arXiv:hep-ex/0209080 v4 3 Jan 2003

ψ(2S) two- and three-body hadronic decays

J. Z. Bai^1, Y. Ban^{10}, J. G. Bian^1, I. Blum^{18}, X. Cai^1, J. F. Chang^1, H. F. Chen^{17}, H. S. Chen^1, J. Chen^4, Jie Chen^9, J. C. Chen^1, Y. B. Chen^1, S. P. Chi^1, Y. P. Chu^1, X. Z. Cui^1, Y. S. Dai^{20}, L. Y. Dong^1, Z. Z. Du^1, W. Dunwoodie^{14}, J. Fang^1, S. S. Fang^1, H. Y. Fu^1, L. P. Fu^7, C. S. Gao^1, Y. N. Gao^{15}, M. Y. Gong^1, P. Gratton^{18}, S. D. Gu^1, Y. N. Guo^1, Y. Q. Guo^1, Z. J. Guo^3, S. W. Han^1, F. A. Harris^{16}, J. He^1, K. L. He^1, M. He^{11}, X. He^1, Y. K. Heng^1, T. Hong^1, D. G. Hitlin^2, H. M. Hu^1, T. Hu^1, G. S. Huang^1, X. P. Huang^1, J. M. Izen^{18}, X. B. Ji^1, C. H. Jiang^1, X. S. Jiang^1, D. P. Jin^1, S. Jin^1, Y. Jin^1, B. D. Jones^{18}, Z. J. Ke^1, M. H. Kelsey^2, B. K. Kim^{18}, D. Kong^{16}, Y. F. Lai^1, G. Li^1, H. H. Li^6, J. Li^1, J. C. Li^1, Q. J. Li^1, R. Y. Li^1, W. Li^1, W. G. Li^1, X. Q. Li^9, C. F. Liu^{19}, F. Liu^6, Feng Liu^1, H. M. Liu^1, J. P. Liu^{19}, R. G. Liu^1, T. R. Liu^1, Y. Liu^1, Z. A. Liu^1, Z. X. Liu^1, X. C. Lou^{18}, B. Lowery^{18}, G. R. Lu^5, F. Lu^1, H. J. Lu^{17}, J. G. Lu^1, Z. J. Lu^1, X. L. Luo^1, E. C. Ma^1, F. C. Ma^8, J. M. Ma^1, R. Malchow^4, Z. P. Mao^1, X. C. Meng^1, X. H. Mo^3, J. Nie^1, Z. D. Nie^1, S. L. Olsen^{16}, J. Oyang^2, D. Paluselli^{16}, L. J. Pan^{16}, J. Panetta^2, H. P. Peng^{17}, F. Porter^2, N. D. Qi^1, C. D. Qian^{12}, J. F. Qiu^1, G. Rong^1, M. Schernau^{16}, D. L. Shen^1, H. Shen^1, X. Y. Shen^1, H. Y. Sheng^1, F. Shi^1, J. Standifird^{18}, H. S. Sun^1, S. S. Sun^{17}, Y. Z. Sun^1, X. Tang^1, D. Tian^1, W. Toki^4, G. L. Tong^1, G. S. Varner^{16}, J. Wang^1, J. Z. Wang^1, L. Wang^1, L. S. Wang^1, M. Wang^1, Meng Wang^1, P. Wang^1, P. L. Wang^1, W. F. Wang^1, Y. F. Wang^1, Y. Y. Wang^1, Z. Wang^1, Zheng Wang^1, Z. Y. Wang^3, M. Weaver^2, C. L. Wei^1, N. Wu^1, X. M. Xia^1, X. X. Xie^1, G. F. Xu^1, Y. Xu^1, S. T. Xue^1, M. L. Yan^{17}, W. B. Yan^1, C. Y. Yang^1, G. A. Yang^1, H. X. Yang^{15}, W. Yang^4, M. H. Ye^3, S. W. Ye^{17}, Y. X. Ye^{17}, J. Ying^{10}, C. S. Yu^1, G. W. Yu^1, C. Z. Yuan^1, J. M. Yuan^{20}, Y. Yuan^1, Q. Yue^1, Y. Zeng^7, B. X. Zhang^1, B. Y. Zhang^1, C. C. Zhang^1, D. H. Zhang^1, H. Y. Zhang^1, J. Zhang^1, J. W. Zhang^1, L. Zhang^1, L. S. Zhang^1, Q. J. Zhang^1, S. Q. Zhang^1, X. Y. Zhang^{11}, Y. Y. Zhang^1, Yiyun Zhang^{13}, Z. P. Zhang^{17}, D. X. Zhao^1, Jiawei Zhao^{17}, J. W. Zhao^1, P. P. Zhao^1, W. R. Zhao^1, Y. B. Zhao^1, Z. G. Zhao^{1∗}, J. P. Zheng^1, L. S. Zheng^1, Z. P. Zheng^1, X. C. Zhong^1, B. Q. Zhou^1, G. M. Zhou^1, L. Zhou^1, K. J. Zhu^1, Q. M. Zhu^1, Y. C. Zhu^1, Y. S. Zhu^1, Z. A. Zhu^1, B. A. Zhuang^1, and B. S. Zou^1.

