance and rescattering through a second resonance with the spectator. These diagrams make the Λ_i parameters complex in general, although in practice the values we fit to Λ_2, Λ_3 and Λ_4 have phases not far different from that of Λ_1. A full account of this method will be presented elsewhere [7].

Above 1.1 GeV, further resonances demanded by the pp data are described by additional terms T (s) = ΛB_J /B_{Jr} s − M^2 + iMΓD_J /D_{Jr} (9) where Γ = gρ_1, with g a constant and ρ_1 given by (4). For the centrifugal barrier in the case of the production of D-wave resonances we use:

B_2(s) = p^2q^2(3 cos^2 θ − 1)/2 [p^2(p^2 + X_2) + X^2_2 ]^{1/2}[q^2(q^2 + X_2) + X^2_2 ]^{1/2}

, (10)

X_2 = 0.356 GeV^2. (11)

Here B_{Jr} is the value, on resonance, B_J (M^2) for cos θ = 1; q(s) is the momentum of decay products of the resonance in its rest system, p(s) is the momentum of the resonance in the overall centre of mass system and θ is the angle between these momenta. The value of X_2 has been determined to fit best the f_2(1270) in the π^0π^0π^0 data of [3]. Centrifugal barriers are likewise included by a mass-dependent width in Eq. (9) for the decay of J = 2 resonances, where D_{Jr} = D_J (M^2) and

D_2(s) = q^4 q^2(q^2 + X_2) + X^2_2

. (12)

We have not explicitly included the ππ I = 2 S-wave. It is almost a constant amplitude over the mass range of interest and cannot be separated from the slowly varying component of the I = 0 S-wave.

In this approach, the ππ S-wave amplitude in annihilation reactions is described by the superposition of two components, one originating from the ππ phase shifts parametrised as N/D, the second from two resonances demanded by the pp data. This is forced upon us by the fact that the CERN-Munich data do not resolve these two resonances. Therefore, we have determined beforehand the parameters of the K-matrix elements (7) in a simultaneous fit to the CERN- Munich data and to the 3π^0 data discussed here. The CERN-Munich data were described by T_{11} from Eq. (2), and for the annihilation data the ππ S-wave was parametrized by the N/D term and Breit-Wigner resonances. These K-matrix parameters (Table 1) are then used as fixed input values in the simultaneous fit to pp → 3π^0 and pp → ηηπ^0 data. These data require, in addition to the N/D term, two Breit-Wigner resonances at 1365 - 134i MeV and 1520 - 74i MeV, respectively. The denominator D, common to all descriptions, has T-matrix poles at 970 - 56i MeV, 1071 - 290i MeV and 1548 -183i MeV.

Below 1 GeV, f_0(1365) and f_0(1520) contribute amplitudes which are almost constant. Above 1 GeV, these resonances describe the structures observed in the annihilation data, while the amplitude from the N/D piece contributes a slowly varying featureless component, which is essentially a blurred combination of f_0(1365) and f_0(1520). Additional evidence that the pole due to the N/D term at 1548 - 183i MeV has no large systematic influence on the parameters of the f_0(1365) and f_0(1520) stems from the fact that the Argand plots (Fig. 4), corresponding to the fit of the pp Dalitz plots, can themselves be fitted extremely well above 1.2 GeV by the combination of exactly two Breit-Wigner resonances, located at 1365 - i146 MeV and 1499 - i82 MeV, respectively, and a parabolic background in s. Other fitting functions for Eqs. (7), (8) have been tried, all leading to similar Argand plots with the two Breit-Wigners in the vicinity of 1365 and 1520 MeV. We therefore conclude that the T-matrix pole at 1548 - 183i MeV, contained in the N/D term, in fact duplicates some of the contribution of two 0^{++} resonances to the ππ S-wave in this mass region. The two resonances are more clearly visible in pp data than in CERN-Munich data because the centrifugal barrier inhibits access to states of high angular momentum J in annihilation at rest.

