Momentum Dependence of the Decay ȷ ! ß^+ß^−ß^0

Crystal Barrel Collaboration

A. Abele^h, J. Adomeit^g, C. Amsler^p, C.A. Baker^e, B.M. Barnett^c, C.J. Batty^e, M. Benayoun^m, A. Berdoz^n, K. Beuchert^b, S. Bischoff^h, P. Blüm^h, K. Braune^l, D.V. Bugg^i, T. Case^a, O. Cramer^l, V. Credé^c, K.M. Crowe^a, T. Degener^b, N. Djaoshvili^l, S. v. Dombrowski^{p;1}, M. Doser^f , W. Dünnweber^l, A. Ehmanns^c, D. Engelhardt^h, M.A. Faessler^l, P. Giarritta^p, R.P. Haddock^j, F.H. Heinsius^{a;2}, M. Heinzelmann^p, A. Herbstrith^h, M. Herz^c, N.P. Hessey^l, P. Hidas^d, C. Hodd^i, C. Holtzhaußen^h, D. Jamnik^{l;3}, H. Kalinowsky^c, B. Kämmle^g, P. Kammel^a, J. Kisiel^{f ;4}, E. Klempt^c, H. Koch^b, C. Kolo^l, M. Kunze^b, U. Kurilla^b, M. Lakata^a, R. Landua^f , H. Matthäy^b, R. McCrady^n, J. Meier^g, C.A. Meyer^n, L. Montanet^f, R. Ouared^f , F. Ould-Saada^p, K. Peters^b, B. Pick^c, C. Pietra^p, C.N. Pinder^e, M. Ratajczak^b, C. Regenfus^l, S. Resag^c, W. Roethel^l, P. Schmidt^g, I. Scott^i, R. Seibert^g, S. Spanier^p, H. Stöck^b, C. Straßburger^c, U. Strohbusch^g, M. Suffert^o, U. Thoma^c, M. Tischhäuser^h, C. Völcker^l, S. Wallis^l, D. Walther^{b;5}, U. Wiedner^f , K. Wittmack^c, B.S. Zou^i

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 Mainz, D-55099 Mainz, FRG

Preprint submitted to Elsevier Preprint 6 November 1997 lUniversität München, D-80333 München, FRG mLPNHE Paris VI, VII, F-75252 Paris, France nCarnegie Mellon University, Pittsburgh, PA 15213, USA oCentre de Recherches Nucléaires, F-67037 Strasbourg, France pUniversität Zürich, CH-8057 Zürich, Switzerland

The π^0 momentum dependence of the decay η → π^+π^−π^0 has been measured with the Crystal Barrel detector. The analysis is based on 3230 events. The results of this independent measurement are compared to new chiral perturbation theory calculations and previous measurements.

The calculation of the amplitude of the η decay into three pions has been a longstanding problem. Both the current algebra prediction of Γ_{η→π}+_π�_π0 = 66 eV and the first order chiral perturbation theory Γ = (160 ± 50) eV [1] has failed to predict the experimental value of Γ = (274 ± 26) eV [2]. The decay of the η to the I = 1 final state of the three pion system occurs primarily due to the d − u quark mass difference: F (s_a, s_b, s_c) = − B_0(m_d − m_u) 3 √ 3F^2_0 f^{(2)}(s_a)(1 + δ(s_a, s_b, s_c)) (1)

f^{(2)}(s_a) = 1 +

3(s_a − s_0) m^2_η − m^2_π , s_a = (p_η − p_π0)^2, s_b = (p_η − p_π+)^2, s_c = (p_η − p_π�)^2,

where m_u and m_d are the up and down current quark masses, F_0 and B_0 are QCD parameters, s_0 = (s_a + s_b + s_c)/3 and δ is a higher order correction term. The lowest order amplitude is defined by the above equation, setting δ = 0. The next-to-leading order corrections have been calculated by Gasser and Leutwyler [1] amounting to about 50%. Recent developments increase the value of Ref. [1] by either recalculating the d − u quark mass difference [3,4] or by including more corrections (namely final state interactions) in δ [5]. While the former affects the absolute value, the latter modifies also the momentum distribution of the pions, especially s_a of the neutral π^0. For a full discussion of the current theoretical situation see Ref. [5].