(BES Collaboration)

1 Institute of High Energy Physics, Beijing 100039, People’s Republic of China 2 California Institute of Technology, Pasadena, California 91125 3 China Center of Advanced Science and Technology, Beijing 100080, People’s Republic of China 4 Colorado State University, Fort Collins, Colorado 80523 5 Henan Normal University, Xinxiang 453002, People’s Republic of China 6 Huazhong Normal University, Wuhan 430079, People’s Republic of China 7 Hunan University, Changsha 410082, People’s Republic of China 8 Liaoning University, Shenyang 110036, People’s Republic of China 9 Nankai University, Tianjin 300071, People’s Republic of China 10 Peking University, Beijing 100871, People’s Republic of China 11 Shandong University, Jinan 250100, People’s Republic of China 12 Shanghai Jiaotong University, Shanghai 200030, People’s Republic of China 13 Sichuan University, Chengdu 610064, People’s Republic of China 14 Stanford Linear Accelerator Center, Stanford, California 94309 15 Tsinghua University, Beijing 100084, People’s Republic of China 16 University of Hawaii, Honolulu, Hawaii 96822 17 University of Science and Technology of China, Hefei 230026, People’s Republic of China 18 University of Texas at Dallas, Richardson, Texas 75083-0688 19 Wuhan University, Wuhan 430072, People’s Republic of China 20 Zhejiang University, Hangzhou 310028, People’s Republic of China

∗ Visiting Professor to University of Michigan, Ann Arbor, MI 48109 USA

We report measurements of branching fractions for ψ(2S) decays into ωπ^+ π^−, b1 π, ωf2(1270), ωK^+K^−, ωpp̄, ϕπ^+π^− , ϕf0(980) , ϕK^+K^−, and an upper limit for ϕpp̄ final states based on a data sample of (4.02 ± 0.22) × 10^6 ψ(2S) events collected with the BESI detector at the Beijing Electron-Positron Collider. The branching fractions for b1 π and ωf2(1270) update previous BES results, while those for other decay modes are first measurements. The ratios of ψ(2S) and J/ψ branching fractions are smaller than what is expected from the 12% rule by a factor of five for ωf2(1270), by a factor of two for ωπ^+ π^−, ωpp̄, and ϕK^+K^−, while for other studied channels the ratios are consistent with expectation within errors.

PACS numbers: 13.65.+i

I. INTRODUCTION

In perturbative QCD, the charmonium states, J/ψ and ψ(2S), are considered to be non-relativistic bound states of charm and anticharm quarks, and their decays into light hadrons are expected to be dominated by the annihilation of the constituent c and c̄ quarks into three gluons. In this simple picture, the partial width for decays into any exclusive hadronic state h is proportional to the wave function at the origin squared, |ψ(0)|^2, which is well determined from dilepton decays. Since the strong coupling constant α_s does not change much between the J/ψ and ψ(2S) masses, it is reasonable to expect that, for any exclusive hadronic state h, the J/ψ and ψ(2S) decay branching fractions will scale as [1]

Q_h = B(ψ(2S) → h) B(J/ψ → h) ≃ B(ψ(2S) → e^+e^−) B(J/ψ → e^+e^−) ≃ 12%,

where the leptonic branching fractions are taken from the PDG tables [2]. This relation is known as the “12% rule”. Although the rule works reasonably well for a number of specific decay modes, it fails severely in the case of the ψ(2S) two-body decays to the vectorpseudoscalar (V P ) meson final states, ρπ and K^∗K̄ [3, 4]. This anomaly is commonly called the ρπ puzzle. In addition, the BES group has reported violations of the 12% rule for vector-tensor (V T ) decay modes[5]. Although a number of theoretical explanations have been proposed to explain this puzzle [1, 6], it seems that most of them do not provide a satisfactory solution.

In this paper, the measurements of the branching fractions of ψ(2S) decays into ωπ^+π^−, b_1π, ωf_2(1270), ωK^+K^−, ωpp̄, ϕπ^+π^−, ϕf_0(980), ϕK^+K^−, and ϕpp̄ final states are presented. The results are compared with the corresponding J/ψ branching fractions to test the 12% rule for these two-body and three-body hadronic decays.