In addition, we have clear evidence that these two scalar resonances, f_0(1365) and f_0(1520), have a large inelasticity and appear therefore in ππ elastic scattering only as weak features, so far unresolved. The f_0(1520) → ηη provides the second largest contribution to the ηηπ^0 annihilation channel; we estimate its ηη : ππ branching ratio to be of the order 1 : 5. Moreover, our collaboration has observed in pp → 5π strong production of a 0^{++} resonance decaying into 4π, mostly ρρ, with M = 1374 ± 38 MeV and Γ = 375 ± 61 MeV [8]. It is natural to assume that we are observing here the 4π decay of the f_0(1365). The ratio of the decays into 4π and 2π, not very accurately determined, is of the order 5. We should note that previous observations of scalar mesons decaying to 4π and KK have been reported, in particular by the Obelix Collaboration [9] and the WA76 Collaboration [10].

Parameters of the fit to π^0π^0π^0 and ηηπ^0 are given in Table 2. Projections onto the axes of the Dalitz plots, shown in Fig. 5, illustrate the quality of the fit. The analysis is stable under the forced introduction of up to 15% initial Pstates in either or both channels. In fitting ηηπ^0 data, the a_0(980) is fitted with a Flatté form [11], with the KK/ηπ branching ratio taken from the average value of Lockman [12].

The errors on the resonance parameters listed in Table 2 are not statistical, but systematic. They are upper limits spanning all variations observed in several hundred fits with different parametrisations. The mass and width of the f_2(1270) have been introduced as fixed quantities in the fit. The mass and width of f^′_2(1525) have been fixed to the values of the Particle Data Tables [13].

The χ^2 of the fit to ππ data of Refs. [5] and [6] is 1.1 per degree of freedom. It is 1.5 for the channel π^0π^0π^0 (one sextant of the Dalitz plot being divided into 229 bins) and 1.1 for the ηηπ^0 (321 bins). The number of fitted parameters is 20 for π^0π^0π^0 and 12 for ηηπ^0. For f_0(1520), the identification J = 0 is conclusive in both π^0π^0π^0 and ηηπ^0. In the case of π^0π^0π^0, χ^2 rises by over a factor 5 if J is chosen as 2 instead of 0; for ηηπ^0, χ^2 doubles. Likewise, f_0(1365) is required in both data sets: fits with only a single resonance increase χ^2 from 697 to 2063. Without either resonance, χ^2 rises to 9522.

The changes of mass and width obtained in this fit for the f_0(1520) from those obtained in the previous analysis of the ηηπ^0 channel [2] are due to the additional constraints imposed here by the simultaneous fit of the 3π^0 and ηηπ^0 channels. They also arise in part from the use of the Flatté form for a_0(980) in place of the Breit-Wigner amplitude used in [2]. This is demonstrated by the fact that free fits to individual channels can yield very similar masses and widths for the f_0(1365) and the f_0(1520). Note that the Flatté parameters obtained here (see Table 2) should not be identified with the a_0(980) parameters given in the Particle Data Tables [13]. A more accurate determination of the a_0(980) parameters will be given elsewhere [14].

In addition to the f_0(1520), the ηηπ^0 data require as well a small contribution from f_2(1270) and f^′_2(1525) (see Table 2). One may also accomodate a small contribution of G/f_0(1590) → ηη (about 10 % of the f_0(1520) contribution), the mass and width of the resonance being fixed to the Particle Data Table values [13]: (m = 1587 MeV, Γ = 175 MeV) but, with the present statistics, this contribution is not significant (Δχ^2 = 11).

