A High Resolution Search for the Tensor Glueball Candidate ξ(2230)

Crystal Barrel Collaboration C. Amsler^o, C.A. Baker^e, B.M. Barnett^{c,1}, C.J. Batty^e, M. Benayoun^ℓ, A. Berdoz^m, P. Blüm^h, K. Braune^k, T. Case^a, K.M. Crowe^a, M. Doser^f , W. Dünnweber^k, D. Engelhardt^h, M.A. Faessler^k, P. Giarritta^o, R.P. Haddock^j, F.H. Heinsius^{a,2}, M. Heinzelmann^o, N.P. Hessey^k, P. Hidas^d, D. Jamnik^{k,3}, H. Kalinowsky^c, B. Kämmle^{g,p}, P. Kammel^{a,4}, J. Kisiel^{f,5}, E. Klempt^c, H. Koch^b, M. Kunze^b, U. Kurilla^b, M. Lakata^a, R. Landua^f, H. Matthäy^b, C.A. Meyer^m, F. Meyer-Wildhagen^k, L. Montanet^f, R. Ouared^{f,p}, K. Peters^b, B. Pick^c, M. Ratajczak^b, C. Regenfus^o, W. Roethel^{k,6}, K.K. Seth^p, U. Strohbusch^g, M. Suffert^n, J.S. Suh^c, U. Thoma^c, I. Uman^k, S. Wallis-Plachner^k, D. Walther^{k,7}, U. Wiedner^{k,8}, K. Wittmack^c, Č. Zupančič^k

aUniversity of California, LBNL, Berkeley, CA 94720, USA bUniversität Bochum, D-44780 Bochum, FRG cUniversität Bonn, D-53115 Bonn, FRG dAcademy of Science, H-1525 Budapest, Hungary eRutherford Appleton Laboratory, Chilton, Didcot OX11 0QX, UK f CERN, CH-1211 Geneva 4, Switzerland gUniversität Hamburg, D-22761 Hamburg, FRG hUniversität Karlsruhe, D-76021 Karlsruhe, FRG iQueen Mary and Westfield College, London E1 4NS, UK jUniversity of California, Los Angeles, CA 90024, USA kUniversität München, D-80333 München, FRG ℓLPNHE Paris VI, VII, F-75252 Paris, France mCarnegie Mellon University, Pittsburgh, PA 15213, USA nCentre de Recherches Nucléaires, F-67037 Strasbourg, France oUniversität Zürich, CH-8057 Zürich, Switzerland pNorthwestern University, Evanston, IL 60208, USA

Preprint submitted to Elsevier Science 17 August 2001

Abstract

We report results of a high resolution search for the tensor glueball candidate ξ(2230) in a p̄p formation experiment. π^0π^0 and ηη decay channels were measured in a scan of the mass region 2220 MeV to 2240 MeV. No evidence for the existence of ξ(2230) was found. 95% confidence upper limits for the possible existence of ξ are presented.

As soon as the non-Abelian nature of the quark-gluon field theory, which we now call Quantum Chromodynamics (QCD), was recognized in 1972, Fritzsch and Gell-Mann [1] predicted that “there must exist glue states in hadron spectrum”, and in 1975 Fritzsch and Minkowski [2] presented a detailed discussion of the phenomenology of the spectrum of ’glue states’, which we now call ’glueballs’. It was pointed out that the color singlet states of two gluons should have the same quantum numbers as states of the two-photon system, i.e., J^{PC} = 2n^{++}, (2n + 1)^{++}, and 2n^{−+}, with n = 0, 1, 2, ..; and the order of the masses of the lowest lying states should be 0^{++}, 2^{++}, 0^{−+},... . Since then, numerous calculations of glueball spectra have been made in various physical models [3], and they all bear out the essential features of these twenty-five year old predictions. For example, one of the most sophisticated lattice-gauge calculations (which are still made in the quenched approximation) predicts glueball masses, M(0^{++}) ≈ 1730 ± 50 ± 80 MeV, M(2^{++}) ≈ 2400 ± 25 ± 120 MeV [4]. Most recent experimental efforts have been directed to the search and identification of these two, the scalar and the tensor glueballs [5]. In this letter we present the results of a high resolution search for the 2^{++} tensor glueball in a p̄p annihilation experiment, PS197, made with the Crystal Barrel detector [6] at the LEAR facility at CERN.

