SLAC-PUB-7213 ICHEP-96 PA07-064 July 23, 1996

Updated Measurement of the Tau Lifetime at SLD^∗

The SLD Collaboration^{∗∗} Stanford Linear Accelerator Center Stanford University, Stanford, CA 94309

Abstract

We present an updated measurement of the tau lifetime at SLD. 4316 τ-pair events, selected from a 150k Z^0 data sample, are analyzed using three techniques: decay length, impact parameter, and impact parameter difference methods. The measurement benefits from the small and stable interaction region at the SLC and the precision CCD pixel vertex detector of the SLD. The combined result is: τ_τ = 288.1 � 6.1(stat) � 3.3(syst) fs.

Contributed to the XXVIII International Conference on High Energy Physics, Warsaw, Poland, 25-31 July 1996.

�This work was supported by Department of Energy contracts: DE-FG02-91ER40676 (BU), DE- FG03-92ER40701 (CIT), DE-FG03-91ER40618 (UCSB), DE-FG03-92ER40689 (UCSC), DE-FG03- 93ER40788 (CSU), DE-FG02-91ER40672 (Colorado), DE-FG02-91ER40677 (Illinois), DE-AC03- 76SF00098 (LBL), DE-FG02-92ER40715 (Massachusetts), DE-AC02-76ER03069 (MIT), DE-FG06- 85ER40224 (Oregon), DE-AC03-76SF00515 (SLAC), DE-FG05-91ER40627 (Tennessee), DE-FG02- 95ER40896 (Wisconsin), DE-FG02-92ER40704 (Yale); National Science Foundation grants: PHY- 91-13428 (UCSC), PHY-89-21320 (Columbia), PHY-92-04239 (Cincinnati), PHY-88-17930 (Rutgers), PHY-88-19316 (Vanderbilt), PHY-92-03212 (Washington); the UK Particle Physics and Astronomy Research Council (Brunel and RAL); the Istituto Nazionale di Fisica Nucleare of Italy (Bologna, Ferrara, Frascati, Pisa, Padova, Perugia); and the Japan-US Cooperative Research Project on High Energy Physics (Nagoya, Tohoku).

1 Introduction

Within the framework of the Standard Model[1], all lepton flavors couple to the W boson in a similar fashion. A measurement of the τ lifetime provides a test of this hypothesis. The lifetime of the τ is related to that of the muon according to: τ_τ τ_μ = (m_μ m_τ )_5

BR(τ^− → e^−ν̄_eν_τ ) [1 − δ_r], (1)

where m_μ is the muon mass, m_τ the τ mass, BR(τ^− → e^−ν̄_eν_τ ) the τ electronic branching fraction, and δ_r radiative and electroweak corrections[2].

The SLC with its small and stable interaction region and the SLD with its excellent tracking and vertexing resolution provided by its CCD pixel vertex detector represent a well suited environment for measuring the τ lifetime. Three techniques are utilized: the decay length method using three-prong τ decays, the impact parameter method using one-prong decays, and the impact parameter difference method using decay correlations in 1 vs. 1 τ -pair events.

A description of the SLD detector components and their performance can be found elsewhere[3, 4]. The vertex detector (VXD), the central drift chamber (CDC), and the lead–liquid-argon calorimeter (LAC) represent the main elements used in this analysis. For infinite-momentum tracks, the combined VXD-CDC tracking system achieves an impact parameter resolution of 11 (76) μm in the transverse (longitudinal) direction with respect to the beam axis. Its momentum resolution can be parametrized as a function of the track transverse momentum p_T as: (_{δp} T_p T )_2

= 0.01^2 + (0.0026 p_T )^2. The energy resolution of the LAC for electromagnetic showers is^σE_E =^{15%}√_{E(GeV)} .

In an earlier publication[3], we have reported a measurement based on 1671 τ - pair events from a 60k Z^0 data sample. The present measurement relies on the same analysis, with a few improvements, and a data sample about 2.5 times larger.

