CLNS 01/1735 CLEO 01-9

First Observation of B0 ! D�0π+π+π�π� Decays

CLEO Collaboration

(May 23, 2001)

Abstract

We report on the observation of B^0 ! D^{∗0}π^+π^+π^−π^− decays. The branching ratio is (0.30�0.07�0.06)%. Interest in this particular mode was sparked by Ligeti, Luke and Wise who propose it as a way to check the validity of factorization tests in B^0 ! D^{∗+}π^+π^−π^−π^0 decays.

K. W. Edwards,^1 A. J. Sadoff,^2 R. Ammar,^3 A. Bean,^3 D. Besson,^3 X. Zhao,^3 S. Anderson,^4 V. V. Frolov,^4 Y. Kubota,^4 S. J. Lee,^4 R. Poling,^4 A. Smith,^4 C. J. Stepaniak,^4 J. Urheim,^4 S. Ahmed,^5 M. S. Alam,^5 S. B. Athar,^5 L. Jian,^5 L. Ling,^5 M. Saleem,^5 S. Timm,^5 F. Wappler,^5 A. Anastassov,^6 E. Eckhart,^6 K. K. Gan,^6 C. Gwon,^6 T. Hart,^6 K. Honscheid,^6 D. Hufnagel,^6 H. Kagan,^6 R. Kass,^6 T. K. Pedlar,^6 J. B. Thayer,^6 E. von Toerne,^6 M. M. Zoeller,^6 S. J. Richichi,^7 H. Severini,^7 P. Skubic,^7 A. Undrus,^7 V. Savinov,^8 S. Chen,^9 J. W. Hinson,^9 J. Lee,^9 D. H. Miller,^9 E. I. Shibata,^9 I. P. J. Shipsey,^9 V. Pavlunin,^9 D. Cronin-Hennessy,^{10} A.L. Lyon,^{10} E. H. Thorndike,^{10} T. E. Coan,^{11} Y. S. Gao,^{11} Y. Maravin,^{11} I. Narsky,^{11} R. Stroynowski,^{11} J. Ye,^{11} T. Wlodek,^{11} M. Artuso,^{12} K. Benslama,^{12} C. Boulahouache,^{12} K. Bukin,^{12} E. Dambasuren,^{12} G. Majumder,^{12} R. Mountain,^{12} T. Skwarnicki,^{12} S. Stone,^{12} J.C. Wang,^{12} A. Wolf,^{12} S. Kopp,^{13} M. Kostin,^{13} A. H. Mahmood,^{14} S. E. Csorna,^{15} I. Danko,^{15} K. W. McLean,^{15} Z. Xu,^{15} R. Godang,^{16} G. Bonvicini,^{17} D. Cinabro,^{17} M. Dubrovin,^{17} S. McGee,^{17} A. Bornheim,^{18} E. Lipeles,^{18} S. P. Pappas,^{18} A. Shapiro,^{18} W. M. Sun,^{18} A. J. Weinstein,^{18} D. E. Jaffe,^{19} R. Mahapatra,^{19} G. Masek,^{19} H. P. Paar,^{19} A. Eppich,^{20} R. J. Morrison,^{20} R. A. Briere,^{21} G. P. Chen,^{21} T. Ferguson,^{21} H. Vogel,^{21} J. P. Alexander,^{22} C. Bebek,^{22} B. E. Berger,^{22} K. Berkelman,^{22} F. Blanc,^{22} V. Boisvert,^{22} D. G. Cassel,^{22} P. S. Drell,^{22} J. E. Duboscq,^{22} K. M. Ecklund,^{22} R. Ehrlich,^{22} P. Gaidarev,^{22} L. Gibbons,^{22} B. Gittelman,^{22} S. W. Gray,^{22} D. L. Hartill,^{22} B. K. Heltsley,^{22} L. Hsu,^{22} C. D. Jones,^{22} J. Kandaswamy,^{22} D. L. Kreinick,^{22} M. Lohner,^{22} A. Magerkurth,^{22} H. Mahlke-Krüger,^{22} T. O. Meyer,^{22} N. B. Mistry,^{22} E. Nordberg,^{22} M. Palmer,^{22} J. R. Patterson,^{22} D. Peterson,^{22} D. Riley,^{22} A. Romano,^{22} H. Schwarthoff,^{22} J. G. Thayer,^{22} D. Urner,^{22} B. Valant-Spaight,^{22} G. Viehhauser,^{22} A. Warburton,^{22} P. Avery,^{23} C. Prescott,^{23} A. I. Rubiera,^{23} H. Stoeck,^{23} J. Yelton,^{23} G. Brandenburg,^{24} A. Ershov,^{24} D. Y.-J. Kim,^{24} R. Wilson,^{24} B. I. Eisenstein,^{25} J. Ernst,^{25} G. E. Gladding,^{25} G. D. Gollin,^{25} R. M. Hans,^{25} E. Johnson,^{25} I. Karliner,^{25} M. A. Marsh,^{25} C. Plager,^{25} C. Sedlack,^{25} M. Selen,^{25} J. J. Thaler,^{25} and J. Williams^{25}