In order to provide the appropriate perspective for our choice of the method of search for the tensor glueball, it is necessary to briefly review the past searches and their conclusions.

In 1986, Mark III at SLAC, investigating radiative decays of 5.8 · 10^6 J/Ψ, reported [7] the observation of an abnormally narrow enhancement, dubbed ξ

1 Now at University of Mainz, Mainz, Germany 2 Now at University of Freiburg, Freiburg, Germany 3 University of Ljubljana, Ljubljana, Slovenia 4 Now at University of Illinois, Urbana Champaign, U.S.A. 5 University of Silesia, Katowice, Poland 6 This work is part of the Ph.D. thesis of Wilhelm Roethel 7 Now at University of Bonn, Bonn, Germany 8 Now at Uppsala University, Uppsala, Sweden

(now called f_J(2220) by the Review of Particle Properties [8]), in the K^+K^− decay channel, with M(ξ) = 2230 ± 15 MeV, and Γ = 26^{+20}_{−16} ± 17 MeV, and in the K_SK_S channel with M(ξ) = 2232 ± 10 MeV and Γ = 18^{+23}_{−15} ± 10MeV. They reported J^{PC} = (even)^{++}. 90% confidence upper limits were also set for B(J/Ψ → γξ)B(ξ → X) < 2·10^{−5} for X = ππ and p̄p, and < 7·10^{−5} for X = ηη.

Two years later, in 1988, DM2 at ORSAY reported [9] the result of their search with a sample of 8.6 · 10^6 J/Ψ. They failed to find any narrow enhancement, and set 95% confidence upper limits: B(J/Ψ → γξ)B(ξ → X) < 2.3 · 10^{−5} for X = K^+K^−, and < 1.6 · 10^{−5} for X = K_SK_S, i.e., at levels which were factor two lower than those reported for the observation by Mark III.

Three early searches for the narrow ξ(2230) in the formation reactions p̄p → K^+K^− and K_SK_S were also unsuccessful in finding any evidence for it [10]. Because of these negative results the existence of the narrow ξ(2230) (Γ < 20 − 35 MeV) was considered dubious.

It should be noted that while the narrow ξ(2230) was not confirmed by any other experiment prior to 1996, a broad enhancement at nearly the same mass was reported by several experiments. In the radiative decay of J/Ψ DM2 reported an enhancement in both decay channels ξ → K^+K^− and K_SK_S, with M ≈ 2200 MeV and Γ ≈ 200 MeV [9]. Studies of the peripheral reactions, π^−p → nX (with X = ηη^′, K_SK_S) [11], and K^−p → ΛX (with X = K^+K^−, K_SK_S) [12] also reported enhancements with nearly the same mass and width Γ ≈ 100 MeV. The data were variously reported as being consistent with J^{PC} = 2^{++} and 4^{++}.

In 1996, the BES detector at BEPC rekindled the interest in the narrow ξ(2230) by reporting its observation in their sample of the radiative decay of 8 million J/Ψ [13]. They reported the observation of ξ(2230) not only in K^+K^− and K_SK_S decay channels, but also in π^+π^− and p̄p channels, with consistent masses and widths, M(ξ) ≈ 2232 MeV and Γ(ξ) = 15 − 20 MeV. The product ratios B(J/Ψ → ξ)B(ξ → X) ranged from 1.5 · 10^{−5} to 5.6 · 10^{−5}. In a later publication BES reported observation of ξ(2230) in the π^0π^0 decay channel and quoted a 95% confidence limit for ηη decay [14]. For the kaon, pion and p̄p channels the statistical significance was claimed to be between 3.6 σ and 4.1 σ.

The BES report of ξ decay into p̄p revived hopes of making a definitive observation of ξ(2230) in high resolution p̄p formation experiments. The JETSET experiment (PS202) at LEAR (CERN) searched for ξ(2230) in its K_SK_S [15] and ΦΦ [16] decays, and failed to find any evidence for it. PS202 established 95% confidence upper limits B(p̄p → ξ)B(ξ → K_SK_S) < 7.5 · 10^{−5} for Γ(ξ) > 5MeV, and B(p̄p → ξ)B(ξ → ΦΦ) < 6 · 10^{−5} for assumed Γ = 15 MeV. In this letter we report the results of a search for ξ(2230) by the Crystal Barrel experiment (PS197) at LEAR (CERN) in p̄p formation. The all neutral decay channels p̄p → π^0π^0, p̄p → ηη and p̄p → ηπ^0 were measured.