1 Now at Cornell University, Ithaca, USA 2 Now at University of Freiburg, Freiburg,Germany 3 University of Ljubljana, Ljubljana, Slovenia 4 University of Silesia, Katowice, Poland 5 Now at University of Bonn, Bonn, Germany

Though two high statistics measurements of the Dalitz plot η → π^+π^−π^0 already exist [6,7], their fitted parameters of the distribution differ by several standard deviations. This letter describes a recent and independent measurement of this distribution.

Using antiprotons from LEAR the η mesons were produced in the reaction

pp → π^0π^0η (2)

with a branching ratio of (6.7 ± 1.2) · 10^{−3} [8]. The decays η → π^+π^−π^0 and π^0 → γγ lead to a total of 6 photons and 2 tracks in the final state. They were detected by the Crystal Barrel detector. The near 4π solid angle coverage of the Crystal Barrel detector allows a full reconstruction of the η and π^0 decay products.

A 200 MeV/c antiproton beam stops in the liquid hydrogen target at the center of a solenoidal magnet. The target is surrounded by two multiwire proportional chambers and a cylindrical jet drift-chamber (JDC) with 23 layers. The JDC is surrounded by an electromagnetic calorimeter, consisting of 1380 CsI(Tl) crystals pointing towards the target center. The calorimeter covers the polar angles between 12^∘ and 168^∘ with full coverage in azimuth. A detailed description of the detector can be found elsewhere [9].

The analysis is based on 10 million events taken with a 2-prong trigger. The trigger required exactly two hits in both PWC layers and two hits in the outer layers 19 and 20 of the JDC. Further event selection is done in the offline analysis. The photon energy has to be at least 20 MeV. Electromagnetic and hadronic “split-offs”, i.e. signals in the calorimeter which do not occur from the primary photon shower or cannot be correlated with a charged particle in the JDC, are rejected by geometric cuts and a 4-C energy momentum conservation requirement. The helix fit to the tracks is required to have χ^2/N_{dof} < 1.5. Final event selection is performed by a 7-C kinematic fit requiring total energymomentum conservation and fixing the mass of the 3π^0’s in the decay π^0 → γγ. Accepted events have to exceed a probability of 10%.

Events from reaction (2) with the decay

η → π^+π^−π^0 (3)

are identified by histogramming the π^+π^−π^0 invariant mass and fitting the η signal with a Gaussian. The combinatorial background is described by a Legendre polynomial of degree 4. The fit gives N_η = 3230±87, m_η = 546.7±0.2 MeV/c^2 and σ_m = 6.2 ± 0.2 MeV/c^2 with χ^2/N_{dof} = 42.9/34. The result is shown in Fig. 1.

Fig. 1. Invariant π^+π^−π^0 mass of the reaction pp → π^+π^−3π^0. The line shows the Gaussian fit with the background Legendre polynomial of degree 4.

To parametrize the π^0 momentum dependence we use the usual Dalitz plot variables x and y:

x = √ 3 T_+ − T_− Q = √ 3 2m_ηQ (s_c − s_b), y = 3T_0 Q − 1 = 3 2m_ηQ {(m_η − m_π0)^2 − s_a} − 1,