II. THE BES DETECTOR

The BEijing Spectrometer, BES, is a conventional cylindrical magnetic spectrometer that is coaxial with the colliding e^+e^− beams of the Beijing Electron- Positron Collider, BEPC. BESI is described in detail in ref. [7]. A four-layer central drift chamber (CDC) surrounding the beam pipe provides trigger information. Outside the CDC, the forty-layer main drift chamber (MDC) provides tracking and energyloss (dE/dx) information on charged tracks over 85% of the total solid angle. The momentum resolution for charged tracks is σ_p/p = 0.017 √ 1 + p^2 (p in GeV/c), and the dE/dx resolution for hadron tracks in these measurements is about 9%. An array of 48 scintillation counters surrounding the MDC provides measurements of the time-of-flight (TOF) of charged tracks with a resolution of about 450 ps for hadrons. Outside the TOF system is a 12 radiation length thick leadgas barrel shower counter (BSC) that operates in selfquenching streamer mode and detects electrons and photons over 80% of the total solid angle. The BSC energy resolution is σ_E /E = 0.22/ √ E (E in GeV), and its spatial resolution for photons is σ_ϕ = 4.5 mrad and σ_θ = 12 mrad. A solenoidal magnet surrounds the BSC and provides a 0.4 Tesla magnetic field in the central tracking region of the detector. Outside the solenoidal coil, there are three double layers of proportional chambers interspersed with the magnet flux return iron to identify muons of momentum greater than 0.5 GeV/c.

III. EVENT SELECTION

A. Data sample and event topologies

The data sample used for this analysis consists of (4.02 ± 0.22) × 10^6 ψ(2S) events collected with BES/BEPC at the center-of-mass energy √ s = M_{ψ(2S)}. The decay channels investigated are ψ(2S) into ωπ^+π^−, b_1π, ωf_2(1270), ωK^+K^−, ωpp̄, ϕπ^+π^−, ϕf_0(980), ϕK^+K^−, and ϕpp̄ final states, where b_1 decays to ωπ, ω to π^+π^−π^0, ϕ to K^+K^−, and f_2(1270) and f_0(980) to π^+π^−. They are all four-prong events or four-prong plus two photon events.

B. Photon and charged particle identification

A neutral cluster is considered to be a photon candidate if the following requirements are satisfied: it is located within the BSC fiducial region (| cos θ| < 0.8), the energy deposited in the BSC is greater than 50 MeV, the first hit appears in the first 6 radiation lengths, the angle in the xy plane (perpendicular to beam direction) between the cluster and the nearest charged track is greater than 16^∘, and the angle between the cluster development direction in the BSC and the photon emission direction from the beam interaction point (IP) is less than 37^∘. With these criteria applied to the ψ(2S) → π^+π^−pp̄ sample selected by four-constraint (4C) kinematic fitting, less than 20% of events have photon candidates, which indicates an adequate fake-photon rejection (see Fig. 1).

FIG. 1: The distribution of the number of photon candidates found in kinematically selected ψ(2S) → π^+ π^−pp̄ events.

Each charged track is required to be well fit by a three-dimensional helix, to originate from the IP region, V_{xy} = √ V^2_x + V^2_y < 2 cm and |V_z| < 20 cm, and to have a polar angle | cos θ| < 0.8. Here V_x, V_y, and V_z are the x, y, and z coordinates of the point of closest approach to the beam axis. The time of flight (TOF) and dE/dx measurements for each charged track are used to calculate χ^2 values for the hypotheses that a track is a pion, kaon, or proton, for the purpose of particle identification.

C. Monte Carlo simulations

Phase space Monte Carlo (MC) event generators and the BES detector simulation package, SOBER [7], are used for simulating events for all channels analyzed. To determine detection efficiencies, MC generated events are subjected to the same reconstruction and event selection criteria as those applied to the real data. For each channel, 30,000 MC events are generated.

D. Event selection criteria

For all analyzed decay channels, the candidate events are required to satisfy the following general selection criteria:

i) The number of charged particles must be equal to four with net charge zero.

ii) The number of photon candidates must be equal to or greater than two for the decay channels containing π^0.

iii) For each charged track in an event, the χ^2_{P ID}(i) and its corresponding P rob_{P ID}(i) values are calculated based on the measurements of dE/dx in the MDC and the time of flight in the TOF, with definitions

χ^2_{P ID} (i) = χ^2_{dE/dx}(i) + χ^2_{T OF} (i) P rob_{P ID}(i) = P rob(χ^2_{P ID}(i), ndf_{P ID} ), where ndf_{P ID} = 2 is the number of degrees of freedom in the χ^2_{P ID}(i) determination and P rob_{P ID}(i) signifies the probability of this track having a particle i assignment. For final states containing pp̄, we require at least one of the charged tracks satisfy P rob_{P ID}(p/p) > 0.01 > P rob_{P ID}(π/K), while for other channels analyzed, the probability of a charged track for a candidate particle assignment is required to be greater than 0.01.

