DELPHI Collaboration DELPHI 2002-080 CONF 614 10 June, 2002

η_c(2980) formation in two-photon collisions at LEP energies

A. Obłakowska-Mucha, B. Muryn

Faculty of Phys. and Nucl. Techniques, Technical University of Mining and Metallurgy, Cracow, Poland

G. Polok

Institute of Nuclear Physics, Cracow, Poland

Abstract

η_c(2980) production in γγ interactions has been detected via its decays into K^0_s K^±π^∓, K^+K^−K^+K^− and K^+K^−π^+π^− in the data taken with the DELPHI detector at LEP1 and LEP2 energies. The two-photon radiative width averaged over all observed decay channels is Γ_{γγ} = 13.9 ± 2.0 (stat.) ± 1.4(syst.) ± 2.7 (BR) keV. No direct decay channel η_c → π^+π^−π^+π^− has been observed. An upper limit Γ_{γγ} < 3.8 keV at 95% confidence level has been evaluated for that decay mode.

Contributed Paper for ICHEP 2002 (Amsterdam)

1 Introduction

Among γγ induced final states, those with exclusive meson resonance production play an important role, since the measurement of the production cross-section and the corresponding radiative width provide information on the quark-gluon structure of the investigated particle. The mesonic resonances built up of heavy quarks are additionally interesting objects due to the possibility of describing such η_c bound states with nonrelativistic models. In particular, a precise measurement of the two-photon partial width for charmonium states would provide valuable information on QCD corrections to cc̄ quarkonium.

The very first estimations of the η_c partial width, Γ_{γγ} (η_c), were obtained from its ratios to the known widths for ψ → μ^+μ^− and η_c → gg giving values of 8 keV and 4 keV respectively [1]. Different models and corrections were applied to them later, giving values from 3 to 14 keV, see [2] and references therein. An even bigger discrepancy is observed between values obtained by numerous experimental groups. Among them there are many experiments where two interacting photons radiated by electron and positron beams couple to this resonant state, [3]-[12]. The results for Γ_{γγ} (η_c) range from 4 keV to 27 keV.

In this paper we report on the production and decays of the η_c resonance using data collected by the DELPHI detector during the period 1994-1999 corresponding to a range of centre-of-mass energies from 90 GeV up to 202 GeV and an integrated luminosity of L = 531 pb^{−1}. The aim of this analysis was to determine the radiative width of the η_c resonance separately for each decay channel, using the production process:

e^+e^− → e^+e^−η_c(2980) (1)

on four-body final states where a distinct signal of the η_c resonance has been observed. To increase the sensitivity for η_c production, we do not require information on the polar angle of the scattered electrons (no tag mode). The superiority of LEP with respect to previous experiments is the higher energy and resulting higher production cross-section for this reaction.

We have analysed the following exclusive final states:

η_c → K^0_s K^±π^∓ (2)

η_c → K^+K^−K^+K^− (3)

η_c → K^+K^−π^+π^− (4)

η_c → π^+π^−π^+π^− (5)

2 Detector

A general description of the DELPHI detector can be found elsewhere [13]. The main features relevant to this analysis are particle tracking and identification. Due to the low momenta of the decay products, their identification is based on measurement of ionization losses (dE/dx) in the Time Projection Chamber (TPC). The particle momenta are determined from track reconstruction and make use of the Vertex Detector, the Inner and Outer Detectors and the TPC. The tracks with lower polar angles are reconstructed in Forward Chambers A/B.

The single track trigger efficiency, expressed in terms of transverse track momentum, has an influence on the overall efficiency of final states produced in γγ collisions where the hadrons have rather low momenta. Having four particles in the final state, originating from the decay of a relatively heavy η_c(2980) resonance, results in a large trigger efficiency for an event according to the formula:

E_{ev} = 1 − (1 − ϵ_1) × (1 − ϵ_2) × (1 − ϵ_3) × (1 − ϵ_4) (6)

where E_{ev} is the total trigger efficiency for an event and the ϵ_i is the single track efficiency which depends on the transverse momentum. A brief description of the trigger system is presented in [14, 15].