In the 3π^0 data, it is necessary to include an additional J = 2 amplitude above the mass of f_2(1270). This amplitude is denoted D in Table 2. It has the effect of reducing χ^2 for the 3π^0 fit by a factor 1.5. There is, therefore, no doubt of its presence. Its role is not in fitting the central bump, but the edges of the Dalitz plot near cos θ = ±1. Attempts to eliminate it by a more complicated N(s) for the ππ S-wave have not been successful, so it truly seems to represent a small additional

D-wave effect. It may be associated with the ρρ threshold. Other possible sources are f_2(1430), f_2(1520) (the Ax(1515) of [3]), f_2(1640) and f_2(1810) or even the Θ(1710) with J = 2. Contributions from the higher mass resonances are shifted downwards in energy by the effect of the L = 2 centrifugal barrier for production from the initial^1S_0 state. None individually gives an optimum fit with mass and width taken from the Particle Data Tables[13]. The best mass and width are not far from those attributed to the AX/f_2(1515) in [3], but in that work it arose mainly from initial pp P-states, while here our analysis assumes pure^1S_0 initial states.

As an additional check, we have also made a fit to data taken by the Asterix collaboration [15] on P-state annihilation to π^+π^−π^0, obtained using an L X-ray in coincidence. This channel has the same initial P-states as 3π^0, but in addition^1P_1 annihilation. Our fit to the Asterix data, (χ^2 = 1.40 per point), fits the A_X peak triple interference between f_0(1520) and two crossing ρ(770) bands, originating from the^3P_1 initial state. This shows that our present solution is compatible with Asterix data.

One motivation in Ref. [3] for fitting with P-state annihilation was that^3P_2 leads naturally to a zero at the centre of the Dalitz plot, in agreement with Fig. 1. However, this dip may have a different, dynamical origin. Kalogeropoulos et al.[16] studied the related channel pn → π^−π^+π^− at a number of p momenta. Their data, notably their Fig. 20, shows a regular lattice of peaks and dips, which many authors have sought to explain with dual models. The dip which appears at the centre of Fig. 1 seems to be at fixed t in Ref. [16] , suggesting it is of dynamic origin, rather than a signature of P-state annihilation. Our Λ parameters in N(s) generate maxima at low and high s (see Fig. 4) and a dip at s = 1 GeV^2, which is further accentuated by destructive interference with the f_2(1270).

The apparent ambiguity in the interpretation of the three-pseudoscalar final states 3π^0 and ηηπ^0 (S/P ratio, rates of production, resonance decay mode) will be the subject of further studies by the Crystal Barrel Collaboration. In this vein, the use of high statistics data samples will allow for a much finer resolution in the Dalitz plot. Additionally, the inclusion of a larger number of final states in the coupled channel analysis will therein provide additional constraints. Finally, the accumulation of data with the use of a gas hydrogen target, thereby changing the S/P fraction of the initial state, will help to resolve this ambiguity. It should be emphasized, nonetheless, that the main conclusion of the present letter, the existence of two I=0 scalar mesons, the f_0(1365) and the f_0(1520), is not affected by such an ambiguity.

We now turn briefly to the interpretation of f_0(1365) and f_0(1520). It is natural to associate f_0(1365) with a (uu+dd) state in the same nonet as K^∗_0 (1430). Elsewhere we report evidence for an I = 1 J^P = 0^{++} resonance at about 1450 MeV [14]. Could we then assign f_0(1520) to the ninth member of the 0^{++} nonet, mostly ss? The LASS group claims to have observed a weak f_0(1525) → K^0_S K^0_S with Γ = 90 MeV [17]; this might be identified with f_0(1520). But this assignment raises problems because of the strong coupling we observe to ππ. In fact, the branching ratios we obtain for ππ and ηη are close to those expected for uu + dd. Suppose f_0(1520) were a normal uu + dd state. Using the published mixing angle Θ_{P S} for the π, η, η^′ nonet [18], η = 0.8(uu + dd)/ √ 2 − 0.6ss (13)

and allowing a phase-space factor k for decay of f_0(1520), the overlap with final ηη and ππ states is in the ratio 0.29, reasonably close to that observed.