Q = T_+ + T_− + T_0 = m_η − 2m_π+ − m_π0,

where T_+, T_− and T_0 are the kinetic energies of the π^+, π^− and π^0, respectiveley. We then determine the distribution of the η decay matrix element M^2(y) as follows: A π^+π^−π^0 invariant mass histogram is created for each interval in y, (-1.0,-0.9), (-0.9,-0.8) ... (0.8,0.9), resulting in 19 histograms. To calculate y we use the measured kinetic energies in Q = T_+ + T_− + T_0. In each of these histograms the number of reconstructed η-mesons are determined by a fit to a Gaussian and polynomial of degree 4. In these fits we constrain the η mass to m_η = 546.7 ± 0.2 MeV/c^2, which is obtained from the fit to the full spectra. This compensates for small deviations in the absolute calibration. The reconstruction efficiency is calculated by a Monte Carlo simulation of reaction (2) including a detector simulation using GEANT [10] and by applying the same analysis cuts as for real data. The number of reconstructed η mesons is then corrected by the efficiency of 3.5%. The resulting distribution of the matrix element M^2(y) is shown in Fig. 2. In this figure we assumed M^2(y) to be independent of x.

Fig. 2. Phase space normalized projection of the η → π^+π^−π^0 Dalitz plot onto the y-axis. Shown are the data points and a fit to our data using the function N(1 + ay + by^2) (solid line).

The largest source of systematic error is due to the background under the η signals in the π^+π^−π^0 invariant mass spectra, for example combinatorial background from pp → π^0π^0ω, ω → π^+π^−π^0. Uncertainties in the background determination are already included in the error given by the fit. The stability of the fit procedure was checked by varying the order of the background polynomial and by doubling the bin size in the fits and comparing the numbers to the result from the individual fits. No significant differences were found.

Errors in the absolute Monte Carlo efficiency cancel, because the spectrum is normalized to the first bin, and thus only relative numbers are used.

To compare with theoretical and experimental results we fit the distribution to the function:

M^2(x, y) = N(1 + ay + by^2 + cx^2). (4)

In our data the dependence on x was not directly measured. We integrate over x in the various y bins. Therefore the fit of parameter c is not very meaningful. It was fixed to values obtained from theory and other experiments. The values of a and b are essentially independent of c within the observed range of c.

Experiment a b c χ^2/N_{dof}

This work (c fixed) -1.21 ± 0.07 0.21 ± 0.11 0.046 [7] 14.1/16

This work (c fixed) -1.22 ± 0.07 0.22 ± 0.11 0.06 [6] 14.1/16

This work (c fixed) -1.23 ± 0.07 0.23 ± 0.12 0.10 [5] 14.1/16

Layter et al.[7] -1.08 ± 0.014 0.034±0.027 0.046±0.031 17.9/18

Gormley et al.[6] -1.17 ±0.02 0.21 ± 0.03 0.06 ± 0.04 15.3/18 Theory a b c χ^2/N_{dof} Gasser, Leutwyler [1] -1.33 0.42 0.08 16.8/18

Kambor et al. (sol. a) [5] -1.16 0.24 0.09 17.6/18

Kambor et al. (sol. b) [5] -1.16 0.26 0.10 18.7/18 Table 1 Parameters for the distribution M^2(x, y) = N(1 + ay + by^2 + cx^2). The χ^2/N_{dof} value is given for a fit to our data of the specified functions. For the fits to the other experiments and the theory no errors in a, b and c are taken into account.

Table 1 shows the result of the fits to our data together with the values obtained from the experiments of Layter et al. [7] and Gormley et al. [6] and the chiral perturbation theory values from Gasser and Leutwyler [1] and Kambor et al. [5]. All parametrizations are compatible with our data, though the fitted values of a and b of the Crystal Barrel data are closer to the ones from Kambor et al. [5] than those from Gasser and Leutwyler [1]. Our parameter a and b differ by 2 standard deviations from the value of Layter et al. [7].

Our data were also fitted assuming c = 0. Current algebra predicts no dependence on x, i. e. c = 0. The data is tested against the parametrization of two experiments and two theoretical predictions (table 2). In the second fit the parameter b was fixed to 0 to allow a better comparison to the result of Layter et al. [7].