3 General Data Selection

Data were taken only from running periods when the TPC was fully operational thus ensuring good particle identification. There was no requirement on detecting either scattered electron. Candidates for the η_c(2980) decay channels (2)-(5) were selected by requiring:

• exactly four charged particle tracks with zero total charge, coming from the primary interaction region or two tracks originating from the primary vertex and two tracks originating from a secondary vertex,

• the track impact parameters measured with respect to the z-axis (beam axis) to be smaller than 10 cm and those measured in the plane perpendicular to the z-axis smaller than 4 cm,

• the momentum of each particle to be larger than 0.3 GeV/c,

• the square of the total transverse momentum, (Σ⃗p_t)^2, of charged particles to be less than 1.0 (GeV/c)^2,

• each track to pass through the TPC,

• the total detected energy of charged particles to be less than 10 GeV,

• no particles identified as electrons or muons by the standard lepton identification algorithms,

• the track lengths to be longer than 30 cm,

• the total energy deposit in the electromagnetic calorimeter from neutral particles to be less than 3 GeV,

• the charged particles to have polar angles between 20^∘ and 160^∘.

Additional criteria which are specific to particular channels are discussed in the next section.

It is worth emphasizing that all experimental requirements used in the analyses presented below were chosen to be the same for all data sets corresponding to various beam energies.

4 Analysis

In γγ events almost all the available energy and momentum is carried away by the electron and positron which are scattered at very small angles. Therefore the (Σ⃗p_t)^2 distribution of the hadronic system is peaked, as shown in Fig.1. To suppress some background events which do not originate from γγ collisions, the total transverse momentum squared of hadrons in the exclusive process (1) should be smaller than 0.04 (GeV/c)^2.

In order to calculate the acceptance and detection efficiency, a Monte Carlo generation program has been used, with the full kinematics of a system produced in γγ interactions. All kinematical variables necessary for the description of the two-photon processes were generated using algorithms taken from the package described in [16]. The matrix element, factorized into the flux of quasi-real transverse photons and a covariant amplitude describing both the two-photon η_c production and its decay, has been implemented [17]. For a better understanding of the η_c four pion decay mode we have also determined the efficiency for η_c → ρ^0ρ^0 → π^+π^−π^+π^− with a specific symmetrized matrix element [17]. The Monte Carlo generated events were passed through the standard DELPHI detector simulation procedure [13] which for the K^0_s Kπ decay also simulated the decay of the K^0_s to π^+π^−.

An additional factor contributing to the overall efficiency comes from the trigger acceptance. The trigger simulation following the cuts used for η_c selection in the real data have been applied to events after detector simulation.

An event was accepted according to a weight calculated on the basis of the single track efficiency, parameterized as a function of the transverse momentum, p_t, of each particle and ranges from 20% for p_t= 0.5 GeV/c to about 95% at p_t= 2 GeV/c [14, 15]. Owing to the relatively large mass of the η_c resonant state, the overall trigger efficiency per event was about 90% for channels with pions and about 85% for the K^+K^−K^+K^− final state.

The total efficiency was calculated bin-by-bin in invariant mass by comparing the generated invariant mass distribution with that obtained from the detector simulation after the selection cuts and trigger acceptance. The efficiency for each decay mode as a function of the invariant mass is shown in Fig.2. It should be noted that particle identification was essential for all the channels analysed and was based on dE/dx energy loss measurements [13] since this is the only method providing an identification probability.

4.1 η_c → K^0_s K^±π^∓

For the decay chain η_c → K^0_s K^±π^∓ → π^+π^−K^±π^∓ the K^0_s → π^+π^− decay is identified by taking advantage of the relatively large K^0_s decay length (cτ = 2.68 cm). Therefore, candidates for this decay mode had to have one secondary vertex reconstructed using an algorithm which takes pairs of oppositely charged particle tracks, intersecting them and determining a secondary vertex. Both momenta are recalculated with respect to the new decay vertex and an invariant mass is computed. The resulting K^0_s candidate mass distribution is shown in Fig.3, where clear evidence of a K^0_s signal is seen. Only events with an invariant mass of the two pion candidates, originating from the secondary vertex, in the range from 0.45 GeV/c^2 to 0.55 GeV/c^2 have been taken for further analysis. Of the other two particles which originate from primary interaction region, one is identified as a kaon in 80% of the events selected with one secondary vertex. Hence the crucial criterion for this decay final state selection is the reconstruction of the K^0_s decay vertex.

4.2 η_c → K^+K^−K^+K^−

Additional requirements for this decay channel are that at least three particles must be identified as charged kaons and there are no secondary vertices. Only kaons with the probability of identification greater then 0.5 were considered. The dE/dx distribution for data events that were identified for all particles in the four body final state events after the general data selection is plotted in Fig.4 with an insert for the distribution of those originating from η_c. For events from the η_c mass region (M_{ηc} ± 150 MeV/c^2, points originating from the rising part of this distribution unquestionably correspond to kaons whereas the horizontal part may also contain pions from background events and kaons from signal.

A scatter plot (not shown) of the effective mass of K^+K^− combinations does not indicate any intermediate ϕϕ state. From a fit to the invariant mass distribution, the number of signal events is estimated to be about 46.