Could f_0(1520) be a molecule associated with ωω and/or ρρ thresholds? This seems unlikely. It does not appear to couple to ωω, and it seems much too narrow to be due directly to the ρρ threshold. We have tried giving f_0(1520) a width for coupling to ωω. The data reject this firmly. On the Dalitz plots, no feature is apparent at the ωω threshold. Secondly, the E760 Collaboration has presented data [19] on pp → π^0π^0π^0, ηηπ^0 and ηπ^0π^0 from pp annihilation around 3 GeV. They observe a striking peak around 1500 MeV, both in π^0π^0 and ηη with Γ ≃ 105 MeV (J not determined). If this is the f_0(1520), it is further evidence against a molecular interpretation: a molecular state will have a large radius and is unlikely to be produced strongly at 3 GeV because of form factors.

A clear possibility is that f_0(1520) is the long awaited 0^{++} glueball, strongly mixed with qq in order to explain its predominant decay to (uu + dd) rather than ss. We draw attention to DM2 and Mark III data on J/ψ → γρρ [20], which show a sharp peak compatible in mass and width with f_0(1520). The snag is that both groups assign this peak quantum numbers J^P = 0^−. However we note that their analysis has assumed the absence of σσ final states.

The G/f_0(1590) observed by GAMS [21] has also been presented as a good candidate for the 0^{++} glueball ground state in view of its large ηη and even larger ηη^′ coupling. It is possible that the f_0(1520) and f_0(1590) are mixed states of a glueball and the ninth member of the qq nonet.

In summary, we find two resonances f_0(1365) and f_0(1520) as a result of a simultaneous fit to π^0π^0π^0 and ηηπ^0. Both channels are consistent in masses and widths for these two states. The data are consistent with pure S-wave annihilation.

It is a mystery that f_0(1520) couples so strongly to ππ if it is the ninth member of a nonet. It seems too narrow to be due directly to the ρρ threshold, though it is quite likely that this threshold exerts some influence on the dynamics. The most interesting possibility is that it is a glueball, strongly mixed with qq.

V.V. Anisovich and A.V. Sarantsev are grateful to the SERC for financial assistance for a visit to QMW, London in order to participate in the amplitude analysis. We acknowledge financial support from the UK Science and Engineering Research Council, the German Bundesministerium fur Forschung und Technologie, and the U.S. Department of Energy (contract No. DE-FG03-87ER40323 and DE-AC03-76SF00098). K. Königsmann acknowledges support from the Deutsche Forschungsgemeinschaft (Heisenberg Programme). J. Kisiel benefits from financial support from the Alexander von Humboldt Foundation. We thank the Asterix group for making available their gas data in numerical form. We are grateful to Dr. D. Morgan for extensive discussion about the ππ S-wave.

References

[1] E. Aker et al., Nucl. Inst. Meth. A321 (1992) 69 [2] C. Amsler et al., Phys. Lett. B291 (1992) 347 [3] E. Aker et al., Phys. Lett. B260 (1991) 249 [4] K.L. Au, D. Morgan and M.R. Pennington, Phys. Rev. D35 (1987) 1633 [5] G. Grayer et al., Nucl. Phys. B75 (1974) 189; W. Ochs, University of Munich thesis, 1974 [6] L. Rosselet et al., Phys. Rev. D15 (1977) 574 [7] V.V. Anisovich, D.V. Bugg, A.V. Sarantsev and B. Zou, submitted to Phys.

Rev. D.

[8] C. Amsler et al., (Crystal Barrel Collaboration) ”Observation of a Scalar Resonance Decaying to π^+π^−π^0π^0 in pp Annihilation at Rest” submitted to Phys. Lett.