The measurements reported here were made at LEAR with the Crystal Barrel detector, which has been described in detail elsewhere [6]. Briefly, the detector, which had cylindrical geometry, consisted of an electromagnetic calorimeter of 1380 CsI crystals covering 2π azimuth and polar angles from 12^∘ to 168^∘, with the useful acceptance for shower detection of 95% of 4π. The photon energy resolution was σ_E/E ≈ 2.5% at 1 GeV, and the angular resolution was σ_{Θ, Φ} = 1.2^∘. The crystals pointed to a LH_2 target which had a length of 4.4 cm and a diameter of 1.6 cm. The detector contained elements for charged particle tracking and was surrounded by a solenoid magnet, but these were only used in the present measurements for vetoing events containing charged particles.

The antiproton beam extracted from LEAR had a momentum uncertainty of ±0.3 MeV/c in the momentum range 1412-1461 MeV/c of the present measurements. This contributes to a √ s uncertainty of ±0.1 MeV. The antiproton beam traversed a 100 micron beryllium foil, 150 micron mylar foils, and a 1 mm thick silicon detector, before entering the 4.4 cm long LH_2 target. This results in a mean energy loss of 1.27 MeV, and an overall, nearly uniform, √ s spread of ±0.3 MeV.

The data for these measurements were taken with an all neutral trigger [17]. The antiproton beam was defined by the requirement of coincidence between the silicon detector immediately at the target entrance and a proportional counter, as well as anticoincidence with a scintillation veto counter behind the target. Data were taken at 9 nearly equally spaced beam momenta in the range 1412-1461 MeV/c, which corresponds to √ s = 2222 − 2240 MeV.

Between 0.5 and 1.2 million all-neutral triggers were taken at each beam momentum. The selection for π^0π^0, ηη and π^0η final states was made with the following cuts: (a) no charged tracks in the Drift Chamber (b) only 4 γs, and (d) at least one pair of γs to have invariant mass either within 135 ± 45 MeV (π^0), or 547 ± 100 MeV (η). (c) an empirically determined cut in the two dimensional do plot of total energy E_{tot} vs. total momentum P_{tot} at E_{tot} > 1.27 P_{tot} + m_p/2 > 1800 MeV. The result of this preselection is shown in Fig. 1 for a typical case (P_{beam} = 1412.3 MeV/c). In this example, 27,410 events passed these cuts out of a total of 761,000 triggers. The energy and momenta of the measured γ’s, and the vertex z-position of each event were fitted to the hypotheses p̄p → π^0π^0, ηη or ηπ^0, with the confidence level set at > 5% [18]. In the example of P_{beam} = 1412.3 MeV/c, the following assignments resulted: 10,567 π^0π^0, 407 ηη and 3,571 ηπ^0. The overall acceptance and efficiency for event selection was estimated by Monte Carlos simulation to be 33% for π^0π^0, 36% for ηη and 35% for ηπ^0. Monte Carlo simulations also show that there was no significant contamination in π^0π^0 event selection. The ηη selection is estimated to have ≈ (0.5 ± 0.2)% misidentified ηπ^0, and (2.8 ± 0.4)% misidentified π^0π^0. The ηπ^0 selection has (0.05 ± 0.02)% misidentified ηη, and no π^0π^0.

The observed number of counts N(X) in a decay channel X is related to the cross section σ(X) as