Since the average particle momentum is particularly low in this channel, a strong effect could be expected in the invariant mass spectrum resulting from the single track efficiency of the trigger that might produce a fake signal due to the small efficiency at threshold. This has been checked on η_c → K^+K^−K^+K^− events which were generated according to the γγ flux (no resonance shape has been assumed) and then decayed according to phase-space. These events were then passed through the trigger and detector simulations. No signal resulting from the trigger activity on the low mass side nor from the experimental cuts on the other was observed in a region of the invariant masses around 3 GeV, corresponding to the η_c signal. The relatively low background at the K^+K^−K^+K^− invariant mass threshold is explained mostly by the low acceptance and less by the decreased trigger efficiency. The trigger efficiency, as described in previous section turned out to be around 85% at a mass of 3 GeV/c^2.

4.3 η_c → K^+K^−π^+π^−

Given the branching ratio for η_c decay into K^+K^−π^+π^−, BR=2.0±0.7% and the detector efficiency determined using criteria presented below (Fig.2), quite a significant signal (of about 4 events per 1 keV of η_c radiative width) would be expected in this channel. In order to select these events it was required that one of the particles was identified as a kaon with probability ≥0.5 and two of the three remaining particles should satisfy selection criteria for pion identification with probability ≥0.5. The identification was based on dE/dx energy losses. The remaining cuts were identical to those for other decay channels. All events corresponding to the K^0_s K^±π^∓ signal, described in section 4.1 have been subtracted from selected sample. Since the data sample obtained may still contain K^0_s K^±π^∓ events with no reconstucted secondary vertex, the invariant mass M_{ik} of the two opposite sign particle combinations (excluding the identified kaon) was calculated and events removed if one of the two M_{ik} masses satisfied the condition |M_K0_s − M_{ik}| < 50 MeV/c^2. From the data collected by the DELPHI detector during the period mentioned in the first section the significant signal of about 42 events is obtained.

The intermediate states of η_c → K^+K^−π^+π^− decay via one or two K^{∗0}(892) have not been observed.

4.4 η_c → π^+π^−π^+π^−

The observation of an η_c → π^+π^−π^+π^− decay mode reported by numerous experimental groups remains controversial. This decay has been found by MARK III [4], TASSO [7]. (where the last one did not distinguish between the 4π and the ρ^0ρ^0 decay channels). Other, more recent experiment did not confirm it [11] providing only an upper limit. Good particle identification is very important since the π^+π^−π^+π^− final state can be confused with the K^+K^−π^+π^− decay.

In addition to the general selection and the stringent cut on the total transverse momentum, it was also required that all particles were pions with the single track identification probability of 0.5, that only one well reconstructed vertex was found and that each track has to have at least one hit in the Vertex Detector associated to it. The final selected sample consists of ∼3600 events and shows no enhancement around the nominal mass of the η_c resonance, see Fig.5a. In this decay channel of η_c an upper limit of 18 events at the 95% confidence level has been calculated. The above, standard selection criteria lead to an invariant π^+π^−π^+π^− mass distribution with a large background, that may shadow the signal. Thus further tightening of the total transvers momentum squared cut from 0.04 to 0.004 GeV^2 and the identification probability from 0.5 to 0.8 reduces the number of observed events to about 600 but still the invariant mass distribution shows no evidence for η_c, see Fig.5b. To avoid a selection bias resulting from low efficiency for identification of four pions another selection was performed in which only three particles were identified as the pions with probability 0.5, leaving remaining cuts like in the standard selection, providing no enhancement at η_c invariant mass region, see Fig.5c. A search for the intermediate decay mode, ρ^0ρ^0, through an analysis of the two-dimensional plot of the invariant mass of one π^+π^− system versus that of the remaining π^+π^− pair has been also performed. Events from the ρ^0ρ^0 mass window were selected and used for the calculation of the π^+π^−π^+π^− invariant mass spectrum where η_c signal was also not seen. These events were attributed to non-resonant vector meson production.