iv) A 4C (4 prong events) or 5C (4 prong plus two photon events) kinematic fit is performed for each event. To be selected for any candidate final state, the event probability given by the fit must be greater than 0.01.

v) The combined χ^2, χ^2_{com}, is defined as the sum of the χ^2 values of the kinematic fit and those from each of the four particle identification assignments:

χ^2_{com} = ∑ i χ^2_{P ID} (i) + χ^2_{kine}, which corresponds to the combined probability: P rob_{com} = P rob(χ^2_{com}, ndf_{com}), where ndf_{com} is the corresponding total number of degrees of the freedom in the χ^2_{com} determination. The final state with the largest P rob_{com} is taken as the candidate assignment for each event.

vi) A cut on R_{Ep} is imposed to reject possible contamination from ψ(2S) → π^+π^−J/ψ and ηJ/ψ, with J/ψ → e^+e^−, where

R_{Ep} = ( E^+_{sc} p_+

− 1)^2 + ( E^−_{sc} p_− − 1)^2,

and p_+ (p_−)is the momentum of positive (negative) charged track measured with the MDC, and E^+_{sc} (E^−_{sc}) is the energy deposited in the BSC by the positive (negative) charged track.

vii) Hit information from the muon chambers is used to reject possible muon tracks to reduce contamination from ψ(2S) → π^+π^−J/ψ and ηJ/ψ, where J/ψ → μ^+μ^−.

1. ψ(2S) → ωpp̄ The combined probability for the assignment of ψ(2S) → π^+π^−π^0pp̄ is required to be larger than those of ψ(2S) → π^+π^−π^0π^+π^− and ψ(2S) → π^+π^−π^0K^+K^−. We impose a cut of |m^{π+ π−}_{recoil} − m_{J/ψ} | > 0.05 GeV to reject backgrounds from ψ(2S) → π^+π^−J/ψ, where m^{π+ π−}_{recoil} is the mass recoiling against the assigned π^+π^− pair. A requirement of m_{pp̄} < m_{ψ(2S)} −m_ω = 2.9 GeV is applied to reject the backgrounds from ψ(2S) → ηJ/ψ → π^+π^−π^0pp̄ and π^+π^−π^0μ^+μ^−. Possible background could come from the decay of ψ(2S) → π^0π^0J/ψ, J/ψ → pp̄π^+π^−, where one of the π^0s is missed in the BES detector. However, MC simulation shows that after our selection criteria, the π^+π^−π^0 system from this process has a negligible contribution in the ω mass region. Also, due to the tiny branching fraction, the contamination from the decay of ψ(2S) → π^0J/ψ, J/ψ → π^+π^−pp̄ is negligible.

The π^+π^−π^0 invariant mass distribution for the events that survive all selection requirements is shown in Fig. 2, where a clean ω signal can be seen. A Breit- Wigner resonance convoluted with Gaussian mass resolution function plus a polynomial background is fitted to the data using an unbinned maximum likelihood method. In the fit, the mass resolution is fixed to its MC-determined value, and the width of the ω is fixed to its PDG value. The fit gives 14.9 ± 5.8 signal events with statistical significance 2.6σ. In terms of

MC-determined efficiency of 5.4%, we determine the branching fraction

B(ψ(2S) → ωpp̄) = (0.8 ± 0.3 ± 0.1) × 10^{−4},

where the first error is statistical and the second error systematic. Determination of the systematic errors is described in section IV.

FIG. 2: The π^+ π^−π^0 invariant mass distribution for candidate ψ(2S) → ωpp̄ events.

2. ψ(2S) → ωK^+K^−

For this channel, the final state (π^+π^−π^0K^+K^−) is similar to that of the previous channel (π^+π^−π^0pp̄) except pp̄ is replaced by K^+K^−. Therefore, similar selection criteria are imposed, but the combined probability for the assignment of ψ(2S) → π^+π^−π^0K^+K^− must be larger than those of ψ(2S) → π^+π^−π^0π^+π^− and ψ(2S) → π^0K^+K^−K^+K^−. A cut of |m^{π+π−}_{recoil} − m_{J/ψ} | > 0.05 GeV is used to reject backgrounds from ψ(2S) → π^+π^−J/ψ. We require m_K+_K− < m_{ψ(2S)} − m_ω = 2.9 GeV to reject backgrounds from ψ(2S) → ηJ/ψ → π^+π^−π^0K^+K^−. The contamination from the decay of ψ(2S) → π^0J/ψ, J/ψ → π^+π^−K^+K^− is negligible due to its tiny branching fraction. Although our selection criteria can not completely eliminate the contamination from ψ(2S) → K^0_s K^±π^∓π^0, K^0_s → π^+π^− decay, the invariant mass distribution of m_π+_π−_π0 from this background is smooth, and therefore it will not affect the determination of the signal events.