N(X) = N(p̄) · N(target) · σ(X) · ϵ(X) ,

where ϵ(X) is the efficiency for the detection of the final state X including geometrical acceptance. From the known length and density of the LH_2 target, (1/N(target)) = 5.33 · 10^6 μb. The number of incident p̄ is determined by the coincidence of signals in the beam defining proportional counter at the exit of the LEAR p̄ extraction channel and the central silicon detector at the entrance of the LH_2 target. Account is taken of the detector live-time and pile-up. The corrections for pile-up varied from 5% to 9% from point to point. A detailed discussion of the procedure used for absolute cross section determination is presented elsewhere [19]. Both the differential cross sections and the integrated cross sections in the range cos θ = 0 to 0.85 are determined for π^0π^0, ηη and ηπ^0 final states. The statistical errors in cross sections are, on average, 1.7%, 6.5% and 2.8% for π^0π^0, ηη and ηπ^0, respectively. We estimate that the additional uncertainty in our overall absolute cross section normalization is < ±10%. We note that the absolute cross section for p̄p → π^0π^0 in our energy region are approximately a factor two larger than reported by Dulude et al. [20], and in agreement with similar findings of Anisovich et al. [21].

The cross sections integrated in the region cos Θ_{cm} = 0 − 0.85 for p̄p → π^0π^0, ηη and ηπ^0 are shown in Fig. 2, and listed in Table 1.

In the small region of √ s investigated in our measurements, in absence of a resonance, the cross sections can be reasonably fitted with straight lines. These straight line fits to the cross sections, σ = A + B( √ s − 2200), are shown in Fig. 2. The results are,

π^0π^0 : A = 47.2 ± 1.1 μb , B = −0.229 ± 0.036 μb , χ^2/dof = 1.37 ηη : A = 10.1 ± 1.1 μb , B = −0.041 ± 0.033 μb , χ^2/dof = 0.68 ηπ^0 : A = 39.0 ± 1.8 μb , B = −0.144 ± 0.057 μb , χ^2/dof = 0.34 .

These fits are found to be consistent with the cross section measured by us at 1512 MeV/c and 1640 MeV/c [19]. Fig. 2 shows that in none of the integrated cross sections there is any indication of structure. Since the ηπ^0 decay channel, with isospin 1, cannot have an I=0 glueball, we can remove all luminosity uncertainties by considering σ(π^0π^0)/σ(π^0η) and σ(ηη)/σ(π^0η). These are also shown in the bottom two panels of Fig. 2. In both cases essentially perfect fits to straight line are obtained with χ^2 = 0.31, and 0.50, respectively. To summarize, there is no evidence in our integrated cross section data for any structure.

In order to put quantitative limits for the possible presence of a resonance in these data, we have made the following analysis of the π^0π^0 and ηη integrated cross sections. The measured cross sections are considered as the sum of a linear background plus a J=2 Breit-Wigner resonance of the familiar form,

σ^X_{obs} = (A + B √ s) + σ_0

B_{in}B_{out} 1 + [2 [ √ s − M_R]/Γ]^2 .

where the peak cross section for the Breit Wigner resonance

σ_0 = (2J + 1) ( 4π(h̄c)^2 s − 4m^2_p ) ≈ (0.17 − 0.16)μb × 10^5

in our scan region for a J=2 resonance. A minimum χ^2 (maximum likelihood) fit is done with A, B, M_R and Γ_R fixed and B_{in}B_{out} allowed to vary freely. A and B are fixed at the values determined in the fits described above. Two fixed values of width, Γ = 10 MeV and 20 MeV, are used and M_R is varied in small steps from 2222 to 2240 MeV. In this manner 95% confidence upper limits, shown in Fig. 3 are obtained. We note that these imply that for Γ_R between 10 and 20 MeV,

B(p̄p → ξ)B(ξ → π^0π^0) < 6 · 10^{−5} , 95% CL (1) B(p̄p → ξ)B(ξ → ηη) < 4 · 10^{−5} , 95% CL (2)

As mentioned earlier, differential cross sections for all three reactions were also measured. An example of the angular distribution for π^0π^0 at √ s = 2222.7 MeV, is presented in Fig. 4. Also shown in Fig. 4 is the angular distribution for ηη, averaged over √ s = 2222.7 − 2239.7 MeV, in order to improve statistics. A simple analysis of the differential cross sections in terms of Legendre polynomials was made for both π^0π^0 and ηη. It was found that the coefficients up to the order of 8 were required, and they all showed smooth evolution from √ s = 2222 to 2240 MeV. No indication of any behavior indicative of a resonance was found.