1Carleton University, Ottawa, Ontario, Canada K1S 5B6 and the Institute of Particle Physics, Canada 2Ithaca College, Ithaca, New York 14850 3University of Kansas, Lawrence, Kansas 66045 4University of Minnesota, Minneapolis, Minnesota 55455 5State University of New York at Albany, Albany, New York 12222 6Ohio State University, Columbus, Ohio 43210 7University of Oklahoma, Norman, Oklahoma 73019 8University of Pittsburgh, Pittsburgh, Pennsylvania 15260 9Purdue University, West Lafayette, Indiana 47907 10University of Rochester, Rochester, New York 14627 11Southern Methodist University, Dallas, Texas 75275 12Syracuse University, Syracuse, New York 13244 13University of Texas, Austin, Texas 78712 14University of Texas - Pan American, Edinburg, Texas 78539 15Vanderbilt University, Nashville, Tennessee 37235 16Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061 17Wayne State University, Detroit, Michigan 48202

18California Institute of Technology, Pasadena, California 91125 19University of California, San Diego, La Jolla, California 92093 20University of California, Santa Barbara, California 93106 21Carnegie Mellon University, Pittsburgh, Pennsylvania 15213 22Cornell University, Ithaca, New York 14853 23University of Florida, Gainesville, Florida 32611 24Harvard University, Cambridge, Massachusetts 02138 25University of Illinois, Urbana-Champaign, Illinois 61801

Factorization is the assumption that in two-body hadronic B decays the decay amplitude can be expressed as a product of two currents, just as in semileptonic decays where one current is hadronic and the other leptonic. Use of factorization has been crucial in creating models for understanding the underlying weak decay dynamics [1].

In previous work we found a large branching fraction of (1.72±0.14 ±0.24)% for the decay B^0 → D^{∗+}π^+π^−π^−π^0 [2]. This reaction can proceed via several possible tree level processes. The simplest diagram, shown in Fig. 1(a), has the four-pions emitted from the virtual W^−. Assuming that this is indeed the dominant process, Ligeti, Luke and Wise (LLW) [3] have compared the 4π^− invariant mass spectrum with τ^− → π^+π^−π^−π^0ν data [4]. Using a model based on factorization they show that the data agree up to a 4π^− mass-squared of 2.9 GeV^2, within a precision of about 15%.

However, the agreement may be fortuitous, rather than a success of factorization, if other diagrams are present. For example another possible diagram is shown in Fig. 1(b), where the D^{∗+} and the π^0 are produced at the lower vertex and the virtual W^− manifests as π^+π^−π^−. This process was searched for in the original publication. Definite evidence was lacking but a stringent upper limit could not be set.

Here we search for the process B^0 → D^{∗0}π^+π^+π^−π^− as suggested by LLW. This can be produced by the diagram in Fig. 1(b), where the D^{∗0} combines with one of the π^+’s to form a low-mass system. It could also be produced by the color-suppressed process shown in Fig. 1(c). In this paper we indeed show that the process B^0 → D^{∗0}π^+π^+π^−π^− has a significant branching ratio and try to ascertain the dominant production mechanism. The data sample consists of 9.0 fb^{−1} of integrated luminosity taken with the CLEO II and II.V detectors [5] using the CESR e^+e^− storage ring on the peak of the Υ(4S) resonance and 4.4 fb^{−1} in the continuum at 60 MeV less center-of-mass energy. The sample contains 19.4 million B mesons.