Figure 3 shows the π^+π^−π^0 invariant mass distribution for ωK^+K^− candidates. The polynomial backgrounds include the contamination from ψ(2S) → K^0_s K^±π^∓π^0, K^0_s → π^+π^−. A fit gives 23.0 ± 5.2 signal events with a statistical significance of 6.3 σ. The detection efficiency for this decay mode is 4.4%, and we determine the branching fraction

B(ψ(2S) → ωK^+ K^−) = (1.5 ± 0.3 ± 0.2) × 10^{−4}.

FIG. 3: The π^+ π^−π^0 invariant mass distribution for candidate ψ(2S) → ωK^+K^− events.

3. ψ(2S) → ωπ^+ π^−

The candidate events for this decay mode have the final state π^+π^−π^0π^+π^−. To be selected, the combined probability for the assignment of ψ(2S) → π^+π^−π^0π^+π^− must be larger than that of ψ(2S) → π^+π^−π^0K^+K^−. A cut of |m^{π+ π−}_{recoil} −m_{J/ψ} | > 0.05 GeV rejects the backgrounds from ψ(2S) → π^+π^−J/ψ, J/ψ → π^+π^−π^0. We require m_π+_π− < m_{ψ(2S)}−m_ω = 2.9 GeV to reject the backgrounds from ψ(2S) → ηJ/ψ → π^+π^−π^0π^+π^− and π^+π^−π^0μ^+μ^−, where m_π+_π− is the invariant mass of the π^+π^− against the ω determined by the kinematic fit. The contamination from the decay of ψ(2S) → π^0J/ψ, J/ψ → π^+π^−π^+π^− is negligible due to its tiny branching fraction.

Figure 4 shows the the π^+π^−π^0 invariant mass distribution for ωπ^+π^− candidates, where the polynomial backgrounds contain the contamination from ψ(2S) → K^0_s K^±π^∓π^0, K^0_s → π^+π^−. A fit gives 100±12 signal events. The detection efficiency for this decay mode is 5.8%, and we determine the branching fraction

B(ψ(2S) → ωπ^+π^−) = (4.8 ± 0.6 ± 0.7) × 10^{−4}.

4. ψ(2S) → b1 π The dominant decay mode of the b_1 is b_1 → ωπ, and we assume its branching fraction is 100%. Therefore, the final state for this mode is the same as for ψ(2S) → ωπ^+π^−. We use the same criteria as those for ψ(2S) → ωπ^+π^− to select candidate events, but an additional cut |m_π+_π−_π0 − m_ω | < 0.03 GeV is applied to select events containing the ω particle. The Dalitz plot is shown in Fig. 6. The dense clusters in the topleft and in the bottom-right of the scatter plots (d) and (e) indicate a clear b_1 signal. Figure 5 shows the ωπ invariant mass distribution for b_1π candidates. In the fit, the mass and width of the b_1 are fixed to the PDG values. A fit gives 61 ± 11 signal events with statistical significance 6.6σ. The detection efficiency for this decay mode is 5.2%, and we determine the branching fraction

B(ψ(2S) → b_1π) = (3.2 ± 0.6 ± 0.5) × 10^{−4}.

FIG. 4: The π^+ π^−π^0 invariant mass distribution for candidate ψ(2S) → ωπ^+ π^− events.

FIG. 5: The ωπ invariant mass distribution for candidate ψ(2S) → b1 π events.

5. ψ(2S) → ωf2 (1270)

The final state for this decay mode is also the same as for ψ(2S) → ωπ^+π^−. We use the same criteria as those for ψ(2S) → ωπ^+π^−, but impose an additional cut |m_π+_π−_π0 − m_ω | < 0.03 GeV to select events containing an ω particle. A requirement of |m_{ωπ} − m_{b1} | > 0.2 GeV is applied to remove contamination from the b_1π channel. Figure 7 shows the π^+π^− invariant mass distribution for ψ(2S) → ωf_2(1270) candidates; it shows a visible bump in the f_2(1270) mass region, in addition to the broad distribution in the lower mass region, which is presumably attributed to f_0(400−1200) [8] production. A fit gives 10.2±4.9 signal events with the mass and width of the f_2(1270)

FIG. 6: The invariant mass m(ωπ^±) and Dalitz plot (a,d) for ψ(2S) → ωπ^+ π^− (data); (b,e) for ψ(2S) → b1 π (MC); and (c,f) for ψ(2S) → ωf2(1270) (MC) events, respectively.

fixed to its PDG values, the statistical significance is about 2.1σ. The detection efficiency for this decay mode is 4.8%, and we determine the branching fraction

B(ψ(2S) → ωf_2(1270)) = (1.1 ± 0.5 ± 0.2) × 10^{−4},

or an upper limit of 1.5 × 10^{−4} (90% C.L.).