2 Final State Selection

The events used in this analysis were selected from a sample of 5.35 pb^{−1} collected at a center-of-mass energy of 91.2 GeV in 1994 and 1995. At this energy, τ -pair events are characterized by two low-multiplicity, collimated, back-to-back jets, and by missing energy. In addition, the background which consists of muon-pair, wide-angle Bhabha scattering, two-photon, and multihadron events, is easily reduced to a reasonable level. The event selection criteria are based mainly on tracking and calorimetry information; a detailed description can be found in Ref.[3].

Candidate events are required to have at least two but fewer than seven tracks. The total visible energy in the event must be greater than 10 GeV, the total electromagnetic energy must be less than 62.5 GeV, and the polar angle Θ_{miss} of the missing momentum vector must satisfy | cos Θ_{miss}| < 0.88. In each hemisphere, tracks are required to lie within 15^∘ of the jet axis, and the invariant mass be less than 2.3 GeV/c^2. The jet axes in the two hemispheres must be back to back within 20^∘, and the sum of two largest track momenta in the event must be less than 65 GeV/c. Two-prong events are required to have a minimum acolinearity of 10 mrad. A total of 4316 τ -pair candidates are selected. From a Monte Carlo program based on the τ -pair event generator KORALZ 4.0 [5] and the detector simulation package GEANT 3.21 [6], the selection efficiency is estimated to be 62.7%. The purity of the sample is estimated to be 97.5%.

Further requirements are applied in order to select events used in each of three analysis techniques, namely the 1 vs. 1 and the 1 vs. 3 topologies. After exclusion of tracks consistent with originating from a photon conversion, the event is required to have exactly two or four tracks. In the decay length (DL) method, which uses 1 vs. 3 events, tracks on the three-prong side are required to pass track quality cuts (at least 25 hits in the CDC, at least one hit in the VXD, a track fit χ^2 per degree of freedom less than 5 for two of the tracks and less than 15 for the third) and are fit to a common vertex (the χ^2 probability for the vertex fit must be less than 0.04%). In this fashion, 702 events are selected for the decay length method, with a negligible contamination from background.

Both the single-impact parameter (IP) method and the impact parameter difference (IPD) method use events in the 1 vs. 1 topology. Both tracks in the event must satisfy these track quality requirements: momentum greater than 1 GeV/c, at least 40 CDC hits, at least one VXD hit, a track fit χ^2 per degree of freedom less than 5, a polar angle in the range | cos θ| < 0.72, and a distance of closest approach along the beam direction less than 2.5 mm. In addition, in order to further reduce the background from two-photon, wide-angle Bhabha scattering, and muon-pair events, the two-prong invariant mass is required to be greater than 3 GeV/c^2, the total invariant mass in the event must be less than 75 GeV/c^2, and the missing momentum vector must satisfy

| cos Θ_{miss}| < 0.80. A total of 1945 events in the 1 vs. 1 topology are selected, with a background contamination of 1.15% consisting of two-photon, wide-angle Bhabha scattering, and muon-pair events in almost equal amounts. For the IP method, each event contributes two measurements. Thus, 3890 tracks are used in the analysis.

3 Decay Length Method

In this technique, τ -pair events in the 1 vs. 3 topology are selected as described above, a vertex fit in three dimensions is performed on the three-prong side of the event, and a decay length is calculated for each event as the distance from the interaction point to this three-prong vertex. The average decay length is extracted from an unbinned maximum likelihood fit using an exponential decay distribution convoluted with a Gaussian resolution function:

P (l_i, σ_i; l_0, s_0) = 1 l_is_0σ_i √ 2π ∫ exp ( − x l_0 ) exp ( − (x − l_i)^2 2s^2_0σ^2_i ) dx, (2) where the l_i are the measured decay lengths, l_0 is the parent decay length, and s_0 is a scale factor on the calculated decay length errors σ_i. The average decay length error is calculated to be 407 ± 6 μm. The fit returns a value of 2.14 ± 0.08 mm for the average decay length, with a scale factor of s_0 = 1.20 ± 0.09. In Fig. 1(a), the distribution of measured decay lengths in the data is shown, with the fit function represented by the solid curve. Fig. 1(b) shows the decay length distribution for the Monte Carlo.