Hadronic events are selected by requiring a minimum of five charged tracks, total visible energy greater than 15% of the center-of-mass energy, and a charged track vertex consistent with the nominal interaction point. To reject non-BB continuum we require that the Fox-Wolfram moment R_2 be less than 0.3 [6]. Track candidates are required to pass through a common spatial point defined by the luminous region. Tracks with momenta below 900 MeV/c are required to have an ionization loss in the drift chamber within 3 standard deviations of that expected for their mass hypothesis (π/K). Photon candidates are required to be in the “good barrel region,” within 45^∘ of the plane perpendicular to the beam line that passes through the interaction point, and have an energy distribution in the CsI calorimeter consistent with that of an electromagnetic shower. To select π^0’s, we require that the diphoton invariant mass be between −3.0 to +2.5σ of the π^0 mass, where the resolution σ varies with momentum and has an average value of approximately 5.5 MeV. The π^0 candidates are then kinematically fit by constraining their invariant mass be equal to the nominal π^0 mass.

We select D^0 candidates in the K^−π^+ decay mode. We require that the invariant mass of the D^0 candidates lie within ±2.5σ of the known D^0 mass. The D^0 mass resolution varies with D^0 momentum, p, as p×0.93×10^{−3}+6.0 (units of MeV). We use the analogous requirement on the D^{∗0}-D^0 mass difference. In this case the mass difference resolution is 0.90 MeV.

FIG. 1. Diagrams for B ! D^∗ππππ decays. (a) Charged current tree level diagram for D^{∗+}(4π)^−. (b) Charged current tree level diagram for ( D^{∗+}π^0 ) π^+π^−π^− or ( D^{∗0}π^+ ) π^+π^−π^−.

The D^∗π system can form a D^{∗∗} resonance. (c) Color suppressed diagram for D^{∗0}(4π)^0.

We start by looking for the D^{∗0}(4π)^0 final state.^1 The D^{∗0} candidates are pooled with all combinations of π^+π^+π^−π^− mesons. Next, we calculate the difference between the beam energy, E_{beam}, and the measured energy of the five particles, ΔE. The “beam constrained” invariant mass of the B candidates, M_B, is computed from the formula M^2_B = E^2_{beam} − ( ∑ i p_i)^2. To further reduce backgrounds we define

χ^2_B = ( ΔM_D� σ(ΔM_D� ) )2 + ( M(Kπ) − M_D σ(M(Kπ) − M_D) )2 + ( M(γγ) − M_π0 σ(M(γγ) − M_π0 ) )2 , (1)

where ΔM_D� is the computed D^{∗0} − D^0 mass difference minus the nominal value and the σ’s are the measurement errors. We select candidate events requiring that χ^2_B < 5.

We show the candidate B mass distribution, M_B, for ΔE in the side-bands from −6.0 to −4.0σ and 4.0 to 6.0σ on Fig. 2(a). The ΔE resolution is 14 MeV (σ). The sidebands give a good representation of the background in the signal region. We fit this distribution with a shape given as back(r) = p_1r √ 1 − r^2e^{−p2(1−r2)}, where r = M_B/5.2895, and the p_i are parameters given by the fit.

We next view the M_B distribution for events having ΔE within 2σ of zero in Fig. 2(b). This distribution is fit with a Gaussian signal function of width 2.7 MeV and the background

1In this Letter (4π)^0 will always denote the specific combination π^+π^+π^−π^−.

FIG. 2. The B candidate mass spectra for the final state D^{∗0}π^+π^+π^−π^−, (a) ΔE sidebands, (b) for ΔE consistent with zero.

function found above whose normalization is allowed to vary. The Gaussian signal width is found from Monte Carlo simulation. The largest and dominant component results from the energy spread of the beam. We find a total of 64±16 events, thus establishing a signal.

The error due to the background shape is evaluated in three ways. First of all, we change the background shape by varying the fitted parameters by 1σ. This results in a change of ±9.3%. Secondly, we allow the shape, p_2, to vary (the normalization, p_1, was already allowed to vary). This results in 11% decrease in the number of events. Finally, we choose a different background function, back^′(r) = p_1r √ 1 − r^2 (1 + p_2r + p_3r^2 + p_4r^3) , and repeat the fitting procedure. This results in a 9.3% increase in the number of events. We assign ±7 event systematic error due to this source.