FIG. 7: The π^+π^− invariant mass distribution for candidate ψ(2S) → ωf2(1270) events.

6. ψ(2S) → ϕπ^+ π^−

The candidate events for this decay mode have a final state K^+K^−π^+π^−. The combined probability for the assignment of ψ(2S) → K^+K^−π^+π^− is required to be larger than those of pp̄π^+π^−, π^+π^−π^+π^−, K^+K^−K^+K^−, and K^±π^∓π^+π^−. A cut of |m^{π+ π−}_{recoil} − m_{J/ψ} | > 0.05 GeV rejects possible backgrounds from ψ(2S) → π^+π^−J/ψ. The decay of ψ(2S) → K^∗K^−π^+(+c.c.) → K^+K^−π^+π^− has a smooth m_K+_K− distribution below 1.06 GeV and therefore does not affect the ϕπ^+π^− signal. No K^0_s signal is found in the m_π+_π− invariant mass distribution for the selected data sample, indicating negligible K^0_s K^±π^∓ background. Figure 8 shows the K^+K^− invariant mass distribution for ψ(2S) → ϕπ^+π^− candidates, where a prominent ϕ signal can be seen. A fit gives 51.5 ± 8.3 signal events with the width of the ϕ fixed to its PDG value. The detection efficiency for this decay mode is 17.8%, and we determine the branching fraction

B(ψ(2S) → ϕπ^+π^−) = (1.5 ± 0.2 ± 0.2) × 10^{−4}.

FIG. 8: The K^+K^− invariant mass distribution for candidate ψ(2S) → ϕπ^+ π^− events.

7. ψ(2S) → ϕf0(980)

We use the same criteria as those for ϕπ^+π^− for this decay mode, but with an additional requirement |m_K+_K− − m_ϕ| < 0.02 GeV to select events containing a ϕ particle. The dalitz plot is shown in Fig. 9, which indicates the existence of the ϕf_0(980) signal. Leaving the f_0(980) width to float, the fit to the π^+π^− invariant mass shown in Fig. 10 gives 18.4 ± 6.4 signal events with the fitted f_0(980) width of about 45 MeV, the statistical significance is about 5.8σ. The detection efficiency for this decay mode is 17.0%, and we determine the branching fraction

B(ψ(2S) → ϕf_0(980)) · B(ϕf_0(980) → π^+π^−)

= (0.6 ± 0.2 ± 0.1) × 10^{−4}.

FIG. 9: The dalitz plot for candidate ϕπ^+π^− events.

FIG. 10: The invariant mass distribution for candidate ψ(2S) → ϕf0(980) events.

8. ψ(2S) → ϕK^+K^−

Here the combined probability for the assignment of ψ(2S) → K^+K^−K^+K^− is required to be larger than those of pp̄K^+K^−, K^+K^−π^+π^−, and π^+π^−π^+π^−. The K^+K^− invariant mass distribution in Fig. 11 shows a clear ϕ peak. A fit gives 16.1 ± 5.0 signal events with the width of the ϕ fixed to its PDG value. The detection efficiency for this decay mode is 13.4%, and we determine the branching fraction

B(ψ(2S) → ϕK^+K^−) = (0.6 ± 0.2 ± 0.1) × 10^{−4}.

FIG. 11: The K^+K^− invariant mass distribution for candidate ψ(2S) → ϕK^+K^− events.

9. ψ(2S) → ϕpp̄ The combined probability for the assignment of ψ(2S) → K^+K^−pp̄ is required to be larger than those of pp̄π^+π^−, K^+K^−K^+K^−, and π^+π^−π^+π^−. The K^+K^− invariant mass plot is shown in Fig. 12. Only four events appear in the ϕ mass region. Assuming zero background events and using a detection efficiency of 16.8%, we obtain the upper limit on the branching fraction of B(ψ(2S) → ϕpp̄) < 0.26 × 10^{−4} (90% C.L.)

FIG. 12: The K^+K^− invariant mass distribution for candidate ψ(2S) → ϕpp̄ events.

IV. BRANCHING FRACTION DETERMINATION

For a process ψ(2S) → X, the branching fraction is determined by the relation B(ψ(2S) → X) = n^{obs}(ψ(2S) → X → Y ) N_{ψ(2S)} · B(X → Y ) · ϵ(ψ(2S) → X → Y ) , where Y stands for the final state, X the intermediate state, and ϵ the detection efficiency. The branching fraction of X → Y is taken from the PDG [2]. The total number of ψ(2S) events N_{ψ(2S)} = (4.02±0.22)× 10^6 [9] is determined from the number of ψ(2S) → π^+π^−J/ψ events corrected for detection efficiency in the BES ψ(2S) data sample (1.227 ± 0.003 ± 0.017 × 10^6) [10] and the PDG branching fraction [2].