Systematic effects Error (%) Decay length resolution 0.5 Track and vertex quality cuts 0.5 Initial and final state radiation 0.3 Beam energy and energy spread 0.3 Total 0.8

Table 1: Systematic errors for decay length method.

A summary of the systematic errors is given in Table 1. The decay length resolution contributes an uncertainty of 0.5%. This was determined by repeating the fit with various fixed values of the scale factor s_0. The selection cuts, the track quality requirements, and various parameters in the three-prong vertex fit were varied in the data. The combined effect from these sources on the lifetime corresponds to a systematic uncertainty of 0.5%. The uncertainty in the calculation of initial- and final-state radiation in the Monte Carlo simulation was estimated to contribute a systematic error of 0.3% in the average boost of the τ ’s. The effect on this average boost due to the beam energy spread and the uncertainty in the beam energy measurement was also studied in the Monte Carlo; it contributes a systematic error of 0.3%. Combined in quadrature, these various uncertainties amount to a total systematic error on the τ lifetime of 0.8%.

Figure 1: Three-prong decay length distribution for the final event samples in (a) the data and (b) the Monte Carlo. The solid curve in the two figures corresponds to the maximum likelihood fit described in the text.

Several cross-checks on both data and Monte Carlo were performed. Data samples from various run periods yielded consistent results for the lifetime. The effect of a possible misalignment between the VXD and the CDC was studied by dividing the data into four samples by azimuthal quadrants of the detector where decay vertices were found. No significant effect was observed. The effect of non-Gaussian tails in the distribution of beam positions was also investigated and found to be negligible. Finally, the measurement procedure was applied to a large number of Monte Carlo samples with comparable statistics to the data sample, and the various fits yielded lifetime values with an average consistent with that input in the Monte Carlo and a spread consistent with the statistical error obtained in the data. Thus, no bias associated with the measurement technique is observed.

From the above average decay length obtained from the maximum likelihood fit in the data and the average boost factor < βγ >= 25.44 ± 0.01 determined from Monte Carlo, a value of the τ lifetime for the decay length method is derived: τ_τ = 280 ± 11 ± 2 fs, where the first error is statistical and the second systematic.

4 Impact Parameter Method

In the impact parameter method, the τ lifetime is inferred from the average track impact parameter in one-prong decays. In the present analysis, only 1 vs. 1 events (1945 events) are used and each event contributes two measurements (3890 tracks). The distribution of impact parameters measured in these events is shown in Fig. 2. The impact parameter is assigned a positive (negative) value if the extrapolated track crosses the event thrust axis before (after) its point of closest approach to the interaction point. Negative impact parameters result from finite tracking errors and uncertainties in the beam position determination.

The τ lifetime is extracted from this impact parameter distribution using a binned maximum likelihood fit. More details are given below in the description of the IPD analysis, where a similar approach is used. The fit function is represented by the impact parameter distribution in the Monte Carlo where the normalized content of each bin represents the likelihood probability of that bin. A likelihood function, defined as the product of these probabilities, is computed for all data points and for several τ lifetime values simulated by re-weighting in the Monte Carlo the impact parameter in each decay according to the proper time of the τ . The τ lifetime is derived as the value for which the likelihood function is maximum.

The maximum likelihood fit was limited to the impact parameter range from -0.3 mm to +0.6 mm, as shown in Fig. 2, and a bin size of 10 μm was used. Proper care was taken that in the tails of the data distribution a minimum of ten entries per bin is satisfied, by combining contents of neighboring bins. The result of the fit is: τ_τ = 290.4 ± 8.2 fs.

The impact parameter distribution corresponding to the best fit lifetime in the Monte Carlo is shown as the solid histogram in Fig. 2. Good agreement between data and Monte Carlo is seen, and the comparison between the two distributions gives a χ^2 per degree of freedom of 1.2.

Figure 2: Impact parameter distribution for data (data points) and Monte Carlo (histogram) shown in both linear and logarithmic scale.