We have investigated two mode-specific backgrounds that could, in principle, induce fake signals. These include the final states D^{∗+}π^+π^−π^−π^0 where we miss the slow π^+ from the D^{∗+} decay and the π^0 and D^0 happen to satisfy the D^{∗0} requirement, and D^0π^+π^+π^−π^−π^0, where the D^0 and the π^0 happen to satisfy the D^{∗0} requirement. We find that the efficiencies for each of these modes to contribute are small. The first final state was measured as having a branching ratio of 1.72% [2]. It would contribute 0.4±0.5 events. The second final state has never been measured. It would contribute 1.6 ± 0.5 events per 1% branching ratio. Taking into account all sources of systematic error we observe 64±16±7 signal events.

In order to find the branching ratio we use the Monte Carlo-determined efficiency, shown in Fig. 3 as a function of (4π)^0 mass. Since the efficiency varies with mass we need to determine the (4π)^0 mass spectrum in order to determine the branching ratio. To rid ourselves of the problem of the background shape, we fit the B candidate mass spectrum in 100 MeV bins of (4π)^0 mass. The resulting (4π)^0 mass spectrum is shown in Fig. 4. We find

FIG. 3. The efficiency for the final state D^{∗0}π^+π^+π^−π^−.

B(B^0 → D^{∗0}π^+π^+π^−π^−) = (0.30 ± 0.07 ± 0.06)% . (2)

The systematic error arises mainly from our lack of knowledge about the tracking and π^0 efficiencies. We assign errors of ±2.2% on the efficiency of each charged track, and ±5.4% for the π^0. The total tracking error is found by adding the error in the charged particle track finding efficiency linearly for the 6 “fast” charged tracks and then in quadrature with the slow pion from the D^{∗0} decay. The error on the background shape has been discussed above. We take a conservative estimate of the systematic error due to this source of ±11%. We use the current Particle Data Group values for the relevant D^{∗0} and D^0 branching ratios of (61.9±2.9)% (D^{∗0} → π^0D^0) and (3.83±0.09)% (D^0 → K^−π^+) [7]. The relative errors, 4.7% for the D^{∗0} branching ratio and 2.3% for the D^0 are added in quadrature to the background shape error, the π^0 detection efficiency uncertainty and the tracking error. The total positive systematic error is 19%. We also allow for cross-feed backgrounds amounting to 4 events giving a total negative systematic error of 20%.

In Fig. 5(a) we show the D^{∗0}π^+ invariant mass spectrum, obtained by fitting the number of B^0 events as a function of D^{∗0}π^+ mass. (There are two combinations per event.) We also show for comparison the D^{∗0}π^− mass spectrum, where no structure is expected. We see evidence for an excess of events in the region of the D^{∗∗+}(2420) and D^{∗∗+}(2460). There are four D^{∗∗} mesons. Two have relatively narrow widths and decay into D^∗π, whereas two are wide, with only one decaying into D^∗π [8]. It is difficult to quantitatively evaluate the fraction of total D^{∗∗+} production in our data. We find that ∼70% of the signal has one mass combination between 2.3 and 2.6 GeV.

In Fig. 6 we show the π^+π^−π^− mass spectrum when the D^{∗0}π^+ mass is required to be between 2.3 and 2.6 GeV. Here we fit the B yield as a function of π^+π^−π^− mass. There is no clear feature present.

FIG. 4. The invariant mass spectrum of π^+π^+π^−π^− for the final state D^{∗0}π^+π^+π^−π^−, found by fitting the B yield in bins of 4π mass.

Let us now see how the presence of this final state affects the LLW prediction. In Fig. 7 we show the CLEO data [2] for^{dΓ}_{dM2} ( B^0 → D^{∗+}π^+π^−π^−π^0 ) plotted as a function of the fourpion invariant mass squared, normalized to the semileptonic rate [7], and compared with the LLW prediction [3]. We also plot^{dΓ}_{dM2} ( B^0 → D^{∗0}π^+π^+π^−π^− ) , again normalized to the semileptonic rate. In principle a non-zero rate in the D^{∗0}(4π)^0 final state is indicative of an additional contribution to the D^{∗+}(4π)^− final state, beyond what is expected in factorization, and needs to be subtracted to make an accurate prediction.^2 In fact, the D^{∗0}(4π)^0 rate is consistent with zero in the mass squared region covered by the LLW prediction.