Our measured product branching ratio can be combined with the branching ratios reported by BES to yield some other limits. For example,

B(J/Ψ → γξ) = [ [{B(J/Ψ → γξ)B(ξ → p̄p)}{B(J/Ψ → γξ)B(ξ → π^0π^0)}]_{BES} [B(ξ → p̄p)B(ξ → π^0π^0)]_{CB}

]_{1/2}

leads to

B(J/Ψ → γξ) > 0.29% , 95% CL, (3)

which would be comparable to the largest measured radiative widths of J/Ψ. (For the BES product branching ratio for π^0π^0 we actually use the weighted average of their product branching ratios for B(π^+π^−) and B(π^0π^0))

Upper limits can also be derived by using the above result in the other product branching ratios reported by BES. These are 0.51%, 1.6%, 1.9%, 1.1% and 0.9% (95% confidence) for the branching ratios for ξ → p̄p, π^0π^0, π^+π^−, K^+K^− and K_SK_S, respectively.

To summarize the results of our measurements of p̄p → π^0π^0 and ηη, we find no evidence for the existence of the narrow glueball candidate ξ(2230) (or f_J(2220)) anywhere in the mass range 2222 to 2240 MeV. We have established 95% confidence upper limits for the product branching ratios of 6 · 10^{−5} and 4 · 10^{−5} for the formation of ξ(2230) in p̄p annihilation and its decay into π^0π^0 or ηη, respectively. We are led to conclude that either the narrow ξ(2230) does not exist in the mass range of our scan, or, if the BES branching ratio results are correct, its coupling to the p̄p channel is very weak.

1 Acknowledgement

We would like to thank the technical staff of the LEAR machine group and of all the participating institutions for their invaluable contributions to the success of the experiment. We acknowledge financial support from the German Bundesministerium für Bildung, Wissenschaft, Forschung und Technologie, the Schweizerischer Nationalfonds, the British Particle Physics and Astronomy

Research Council, the U.S. Department of Energy and the National Science Research Fund Committee of Hungary (contract No. DE-FG03-87ER40323, DE-AC03-76SF00098, DE-FG02-87ER40315, DE-FG02-87ER40344 and OTKA T023635). K.M. Crowe, F.-H. Heinsius and K.K. Seth acknowledge support from the A. von Humboldt Foundation, and N. Djaoshvili from the DAAD.

References

[1] H. Fritzsch and M. Gell-Mann, Proc. XVI Int. Conf. on High Energy Physics, Fermilab, 1972, vol. 2, p. 135.

[2] H. Fritzsch and P. Minkowski, Nuovo Cimento, 30A (1975) 393.

[3] Bag Model:

R. Jaffe and K. Johnson, Phys. Lett. 60B (1976) 201. T. Barnes et al., Nucl. Phys. B198 (1982) 380. C. Carlson et al., Phys. Rev. D27 (1983) 2167. QCD Sum Rules:

M. Shifman et al., Nucl. Phys. B147 (1979) 385, 448. S. Narison, hep-ph 96012457. Constituent Glue Model:

T. Barnes, Z. Phys. C10 (1981) 275. J. Cornwall and A. Soni, Phys. Lett. B120 (1983) 431.

A. Szczepaniak et al., Phys. Rev. Lett. 76 (1996) 2011. Flux Tube Model:

N. Isgur and J. Paton, Phys. Rev. D31 (1985) 2910. Lattice:

G. Bali et al., Phys. Lett. B309 (1993) 378. H. Chen et al., Nucl. Phys. B34 Proc. Suppl. (1994) 357. W. Lee and D. Weingarten, Phys. Rev. D61 (2000) 014015.

[4] C. Morningstar and M. Peardon, Phys. Rev. D60 (1999) 034509.

[5] C. Amsler, Rev. Mod. Phys. 70 (1998) 1293; K.K. Seth, Nucl. Phys. A675 (2000) 25c.

[6] E. Aker et al., Crystal Barrel Collaboration, Nucl. Instr. Meth. A321 (1992) 69.

[7] R. M. Baltrusaitis et al., Mark III Collaboration, Phys. Rev. Lett. 56 (1986) 107.

[8] ’Review of Particle Properties’, [PDG2000], Eur. Phys. J. C15 (2000) 1-878.

[9] J. E. Augustin et al., DM2 Collaboration, Phys. Rev. Lett. 60 (1988) 2238.

[10] J. Sculli et al., Phys. Rev. Lett. 58 (1987) 1715; G. Bardin et al., Phys. Lett.