The dominant systematic error in this analysis comes from the fitting procedure. Both the bin size and the fit interval were varied over a large range. From the observed deviations in the measured lifetime, systematic errors of 1.0% and 0.9% were assigned for the binning and fit range, respectively. An additional systematic error of 0.5% is assigned due to Monte Carlo statistics. The sensitivity of the lifetime to the event selection and track quality requirementS was found to contribute a systematic uncertainty of 0.6%. As in the previous method, an error of 0.3% associated with the calculation of initial- and final-state radiation in the Monte Carlo is assigned, as well as an additional error of 0.3% due to the beam energy measurement uncertainty and beam energy spread. These systematic errors are listed in Table 2, and when combined in quadrature result in an overall systematic uncertainty of 1.6%.

Other systematic checks included dividing the data into various run periods, studying the alignment of the tracking detectors, and evaluating the effect of tails in the beam position measurement; all were found to have no significant effect.

Systematic effects Error (%) Binning 1.0 Fit range 0.9 Monte Carlo Statistics 0.5 Event selection and track quality 0.5 Initial and final state radiation 0.3 Beam energy and energy spread 0.3 Total 1.6

Table 2: Systematic errors for the impact parameter method.

The above measured value for the τ lifetime was corrected for background which was taken to have a zero lifetime. This was checked by merging events from the various sources that compose the background with the Monte Carlo sample that was used in the fit, with the proper normalization. The change in the lifetime was as expected within the statistical error. Including the systematic error, the lifetime measured with the impact parameter method is:

τ_τ = 293.7 ± 8.2 ± 4.6 fs.

5 Impact Parameter Difference Method

The impact impact parameter difference technique[7] is based on the linear correlation that exists between the impact parameter difference and the acoplanarity of the two tracks in 1 vs. 1 τ -pair events:

< d_1 − d_2 >= βγ (cτ_τ ) [1 − λ] sin θ δϕ. (3)

In each event, one measures the impact parameters d_1 and d_2 and azimuths ϕ_1 and ϕ_2 of the two tracks. The acoplanarity is defined as δϕ = ϕ_1 − ϕ_2 + π, and θ is the polar angle of the thrust axis of the event. The term [1 − λ] can be represented by the following expansion:

1 − λ = 1 −

(ψ_1 − ψ_2)^2 24 − (ψ_1 + ψ_2)^2 8 + (ψ_1 − ψ_2)^2 1920 + (ψ_1 + ψ_2)^2 384 − . . . , (4)

Figure 3: Scatter plots of impact parameter difference vs. acoplanarity for the data (a)-(b), Monte Carlo (c), and background (d).

where ψ_1 and ψ_2 are the decay angles of the two tracks in the event with respect to their respective parent τ flight direction. Effectively, (ψ_1 − ψ_2) is equal to the acoplanarity δϕ. For small values of acoplanarity, λ represents a (constant) correction to the linear correlation of Eq. 3. It is very small at LEP/SLC energies and of the order of a few percent[8] at CESR energies where the decay angles ψ_1 and ψ_2 can be quite large. For larger values of δϕ, the higher-order terms in the expansion of Eq. 4 become important and the correlation between the impact parameter difference and the acoplanarity is no longer linear.

As mentioned above, 1945 events in the 1 vs. 1 topology were selected. A scatter plot of the impact parameter difference vs. acoplanarity for these events is shown in Fig. 3(a). A clear correlation between the two measured quantities is observed. Fig. 3(b) represents the same distribution in a profile histogram where each data point for a given acoplanarity bin corresponds to the mean impact parameter difference in that bin. A sample of τ -pair Monte Carlo events with comparable statistics to the data are shown in Fig. 3(c). The scatter plot in Fig. 3(d) represents wide-angle Bhabha scattering and muon-pair events selected from the data. Here, the events lie on a straight horizontal line, corresponding to a null lifetime as expected in these data samples.

It is worthwhile stressing the fact that in both Eq. 3 and Fig. 3, a correlation exists only between the average impact parameter difference and the average acoplanarity in any given slice in acoplanarity. There is no intrinsic correlation on an event-by-event basis. Furthermore, all the available lifetime information is contained in the impact parameter difference which is exponentially distributed (the acoplanarity follows a Gaussian distribution).