In conclusion we have made the first measurement of B ( B^0 → D^{∗0}π^+π^+π^−π^− ) = (0.30± 0.07 ± 0.06)%. The reaction has a large component of D^{∗∗+} → D^{∗0}π^+. We determine the relative rate

R_{0−} = Γ ( B^0 → D^{∗0}π^+π^+π^−π^− ) Γ ( B^0 → D^{∗+}π^+π^−π^−π^0

) = 0.17 ± 0.04 ± 0.02 . (3)

We have no evidence in the D^{∗0} final state for 4π^0 masses below 2.9 GeV^2 and set an upper limit on R_{0−} < 0.13 at 90% confidence level in this restricted mass region.

LLW have used the B^0 → D^{∗+}π^+π^−π^−π^0 reaction to test the 4π mass dependence of factorization. They point out that a perturbative origin for factorization should cause a

2If the D^{∗0}(4π)^0 final state comes from D^{∗∗+} production, then some D^{∗∗+}, (half as much according to isotopic-spin symmetry) should be present in the D^{∗+}(4π)^−.

FIG. 5. The invariant mass spectra of (a) D^{∗0}π^+, and (b) D^{∗0}π^− for the final state D^{∗0}π^+π^+π^−π^−, found by fitting the B yield in bins of D^{∗0}π^± mass. (There are two combinations per event.)

weakening of the prediction with increasing 4π mass. However if the basis for factorization is the large N_c limit, where N_c refers to the number of colors, no such weakening should occur. LLW also suggest that the presence of D^{∗∗} production might cause their factorization test to be inaccurate. We have found such a presence in the analogous reaction B^0 → D^{∗0}π^+π^+π^−π^−. However, the 4π mass region that is populated is higher than that used by LLW, so no effect on their prediction can be inferred.

We thank Z. Ligeti, M. Luke and M. Wise for interesting discussions. We gratefully acknowledge the effort of the CESR staff in providing us with excellent luminosity and running conditions. This work was supported by the National Science Foundation, the U.S. Department of Energy, the Research Corporation, the Natural Sciences and Engineering Research Council of Canada and the Texas Advanced Research Program.

FIG. 6. The invariant mass spectra of π^+π^−π^− when the D^{∗0}π^+ invariant mass is between 2.3 and 2.6 GeV, found by fitting the B yield in bins of π^+π^−π^− mass.

FIG. 7.^{dΓ}_{dM2} ( B^0 ! D^∗ππππ ) , where M^2 is the 4π invariant mass squared, normalized to the semileptonic width Γ(B^0 ! D^∗ℓ^−ν̄). The circles are the CLEO data for B^0 ! D^{∗0}π^+π^+π^−π^−, the squares the model prediction of LLW and the triangles are the data for B^0 ! D^{∗+}π^+π^−π^−π^0. There is an additional systematic normalization uncertainty on the triangle points of 9% and on the circles of 16%.

REFERENCES

[1] J. Bjorken, Nucl. Phys. B (Proc. Suppl.) 11, 325 (1989); D. Bortoletto and S. Stone, Phys. Rev. Lett. 65, 2951 (1990); M. J. Dugan and B. Grinstein, Phys. Lett. B 255, 583 (1991) and references contained therein; T. E. Browder, K. Honscheid and S. Playfer, in B Decays (Revised 2nd Edition), edited by S. Stone (World Scientific, Singapore, 1994) p. 158 and references contained therein.

[2] CLEO Collaboration, J. P. Alexander et al., CLNS 01/1724, 2001 [hep-ex/0103021], submitted to PRD.

[3] Z. Ligeti, M. Luke and M. B. Wise, Phys. Lett. B507, 142 (2001) [hep-ph/0103020]. [4] CLEO Collaboration, K. Edwards et al., Phys. Rev. D61 072003 (2000). [5] CLEO Collaboratin, Y. Kubota et al., Nucl. Instrum. Methods A 320, 66 (1992); T. Hill, ibid. A 418, 32 (1998).

[6] G. Fox and S. Wolfram, Phys. Rev. Lett. 41, 1581 (1978). [7] Particle Data Group, D. Groom et al., Eur. Phys. J. C15, 1 (2000). [8] CLEO Collaboration, M. S. Alam et al., Phys. Rev. D50, 43 (1994); S. Anderson et al., CLEO-CONF 99-6 (1999).