Experiment a b χ^2/N_{dof} r

This work^1 -1.19 ± 0.07 0.19 ± 0.11 14.1/16 1.44 ± 0.04

This work (b fixed) -1.10 ± 0.04 0 17.2/17 1.43 ± 0.01

Layter et al.[7] -1.07±0.013 0 17.7/18 1.44 ± 0.01

Gormley et al.[6] -1.18±0.02 0.20±0.03 14.3/18 1.45 ± 0.01

Theory a b

Current algebra [1] -1.01 0.26 43.9/18 1.51

Chiral pert. theory [1] -1.30 0.38 16.8/18 1.43±0.03 Table 2 Parameters for the distribution M^2(y) = N(1 + ay + by^2). For the fits to the other experiments and the theory no errors in a and b are taken into account.

Our data is in good agreement with the other two experimental results and differs by less than 2 standard deviations from the chiral perturbation theory expectation. However the current algebra prediction, which is equivalent to the first order term of chiral perturbation theory is rejected by the data as the χ^2/N_{dof} value of 43.9/18 shows.

Following a procedure given in Ref. [1] one can calculate the value r = BR(η → 3π^0) BR(η → π^+π^−π^0)

from the parametrization of the matrix element M^2(y) = N(1+ay+by^2). This method uses the assumption of an I = 1 decay to calculate the amplitude in 3π^0 from the parameters a and b. The results are shown in the last column of table 2. Note that for the experiments this measurement of r is indirect, i. e. without measuring BR(η → 3π^0) and contains only the error in a and b. No other systematic effects of this procedure are taken into account. This calculation is an additional check of the correctness of the parameters a and b. If the parametrization or the I = 1 assumption is wrong, one would not get the correct value of r. All experiments are compatible with the chiral perturbation prediction of r and the result of the direct measurements from the particle data group average of r = 1.34 ± 0.10 and the global fit of r = 1.39 ± 0.04 [2]. This value was measured by Crystal Barrel to be r = 1.44 ± 0.13 [11]. Note that Kambor et al. [5] calculates r = 1.40 ± 0.03.

In conclusion, we have measured the momentum distribution of the π^0 in the charged η → π^+π^−π^0 decay. With fixed c = 0.06 we fit a = −1.22 ± 0.07 and

1 These values supersede an older Crystal Barrel measurement of a = −0.94 ± 0.15 and b = 0.11 ± 0.27 with c = 0, which was based on 1077 events [11].

b = 0.22 ± 0.11. These values favor the measurement of Gormley et al. [6] over Layter et al. [7]. The current algebra prediction is rejected over the chiral perturbation theory results. The fitted values of a and b are closer to the improved chiral perturbation theory values calculated by Kambor et al. [5] than to the one loop result of Gasser and Leutwyler [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 and OTKA F014357). N. Djaoshvili, F.-H. Heinsius and K.M. Crowe acknowledge support from the A. von Humboldt Foundation.

References

[1] J. Gasser and H. Leutwyler, Nucl. Phys. B 250 (1985) 539.

[2] R. Barnett et al., Review of Particle Physics, Phys. Rev. D 54 (1996) 326.

[3] J. Bijnens, Phys. Lett. B 306 (1993) 343.

[4] J.F. Donoghue, B.R. Holstein and D. Wyler, Phys. Rev. Lett. 69 (1992) 3444.

[5] J. Kambor, C. Wiesendanger and D. Wyler, Nucl. Phys. B 465 (1996) 215.

[6] M. Gormley et al., Phys. Rev. D 2 (1970) 501.

[7] J.G. Layter et al., Phys. Rev. D 7 (1973) 2565.

[8] C. Amsler et al., Phys. Lett. B 333 (1994) 277.

[9] E. Aker et al., Nucl. Instrum. and Methods A 321 (1992) 69.

[10] R. Brun et al., GEANT3, Internal report DD/EE/84-1, CERN, (1987).

[11] C. Amsler et al., Phys. Lett. B 346 (1995) 203.