We choose to extract the τ lifetime by performing a binned maximum likelihood fit to the data. A large Monte Carlo sample is utilized to simulate two-dimensional distributions in impact parameter and acoplanarity for several τ lifetime values by weighting each event according to the proper times t_1 and t_2 at which the two τ ’s were produced. The weighting factor employed is given by:

weight = τ^2_0 τ^2 exp ( −^{(t1+t2)}_τ ) exp ( −^{(t1+t2)}_{τ0} )· (5) τ_0 is the nominal lifetime in the Monte Carlo sample (τ_0 = 291.6 fs), τ is the desired alternative lifetime. For each value of τ , a likelihood function is defined as:

ln L = ∑ i ∑ j Y_{ij} ln p_{ij} , (6)

where the two sums run over the total number of bins in impact parameter difference and acoplanarity, Y_{ij} is the number of entries in the bin (i, j) for the data, and p_{ij} is the normalized content of bin (i, j) in the Monte Carlo.

In order to minimize the effect of entries lying in the tails of the impact parameter difference and acoplanarity distributions, the events in the data and Monte Carlo that were used in the fit were required to lie within a square region defined by: | sin θ δϕ| ≤ 0.2 rad and |d_1 − d_2| ≤ 1.6 mm. Seven events (0.35% of the total) in the data were rejected this way. Furthermore, the bin size was chosen so that a minimum of five entries were contained in each Monte Carlo bin contributing to the likelihood calculation. A single bin size (80 mrad) was used for the acoplanarity, whereas two bin sizes (80 μm in the core and 400 μm in the tails) were applied for the impact parameter difference. The result of the fit is:

τ_τ = 284.5 ± 7.7 fs.

Systematic effects Error (%) Binning 0.6 Fit range 0.4 Monte Carlo Statistics 0.5 Event selection and track quality 0.5 Lifetime of background 0.5 Initial and final state radiation 0.3 Beam energy and energy spread 0.3 Total 1.2

Table 3: Systematic errors for the impact parameter difference method.

A correction of +1.15% due to the background contamination is applied, assuming the lifetime of the background to be zero (see Fig. 3(d)). A conservative systematic error of 0.4% is assigned due to the uncertainty in the lifetime of the two-photon portion of the background. Systematic uncertainties in the fitting procedure were thoroughly studied both in the data and Monte Carlo. The measurement was found to be slightly sensitive to the fit range and binning which contribute systematic errors of 0.6% and 0.4%, respectively. An additional systematic error of 0.5% was assigned due to Monte Carlo statistics; it was estimated by varying the minimum number of entries required in each bin in the Monte Carlo sample. The event selection and track quality requirements were varied and were found to contribute an uncertainty of 0.5%.

A systematic uncertainty of 0.3% was assigned to account for initial- and final-state radiation effects in the Monte Carlo. The beam energy spread and the uncertainty in the beam energy determination contribute an additional systematic error of 0.3%. These systematic uncertainties are summarized in Table 3, the overall systematic error for the impact parameter difference method is 1.2%.

The measurement technique was tested for any potential bias. It was applied on several Monte Carlo samples and the average measured lifetime was consistent with the input Monte Carlo value, while the spread in the answers was consistent with the statistical error in the data. A number of other cross-checks were performed. No effect was observed due to the alignment of the tracking detectors (VXD and CDC). Non-Gaussian tails in the distribution of beam positions in the data (≃ 0.25%) were simulated in the Monte Carlo and found to have no effect on the measured lifetime.

With the correction mentioned above and including the systematic error, the τ lifetime obtained from the impact parameter difference measurement is:

τ_τ = 287.8 ± 7.7 ± 3.5 fs.