5 Results

In experiment one measures directly the invariant mass distribution of the γγ system,

ΔN_{(e}+_e−_{→e}+_e−_{ηc→e}+_e−_{f)} ΔW_{γγ}

. (7)

where f denotes one of the investigated decay modes. Given the detector efficiency E_{ff} , the integrated luminosity L, and flux L_{γγ} of the two interacting photons parametrized by well known equivalent photon approximation formula, the invariant mass distribution can be converted into two-photon cross section multiplied by corresponding branching ratio:

σ_{γγ→ηc} (W_{γγ} ) BR(η_c → f) =

ΔN_{(e}+_e−_{→e}+_e−_{ηc→e}+_e−_{f)} ΔW_{γγ} · L · E_{ff} (W_{γγ} ) · L_{γγ} (W_{γγ} ) (8) The efficiency was calculated dividing bin-by-bin the simulated invariant mass distribution for events that passed all the cuts in mass interval 2.5-4.0 GeV/c^2 by the invariant mass distribution for the generated events. It should be noticed that both the γγ flux and the invariant mass efficiency distribution modify the background-to-signal ratio measured in the side-bands of the ΔN/ΔW_{γγ} distribution.

In order to determine the value of the η_c radiative width, the γγ invariant mass crosssection has been fitted to the Breit Wigner distribution of the form

BW (Γ_{γγ} , M_{ηc} , Γ_{tot}) = 8π(2J + 1)

Γ_{γγ} Γ_{tot} (W^2_{γγ} − M^2_{ηc} )^2 + M^2_{ηc} Γ^2_{tot} (9) describing the η_c production cross-section convoluted with a Gaussian mass resolution G(W_{γγ} , σ) together with a background parametrization expressed in terms of polynomial function of the third order P_3(W_{γγ} ):

σ_{γγ→ηc} (W_{γγ} ) = [BW (Γ_{γγ} , M_{ηc} , Γ_{tot}, W_{γγ} ) + P_3(W_{γγ} )] ⊗ G(W_{γγ} , σ) (10)

According to eq.(8) and eq.(9) the fit determines the product of the radiative width and the branching ratio, the mass of the resonance and the experimental mass resolution σ. All these fitted parameters have been determined separately for each data sample because some of them explicitly depend on the energy (two-photon flux) and others on the period of the data collection (efficiency).

The width of the mass resolution distribution obtained from the above fit coincided within ±10% with that obtained from the simulated sample. All fitted η_c mass values are shifted towards higher values by about 0.023 GeV/c^2 in the K^0_s K^±π^∓ channel, 0.050 GeV/c^2 in the K^+K^−π^+π^− and 0.042 GeV/c^2 in the K^+K^−K^+K^− channel. Simulated data suggest this shift may be due to worse track reconstruction at the lowest momenta, which increases the η_c mass resolution width. The shift is larger for the four kaon decay mode because the average momentum for kaons is smaller than that for pions.

The final σ_{γγ} plots are average distributions from different samples. The resulting cross-sections multiplied by the corresponding branching ratios for η_c → K^0_s K^±π^∓, η_c → K^+K^−K^+K^− and η_c → K^+K^−π^+π^− are presented in Fig.6.

The systematic error has been calculated taking into account the cuts variations, the different binning choice, fit ranges and background parametrizations. Since both the branching ratio and Γ_{γγ} (see formula above) can not be determined simultaneously, we have used branching ratios obtained by other experiments, summarized in [18], but those are given with large uncertainties coming from another source of the systematic error.

In summary, the final values of the η_c radiative width for the three decay channels investigated are presented in Table 1:

final state BR (η_c → final [18]) [%] N_{ev}(η_c) Γ_{γγ} [keV] K^0_s K^±π^∓ 1.5±0.4 41 13.3 ± 2.6(stat.) ± 2.0(syst.) ± 3.5(BR) K^+K^−π^+π^− 2.0±0.7 42 14.2 ± 4.9(stat.) ± 2.9(syst.) ± 4.9(BR) K^+K^−K^+K^− 2.1±1.2 46 16.5 ± 4.3(stat.) ± 2.7(syst.) ± 9.4(BR) π^+π^−π^+π^− 1.2±0.4 < 18 <3.8 at 95% confidence

Table 1: The branching ratios taken from PDG, the numbers of events and radiative widths for the particular decay modes.

For the analysed channels, the results quoted above are the averages of the LEP1 and LEP2 results. The analysis of the four charged kaon decay channel is in agreement, within the large errors, with the result of the ARGUS Collaboration [10], which gives 0.231 ± 0.090 (stat.) ± 0.023 (syst.) keV.

A weighted mean of the radiative width of three above results is calculated and provides the result:

Γ_{γγ} = 13.9 ± 2.0(stat.) ± 1.4(syst.) ± 2.7(BR)keV (11)

The η_c decay into π^+π^−π^+π^− has not been detected. This striking result is supported also by other experiments [11, 12].