A. Efficiency Corrections and Systematic errors

Because the Monte Carlo does not simulate real events exactly, it is necessary to correct the detection efficiency obtained from simulation for the difference between MC and real data caused in PID and kinematic fitting. To correct for the PID difference, the efficiency is multiplied by a factor ranging from 0.89 to 0.98 with an uncertainty of 0.04 to 0.07, depending on channel; while the correction factor in kinematic fitting is 0.85 ± 0.05 and 0.85 ± 0.08 for 4-prong and 4-prong plus 2-photon final states, respectively [11].

Beside the uncertainties caused by the particle identification and the kinematic fitting stated above, a systematic error common to all decay modes is the uncertainty in the total number of ψ(2S) events (5.4%). The uncertainties of the PDG values of the intermediate state ω, ϕ, b_1, f_2(1270), and f_0(980) decay branching fractions are also sources of systematic error (0.8% to 3.1%). The systematic error due to the statistical precision of the MC event samples ranges from 1.2% to 3.2%, depending on the decay channel. Difficulties in the simulation of low energy photons in the Monte Carlo give rise to a systematic error in the efficiency that varies from 4.5% to 8.6% depending on photon energy for the final states containing π^0. The systematic error from π^0 → 2γ, where at least one photon is converted to a e^+e^− pair is about 1.4%. The variation of branching fraction results for different choices of the fiducial region is about 5%. The total systematic error is taken as the sum of the individual terms added in quadrature and ranges from 12% to 17%, depending on the channel.

B. Branching fraction results

The results, including numbers of signal events, detection efficiencies and branching fractions or upper limits (90% C.L.), are summarized in Table I. The first error of the branching fraction is statistical and the second is systematic for each channel. Among these, the branching fractions for ωf_2(1270) and b^±_1 π^∓ supersede previous BES results [5, 12]. For b^±_1 π^∓, the difference is due to an improved understanding of the acceptance; for ωf_2(1270), the difference is due to improved selection criteria to reduce background.

To test the 12% rule, we also list in Table I the ratio Q_h of the ψ(2S) and J/ψ branching fractions for each channel, where the J/ψ branching fractions are taken from the PDG. Among these channels, the ratio of ωf_2(1270) (VT mode) is suppressed by a factor of five with respect to the PQCD expectation, and those of ωπ^+π^−, ωpp̄, and ϕK^+K^− are suppressed by about a factor of two, those of other channels are consistent with PQCD expectation within errors except ϕpp̄ channel.

In conclusion, we have presented first measurements of branching fractions for ψ(2S) decays to ωπ^+π^−, ωK^+K^−,ωpp̄, ϕπ^+π^−,ϕf_0(980) , ϕK^+K^− and ϕpp̄ channels, and supersede previous b_1π and ωf_2(1270) results. This work further confirmed previous BES finding that the suppression puzzle of the hadronic decays of the ψ(2S) with respect to the J/ψ extends from the VP decay to VT decay, and the b_1π (AP mode) decay is consistent with PQCD expectation. As to the VS (ϕf_0(980)) decay and V hh̄ three-body decays (but ϕpp̄,which needs more statistics), we have provided the first test for the ”12% rule”, which seems generally valid, although there might be some fluctuations.

Acknowledgments

We acknowledge the strong efforts of the BEPC staff and the helpful assistance from the members of the IHEP computing center. The work of the BES Collaboration is supported in part by the National Natural Science Foundation of China under Contract No. 19991480, 10175060 and the Chinese Academy of Sciences under contract No. KJ95T- 03, and by the Department of Energy under Contract Nos. DE-FG03-92ER40701 (Caltech), DE- FG03-93ER40788 (Colorado State University), DE- AC03-76SF00515 (SLAC), DE-FG03-94ER40833 (U Hawaii), DE-FG03-95ER40925 (UT Dallas).