6 Summary and Conclusions

The τ lifetime has been measured using three different techniques giving results consistent with one another. The decay length method is independent of the other two methods since it uses a completely separate set of events. Though the measurements in the impact parameter and impact parameter difference methods are based on exactly the same events, because the two techniques make use of different information, they are not entirely correlated. The correlation between them has been evaluated following the procedure described in Ref. [9] to be 59.9%. The combined result of these two techniques is: τ_τ = 291.7 ± 7.3 ± 3.9 fs. With the inclusion of the decay length measurement, a τ lifetime of

τ_τ = 288.1 ± 6.1 ± 3.3 fs

is derived, where the first error is statistical and the second systematic. This result is consistent with other recent measurements[10, 11, 12, 13].

Acknowledgments

We thank the SLC personnel for their outstanding efforts in bringing micrometer-size beams into collision at the SLD and the technical staffs of our collaborating institutes for their important contributions to the experiment.

References

[1] S.L. Glashow, A. Salam, S. Weinberg, Rev. Mod. Phys. 52, 515 (1980). [2] W.J. Marciano and A. Sirlin, Phys. Rev. Lett. 61, 1815 (1988). [3] SLD Collaboration, K. Abe et al., Phys. Rev. D52, 4828 (1995). [4] SLD Collaboration, K. Abe et al., Phys. Rev. D53, 1023 (1996). [5] S. Jadach, B.F.L. Ward, and Z. Was, Comput. Phys. Commun. 79, 503 (1994). [6] GEANT 3.21 Program, CERN Application Software Group, CERN Program Library (1994).

[7] ALEPH Collaboration D. Decamp et al., Phys. Lett. B279, 411 (1992). [8] M. Daoudi, in Proceedings of the 5^{th} International Symposium on Heavy Flavour Physics, Montréal, Canada, edited by D.I. Britton, D.B. MacFarlane, and P.M. Patel (Editions Frontières, 1994), p. 561.

[9] L. Lyons, D. Gibault, and P. Clifford, Nucl. Instrum. Methods A270, 110 (1988). [10] OPAL Collaboration, G. Alexander et al., Phys. Lett. B374, 341 (1996). [11] ALEPH Collaboration, D. Buskulic et al., Z. Phys. C70, 549 (1996). [12] DELPHI Collaboration, P. Abreu et al., Phys. Lett. B365, 448 (1996). [13] CLEO Collaboration, R. Balest et al., CLNS-96-1417, June 1996, 10 pp.