Acknowledgements

We are greatly indebted to our technical collaborators, to the members of the CERN-SL Division for the excellent performance of the LEP collider, and to the funding agencies for their support in building and operating the DELPHI detector. We acknowledge in particular the support of State Committee for Scientific Research, Poland,SPUB-M/CERN/P03/DZ- 297/2000,SPUB-M/CERN/P03/DZ-296/2000 , Austrian Federal Ministry of Education, Science and Culture, GZ 616.364/2-III/2a/98, FNRS–FWO, Flanders Institute to encourage scientific and technological research in the industry (IWT), Belgium, FINEP, CNPq, CAPES, FUJB and FAPERJ, Brazil, Czech Ministry of Industry and Trade, GA CR 202/96/0450 and GA AVCR A1010521, Commission of the European Communities (DG XII), Direction des Sciences de la Matière, CEA, France, Bundesministerium für Bildung, Wissenschaft, Forschung und Technologie, Germany, General Secretariat for Research and Technology, Greece, National Science Foundation (NWO) and Foundation for Research on Matter (FOM), The Netherlands, Norwegian Research Council, State Committee for Scientific Research, Poland, 2P03B06015, 2P03B11116 and SPUB/P03/DZ3/99, JNICT–Junta Nacional de Investigação Científica e Tecnológica, Portugal, Vedecka grantova agentura MS SR, Slovakia, Nr. 95/5195/134, Ministry of Science and Technology of the Republic of Slovenia, CICYT, Spain, AEN96–1661 and AEN96-1681, The Swedish Natural Science Research Council, Particle Physics and Astronomy Research Council, UK, Department of Energy, USA, DE–FG02–94ER40817, Flanders Institute to encourage sientific and technological research in the industry (IWT), Belgium.

References

[1] W.Kwong, J.L.Rosner and C.Quigg, Ann. Rev. Nucl. Sci. 37 (1987) 325; W.Kwong et al., Phys. Rev. D37 (1988) 3210;

[2] E.S.Ackleh and T.Barnes, Phys. Rev. D45 (1992) 232; L.J.Reinders, H.Rubinstein and S.Yazaki, Phys. Rep. 127-1 (1985) 1;

[3] PLUTO Collab., Ch.Berger et al., Phys.Lett. B167 (1986) 120; [4] MARKIII Collab., R.M.Baltrusaitis et al., Phys.Rev. D33 (1986) 629; [5] R704 Collab., C.Baglin et al., Phys.Lett. B187 (1987) 191; [6] TPC/2γ Collab., H.Aihara et al., Phys. Rev. Lett. 60 (1988) 2355; [7] TASSO Collab., W.Braunschweig et all.,Z.Phys. C41 (1989) 533; [8] CLEO Collab., W.Y.Chen et al., Phys.Lett. B243 (1990) 169; [9] DM2 Collab., D.Bisello et al., NP B350 (1991) 1; [10] ARGUS Collab., H.Albrecht et al., Phys. Lett. B338 (1994) 390; [11] L3 Collab., M.Acciari et al., Phys. Lett. B461 (1999) 155; [12] CLEO Collab., G. Brandenburg et al. Phys. Rev. Lett. 85 (2000) 3095; [13] DELPHI Collab., P.Abreu et al., Nucl. Instr. and Meth. A 378 (1996) 57; [14] V.Bocci et al., Nucl.Instr. and Meth. A 362 (1995) 361; [15] V.Canale The DELPHI trigger system at LEP200 99-7-DAS 188; [16] H.Krasemann and J.A.M.Vermaseren, Nucl.Phys. B184 (1981) 265; [17] M.Poppe, Int. Journ. Modern Phys. A1 (1986) 545;

[18] D.E. Groom et al,(Particle Data Group) Eur. Phys. Jour. C15 (2000) 1;

Figure 1: The square of the total transverse momentum of the hadronic system. Points represent the data after the general data selection; the histogram shows the simulated sample.

Figure 2: The average luminosity-weighted efficiences for different η_c decay final states as a function of the corresponding invariant mass. In the decay to K^0, its branching fraction to π^+π^− has been taken into account.

Figure 3: Invariant mass of two particles originating from a secondary vertex (summed over all energy samples).

Figure 4: The dE/dx distribution for particles identified as a pion or a kaon in the data events after the general cuts. Most of the remaining tracks consist of protons. The same distribution for events from η_c → K^+K^−K^+K^− is shown in the insert.

Figure 5: Final invariant mass distributions for the π^+π^−π^+π^− decay final state. The presented distributions are based on: Fig.5a - the standard selection, Fig.5b - the stringent selection, Fig.5c - the looser selection, all of them described in the text. In the insets the ρ^0ρ^0 events corresponding to presented below invariant mass distributions are also shown. 11

Figure 6: σ(γγ → η_c)BR(η_c → final). The curve shows the result of the fit described in the text.