TABLE I: Branching fractions of ψ(2S) and Qh values for ψ(2S) and J/ψ hadronic decays.^{∗1}

Channel Number of Efficiency^{Bψ(2S)→h}_{Bψ(2S)→π+ π− J/ψ} B_{ψ(2S)→h} B_{J/ψ→h} Qh(%) h Events (%) (10^{−4}) (10^{−4} ) (10^{−4} ) (%) ωπ^+ π^− 100 ± 12 5.8 ± 0.8 15.8 ± 1.9 ± 2.2 4.8 ± 0.6 ± 0.7 72.0 ± 12.0 6.7 ± 1.7 b^±_1 π^{∓ ∗2} 61 ± 11 5.2 ± 0.7 10.6 ± 1.9 ± 1.5 3.2 ± 0.6 ± 0.5 30.0 ± 5.0 11 ± 3 ωf2(1270)^{∗2} 10.2 ± 4.9 4.8 ± 0.7 3.4 ± 1.7 ± 0.5 1.1 ± 0.5 ± 0.2 43.0 ± 6.0 2.4 ± 1.3 < 1.5 ωK^+K^− 23.0 ± 5.2 4.4 ± 0.6 4.8 ± 1.1 ± 0.7 1.5 ± 0.3 ± 0.2 7.4 ± 2.4 20 ± 8 ωpp̄ 14.9 ± 5.8 5.4 ± 0.8 2.5 ± 1.0 ± 0.4 0.8 ± 0.3 ± 0.1 13.0 ± 2.5 6.0 ± 2.8 ϕπ^+ π^− 51.5 ± 8.3 17.8 ± 2.1 4.8 ± 0.8 ± 0.6 1.5 ± 0.2 ± 0.2 8.0 ± 1.2 18 ± 5 ϕf0(980)(f0 → π^+ π^−)^{∗3} 18.4 ± 6.4 17.0 ± 2.1 1.8 ± 0.6 ± 0.2 0.6 ± 0.2 ± 0.1 ϕf0(980)^{∗4} 3.4 ± 1.2 ± 0.4 1.1 ± 0.4 ± 0.1 3.2 ± 0.9 33 ± 15 ϕK^+K^− 16.1 ± 5.0 13.4 ± 1.6 2.0 ± 0.6 ± 0.2 0.6 ± 0.2 ± 0.1 8.3 ± 1.3 7.3 ± 2.6 ϕpp̄ 4 16.8 ± 1.8 < 0.85 < 0.26 0.45 ± 0.15 < 58 *1 The upper limit is at the 90% confidence level; B_{J/ψ} taken from PDG value.

*2 b^±_1 π^∓ and ωf2(1270) events are subsets of ωπ^+ π^− events.

*3 ϕf0(980) events are subset of ϕπ^+ π^− events.

*4 B_{f0 →π}+_π− = 0.521 ± 0.016(PDG’96)

[1] W. S. Hou and A. Soni, Phys. Rev. Lett. 50, 569

(1983), W. S. Hou,Phys. Rev. D55, 6952 (1997). [2] Particle Data Group, K. Hagiwara et al., Phys. Rev.

D66, 010001 (2002), and references therein. [3] M. E. B. Franklin et al., Phys. Rev. Lett. 51, 963

(1983).

[4] Y. S. Zhu, in Proceedings of the 28th International

Conference on High Energy Physics, ed. Z. Adjuk and A. K. Wroblewski, World Scientific, 1997, p 507.

[5] J. Z. Bai et al., BES collab., Phys. Rev. Lett. 81, 5080

(1998).

[6] G. Karl and W. Roberts, Phys. Lett. B144, 243

(1984);

S. J. Brodsky et al., Phys. Rev. Lett. 59, 621 (1987); M. Chaichian et al., Nucl. Phys. B323, 75 (1989); S. S. Pinsky, Phys. Lett. B236, 479 (1990); X. Q. Li et al., Phys. Rev. D55, 1421 (1997); S. J. Brodsky and M. Karliner, Phys. Rev. Lett. 78, 4682 (1997);

Yu-Qi Chen and Eric Braaten, Phys. Rev. Lett. 80, 5060 (1998);

T.Feldman and P.Kroll, Phys. Rev. D62, 074006

(2000);

M.Suzuki, Phys. Rev. D63, 054021 (2001); J.L.Rosner, Phys. Rev. D64, 094002 (2001).

[7] J. Z. Bai et al., BES collab., Nucl. Inst. and Meths.

A344, 319 (1994).

[8] Wu Ning(Representing BES Collab.), ”BES R Measurement and J/ψ Decay”,XXXVIth Recontres de Moriond, QCD High Energy Hadronic Interactions, Mar. 17-24,2001,Les Arcs, Savoie, France.

[9] The number of ψ(2S) quoted in [10] has been rescaled by 1.062 to account for the change in B(ψ(2S) → π^+π^− J/ψ) from PDG1996 to PDG2002.

[10] J. Z. Bai et al., BES collab., Phys. Rev. D58, 092006 (1998).

[11] W.F.Wang et al., “Efficiency Correction in the Branching Fraction Determination of ψ^′ Hadronic Decays” , HEP & NP Vol.27(2),2003, to be published (in Chinese); also see hep-ex/0212063.

[12] J. Z. Bai et al., BES collab.,Phys. Rev. Lett. 83, 1918 (1999).