�The SLD Collaboration

K. Abe,^{(19)} K. Abe,^{(29)} I. Abt,^{(13)} T. Akagi,^{(27)} N.J. Allen,^{(4)} W.W. Ash,^{(27)y} D. Aston,^{(27)} K.G. Baird,^{(24)} C. Baltay,^{(33)} H.R. Band,^{(32)} M.B. Barakat,^{(33)} G. Baranko,^{(9)} O. Bardon,^{(15)} T. Barklow,^{(27)} A.O. Bazarko,^{(10)} R. Ben-David,^{(33)} A.C. Benvenuti,^{(2)} G.M. Bilei,^{(22)} D. Bisello,^{(21)} G. Blaylock,^{(6)} J.R. Bogart,^{(27)} B. Bolen,^{(17)} T. Bolton,^{(10)} G.R. Bower,^{(27)} J.E. Brau,^{(20)} M. Breidenbach,^{(27)} W.M. Bugg,^{(28)} D. Burke,^{(27)} T.H. Burnett,^{(31)} P.N. Burrows,^{(15)} W. Busza,^{(15)} A. Calcaterra,^{(12)} D.O. Caldwell,^{(5)} D. Calloway,^{(27)} B. Camanzi,^{(11)} M. Carpinelli,^{(23)} R. Cassell,^{(27)} R. Castaldi,^{(23)(}a^) A. Castro,^{(21)} M. Cavalli-Sforza,^{(6)} A. Chou,^{(27)} E. Church,^{(31)} H.O. Cohn,^{(28)} J.A. Coller,^{(3)} V. Cook,^{(31)} R. Cotton,^{(4)} R.F. Cowan,^{(15)} D.G. Coyne,^{(6)} G. Crawford,^{(27)} A. D’Oliveira,^{(7)} C.J.S. Damerell,^{(25)} M. Daoudi,^{(27)} R. De Sangro,^{(12)} R. Dell’Orso,^{(23)} P.J. Dervan,^{(4)} M. Dima,^{(8)} D.N. Dong,^{(15)} P.Y.C. Du,^{(28)} R. Dubois,^{(27)} B.I. Eisenstein,^{(13)} R. Elia,^{(27)} E. Etzion,^{(4)} D. Falciai,^{(22)} C. Fan,^{(9)} M.J. Fero,^{(15)} R. Frey,^{(20)} K. Furuno,^{(20)} T. Gillman,^{(25)} G. Gladding,^{(13)} S. Gonzalez,^{(15)} G.D. Hallewell,^{(27)} E.L. Hart,^{(28)} J.L. Harton,^{(8)} A. Hasan,^{(4)} Y. Hasegawa,^{(29)} K. Hasuko,^{(29)} S. J. Hedges,^{(3)} S.S. Hertzbach,^{(16)} M.D. Hildreth,^{(27)} J. Huber,^{(20)} M.E. Huffer,^{(27)} E.W. Hughes,^{(27)} H. Hwang,^{(20)} Y. Iwasaki,^{(29)} D.J. Jackson,^{(25)} P. Jacques,^{(24)} J. A. Jaros,^{(27)} A.S. Johnson,^{(3)} J.R. Johnson,^{(32)} R.A. Johnson,^{(7)} T. Junk,^{(27)} R. Kajikawa,^{(19)} M. Kalelkar,^{(24)} H. J. Kang,^{(26)} I. Karliner,^{(13)} H. Kawahara,^{(27)} H.W. Kendall,^{(15)} Y. D. Kim,^{(26)} M.E. King,^{(27)} R. King,^{(27)} R.R. Kofler,^{(16)} N.M. Krishna,^{(9)} R.S. Kroeger,^{(17)} J.F. Labs,^{(27)} M. Langston,^{(20)} A. Lath,^{(15)} J.A. Lauber,^{(9)} D.W.G.S. Leith,^{(27)} V. Lia,^{(15)} M.X. Liu,^{(33)} X. Liu,^{(6)} M. Loreti,^{(21)} A. Lu,^{(5)} H.L. Lynch,^{(27)} J. Ma,^{(31)} G. Mancinelli,^{(22)} S. Manly,^{(33)} G. Mantovani,^{(22)} T.W. Markiewicz,^{(27)} T. Maruyama,^{(27)} H. Masuda,^{(27)} E. Mazzucato,^{(11)} A.K. McKemey,^{(4)} B.T. Meadows,^{(7)} R. Messner,^{(27)} P.M. Mockett,^{(31)} K.C. Moffeit,^{(27)} T.B. Moore,^{(33)} D. Muller,^{(27)} T. Nagamine,^{(27)} S. Narita,^{(29)} U. Nauenberg,^{(9)} H. Neal,^{(27)} M. Nussbaum,^{(7)} Y. Ohnishi,^{(19)} L.S. Osborne,^{(15)} R.S. Panvini,^{(30)} H. Park,^{(20)} T.J. Pavel,^{(27)} I. Peruzzi,^{(12)(}b^) M. Piccolo,^{(12)} L. Piemontese,^{(11)} E. Pieroni,^{(23)} K.T. Pitts,^{(20)} R.J. Plano,^{(24)} R. Prepost,^{(32)} C.Y. Prescott,^{(27)} G.D. Punkar,^{(27)} J. Quigley,^{(15)} B.N. Ratcliff,^{(27)} T.W. Reeves,^{(30)} J. Reidy,^{(17)} P.E. Rensing,^{(27)} L.S. Rochester,^{(27)} P.C. Rowson,^{(10)} J.J. Russell,^{(27)} O.H. Saxton,^{(27)} T. Schalk,^{(6)} R.H. Schindler,^{(27)} B.A. Schumm,^{(14)} S. Sen,^{(33)} V.V. Serbo,^{(32)} M.H. Shaevitz,^{(10)} J.T. Shank,^{(3)} G. Shapiro,^{(14)} D.J. Sherden,^{(27)} K.D. Shmakov,^{(28)} C. Simopoulos,^{(27)} N.B. Sinev,^{(20)} S.R. Smith,^{(27)} M.B. Smy,^{(8)} J.A. Snyder,^{(33)} P. Stamer,^{(24)} H. Steiner,^{(14)} R. Steiner,^{(1)} M.G. Strauss,^{(16)} D. Su,^{(27)} F. Suekane,^{(29)} A. Sugiyama,^{(19)} S. Suzuki,^{(19)} M. Swartz,^{(27)} A. Szumilo,^{(31)} T. Takahashi,^{(27)} F.E. Taylor,^{(15)} E. Torrence,^{(15)} A.I. Trandafir,^{(16)} J.D. Turk,^{(33)} T. Usher,^{(27)} J. Va’vra,^{(27)} C. Vannini,^{(23)} E. Vella,^{(27)} J.P. Venuti,^{(30)} R. Verdier,^{(15)} P.G. Verdini,^{(23)} S.R. Wagner,^{(27)} A.P. Waite,^{(27)} S.J. Watts,^{(4)} A.W. Weidemann,^{(28)} E.R. Weiss,^{(31)} J.S. Whitaker,^{(3)} S.L. White,^{(28)} F.J. Wickens,^{(25)} D.A. Williams,^{(6)} D.C. Williams,^{(15)} S.H. Williams,^{(27)} S. Willocq,^{(33)} R.J. Wilson,^{(8)} W.J. Wisniewski,^{(27)} M. Woods,^{(27)} G.B. Word,^{(24)} J. Wyss,^{(21)} R.K. Yamamoto,^{(15)} J.M. Yamartino,^{(15)} X. Yang,^{(20)} S.J. Yellin,^{(5)} C.C. Young,^{(27)} H. Yuta,^{(29)} G. Zapalac,^{(32)}