B195 (1987) 292; P. D. Barnes et al., Phys. Lett. B309 (1993) 469.

[11] D. Alde et al., IHEP-IISN-LANL-LAPP Collaboration, Phys. Lett 177B (1986) 120; B. Bolonkin et al., Nucl. Phys. B309 (1998) 426.

[12] D. Aston et al., Phys. Lett. 215 (1988) 199; Nucl. Phys. 301 (1988) 525; [13] J. Z. Bai et al., BES Collaboration, Phys. Rev. Lett. 76 (1996) 3502. [14] J. Z. Bai et al., BES Collaboration, Phys. Rev. Lett. 81 (1998) 1179; X. Shen, Proc. Hadron 97, ed. S. U. Chung and H. Willutzki, AIP Conf. Report 432 (1998) 47.

[15] C. Evangelista et al., Phys. Rev. D56 (1997) 3803. [16] C. Evangelista et al., Phys. Rev. D57 (1998) 5370.

[17] A. Abele et al., Crystal Barrel Collaboration, Eur. Phys. J. C8 (1999) 67. [18] An alternate event selection, in which explicit π^0 and η mass cuts were used instead of the > 5% fit probability cut, gave completely consistent results.

[19] W. Roethel, Ph.D. dissertation, University of Munich, 1999 (unpublished). [20] R.S. Dulude et al., Phys. Lett. 79B (1973) 329. [21] A.V. Anisovich et al., Nucl. Phys. A662 (2000) 344.

P_{p̄} √ s integrated cross section p̄p → π^0π^0 p̄p → ηη p̄p → ηπ^0 [MeV/c] [MeV] [μb] [μb] [μb] 1412.3 2222.6 ± 0.3 41.6 ± 0.6 9.4 ± 0.5 35.3 ± 0.9 1416.4 2224.1 ± 0.3 42.2 ± 0.7 9.6 ± 0.7 36.3 ± 1.1 1422.0 2226.1 ± 0.3 40.6 ± 0.7 8.4 ± 0.6 35.6 ± 1.0 1428.7 2228.4 ± 0.3 40.7 ± 1.2 8.4 ± 0.5 34.4 ± 0.9 1436.4 2231.1 ± 0.3 41.1 ± 0.6 9.4 ± 0.5 35.1 ± 0.9 1443.1 2233.4 ± 0.3 38.8 ± 0.6 8.7 ± 0.6 33.4 ± 1.0 1448.7 2235.5 ± 0.3 38.7 ± 0.6 8.4 ± 0.6 34.3 ± 1.0 1454.3 2237.4 ± 0.3 39.4 ± 0.6 8.9 ± 0.6 33.5 ± 1.0 1460.5 2239.6 ± 0.3 37.6 ± 0.6 8.4 ± 0.5 33.4 ± 0.9 Table 1 Antiproton beam momenta, center of mass energies and cross sections integrated in the region of cos θ ≤ 0.85 for the reactions p̄p → π^0π^0, ηη and ηπ^0. Only statistical errors are listed for the cross sections.

Fig. 1. Scatter plot for invariant masses m(γ_1γ_2) versus m(γ_3γ_4) at 1412.3 MeV/c^2. There are three entries per event. The π^0π^0 and ηη events are visible in the boxes on the diagonal, as are the ηπ^0 events in the off-diagonal boxes.

Fig. 2. The upper three panels show measured cross sections integrated in the region cos θ ≤ 0.85 for p̄p → π^0π^0, ηη, and ηπ^0, and the straight line fits through them. The lower two panels show π^0π^0 and ηη cross sections divided point by point by the ηπ^0 cross sections. In all cases, only the statistical errors are shown.

Fig. 3. 95% confidence upper limits for the product branching ratios, B(p̄p → ξ) B(ξ → π^0π^0), and B(p̄p → ξ) B(ξ → ηη), as function of assumed mass of ξ. Two different values of width of ξ, Γ(ξ) = 10, and 20 MeV were assumed.

Fig. 4. Illustrating measured differential cross sections for p̄p → π^0π^0 and p̄p → ηη. For ηη, cross sections at four energy points √ s = 2222.7−2239.7 MeV were averaged in order to reduce statistical scatter.