[9] A. Lanaro et al., Nucl. Phys. A558 (1993) 13c [10] T.A. Armstrong et al., Z. Phys. C51 (1991) 351 [11] W. Flatté, Phys. Lett. 63B (1976) 224 [12] W. Lockman, Nucl. Phys. B21 (1991) 55 [13] Review of particle properties, Phys. Rev. D45 (1992) 1 [14] C. Amsler et al., (Crystal Barrel Collaboration) to be submitted to Phys.

Lett.

[15] B. May et al., Z. Phys. C46 (1990) 203 [16] T.E. Kalogeropoulos, L. Gray, A. Nandy and J. Roy, Phys. Rev. D24 (1982) 1759 [17] D. Aston et al., Nucl. Phys. B296 (1988) 493; M. Baubillier et al., Z. Phys.

C17 (1983) 309 [18] C. Amsler et al., Phys. Lett. B294 (1992) 45 [19] T.A. Armstrong et al., Phys. Lett. B307 (1993) 399

[20] R.M. Baltrusaitis et al., Phys. Rev. D33 (1986) 1222; D. Bisello et al., Phys.

Rev. D39 (1989) 701

[21] F. Binon et al., Nuovo Cimento 78A (1983) 313; D. Alde et al., Phys. Lett.

B201 (1988) 160

Fig. 1. Dalitz plot for pp → 3π^0 at rest, from Ref. 2 Fig. 2 |T_{11}|^2, the ππ S-wave elastic scattering intensity.

Fig. 3 Slices through the Dalitz plot for fixed s_{12} and the corresponding fit. Fig. 4. The Argand diagrams of the ππ S-wave contribution to (a) pp → 3π^0, (b) pp → ηηπ^0. The scale is arbitrary. Masses are marked in GeV by arrows.

Fig. 5. Projections of (a) π^0π^0π^0 data (histogram) onto M^2(π^0π^0), (b) ηηπ^0 data onto M^2(ηη), compared with the fit.

Table 1: K-matrix parameters fitted to 3π^0, ηπ^0π^0 and CERN-Munich phase-shift data. Units are GeV.

ππ → ππ s_A = 0.7239 α_1 = 0.6941 α_2 = 0 s_B = 1.5279 β_1 = 0.8974 β_2 = 0.0049 s_C = 3.9657 γ_1 = 1.6385 γ_2 = −2.1499 A_{11} = −0.2905 A_{12} = 2.0219 A_{22} = −0.4376 B_{11} = −0.2049 B_{12} = 0 B_{22} = 0

Table 2: Parameters fitted to 3π^0 and ηηπ^0 data. Units are GeV. We have given the Λ parameters without errors, since they cannot be used for the precise extraction of branching ratios for the different resonances, due to the overlap of the N/D and Breit-Wigner terms. Other parameters without error have been fixed in the fit. The errors on resonance parameters are systematic and cover the entire range of fits made with different algebraic forms for the amplitudes.

Amplitude M Γ Λ_{ππ} Λ_{ηη} f_0(1365) 1.365^{+0.020}_{−0.055} 0.268 ± 0.070 1.729 - i0.160 -0.049 -i0.537 f_0(1520) 1.520 ±0.025 0.148^{+0.020}_{−0.025} 0.370 - i0.659 0.160 - i0.827 f_2(1270) 1.275 0.195 1.0 -0.348 + i0.673 f_D 1.566^{+0.080}_{−0.050} 0.166^{+0.080}_{−0.020} 0.417 + i0.483 f^′_2(1525) 1.525 0.076 0.078 - i0.234 a_0(980) 1.024^{+0.005}_{−0.026} g_{ηπ} = 0.338^{+0.015}_{−0.090} g_{KK}/g_{ηπ} = 1.337 Λ_{ηπ} = 1.0 ππ S-wave Λ_1 = 0.2866 + i5.676 Λ_2 = −0.5465 − i5.552 Λ_3 = −0.7474 − i2.916 Λ_4 = 0.925 + i2.259 ηη S-wave Λ_1 = 5.208 + i5.987 Λ_3 = −2.772 + i3.731