R.W. Zdarko,^{(27)} C. Zeitlin,^{(20)} and J. Zhou,^{(20)}

(1)Adelphi University, Garden City, New York 11530 (2)INFN Sezione di Bologna, I-40126 Bologna, Italy (3)Boston University, Boston, Massachusetts 02215 (4)Brunel University, Uxbridge, Middlesex UB8 3PH, United Kingdom (5)University of California at Santa Barbara, Santa Barbara, California 93106 (6)University of California at Santa Cruz, Santa Cruz, California 95064 (7)University of Cincinnati, Cincinnati, Ohio 45221 (8)Colorado State University, Fort Collins, Colorado 80523 (9)University of Colorado, Boulder, Colorado 80309

(10)Columbia University, New York, New York 10027 (11)INFN Sezione di Ferrara and Università di Ferrara, I-44100 Ferrara, Italy (12)INFN Lab. Nazionali di Frascati, I-00044 Frascati, Italy (13)University of Illinois, Urbana, Illinois 61801 (14)Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720 (15)Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 (16)University of Massachusetts, Amherst, Massachusetts 01003 (17)University of Mississippi, University, Mississippi 38677 (19)Nagoya University, Chikusa-ku, Nagoya 464 Japan (20)University of Oregon, Eugene, Oregon 97403 (21)INFN Sezione di Padova and Università di Padova, I-35100 Padova, Italy (22)INFN Sezione di Perugia and Università di Perugia, I-06100 Perugia, Italy (23)INFN Sezione di Pisa and Università di Pisa, I-56100 Pisa, Italy (24)Rutgers University, Piscataway, New Jersey 08855 (25)Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX United Kingdom (26)Sogang University, Seoul, Korea (27)Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309 (28)University of Tennessee, Knoxville, Tennessee 37996 (29)Tohoku University, Sendai 980 Japan (30)Vanderbilt University, Nashville, Tennessee 37235 (31)University of Washington, Seattle, Washington 98195 (32)University of Wisconsin, Madison, Wisconsin 53706 (33)Yale University, New Haven, Connecticut 06511

yDeceased (a)Also at the Università di Genova (b)Also at the Università di Perugia