CDF/PUB/BOTTOM/CDFR/5660 Version 3.00, submitted to PRD (June 28, 2002)

Search for radiative b-hadron decays in pp̄ collisions at √ s = 1.8 TeV

D. Acosta,^{13} T. Affolder,^{24} H. Akimoto,^{47} M. G. Albrow,^{12} D. Ambrose,^{34} D. Amidei,^{26} K. Anikeev,^{25} J. Antos,^1 G. Apollinari,^{12} T. Arisawa,^{47} A. Artikov,^{10} T. Asakawa,^{45} W. Ashmanskas,^9 F. Azfar,^{32} P. Azzi-Bacchetta,^{33} N. Bacchetta,^{33} H. Bachacou,^{24} W. Badgett,^{12} S. Bailey,^{17} P. de Barbaro,^{38} A. Barbaro-Galtieri,^{24} V. E. Barnes,^{37} B. A. Barnett,^{20} S. Baroiant,^5 M. Barone,^{14} G. Bauer,^{25} F. Bedeschi,^{35} S. Behari,^{20} S. Belforte,^{44} W. H. Bell,^{16} G. Bellettini,^{35} J. Bellinger,^{48} D. Benjamin,^{11} J. Bensinger,^4 A. Beretvas,^{12} J. Berryhill,^9 A. Bhatti,^{39} M. Binkley,^{12} D. Bisello,^{33} M. Bishai,^{12} R. E. Blair,^2 C. Blocker,^4 K. Bloom,^{26} B. Blumenfeld,^{20} S. R. Blusk,^{38} A. Bocci,^{39} A. Bodek,^{38} G. Bolla,^{37} Y. Bonushkin,^6 D. Bortoletto,^{37} J. Boudreau,^{36} A. Brandl,^{28} C. Bromberg,^{27} M. Brozovic,^{11} E. Brubaker,^{24} N. Bruner,^{28} J. Budagov,^{10} H. S. Budd,^{38} K. Burkett,^{17} G. Busetto,^{33} K. L. Byrum,^2 S. Cabrera,^{11} P. Calafiura,^{24} M. Campbell,^{26} W. Carithers,^{24} J. Carlson,^{26} D. Carlsmith,^{48} W. Caskey,^5 A. Castro,^3 D. Cauz,^{44} A. Cerri,^{35} A. W. Chan,^1 P. S. Chang,^1 P. T. Chang,^1 J. Chapman,^{26} C. Chen,^{34} Y. C. Chen,^1 M. -T. Cheng,^1 M. Chertok,^5 G. Chiarelli,^{35} I. Chirikov-Zorin,^{10} G. Chlachidze,^{10} F. Chlebana,^{12} L. Christofek,^{19} M. L. Chu,^1 J. Y. Chung,^{30} W. -H. Chung,^{48} Y. S. Chung,^{38} C. I. Ciobanu,^{30} A. G. Clark,^{15} M. Coca,^{38} A. P. Colijn,^{12} A. Connolly,^{24} M. Convery,^{39} J. Conway,^{40} M. Cordelli,^{14} J. Cranshaw,^{42} R. Culbertson,^{12} D. Dagenhart,^{46} S. D’Auria,^{16} F. DeJongh,^{12} S. Dell’Agnello,^{14} M. Dell’Orso,^{35} S. Demers,^{38} L. Demortier,^{39} M. Deninno,^3 P. F. Derwent,^{12} T. Devlin,^{40} J. R. Dittmann,^{12} A. Dominguez,^{24} S. Donati,^{35} M. D’Onofrio,^{35} T. Dorigo,^{17} I. Dunietz,^{12} N. Eddy,^{19} K. Einsweiler,^{24} E. Engels, Jr.,^{36} R. Erbacher,^{12} D. Errede,^{19} S. Errede,^{19} Q. Fan,^{38}

H.-C. Fang,^{24} S. Farrington,^{16} R. G. Feild,^{49} J. P. Fernandez,^{37} C. Ferretti,^{35} R. D. Field,^{13} I. Fiori,^3 B. Flaugher,^{12} L. R. Flores-Castillo,^{36} G. W. Foster,^{12} M. Franklin,^{17} J. Freeman,^{12} J. Friedman,^{25} Y. Fukui,^{23} I. Furic,^{25} S. Galeotti,^{35} A. Gallas,^{29} M. Gallinaro,^{39} T. Gao,^{34} M. Garcia-Sciveres,^{24} A. F. Garfinkel,^{37} P. Gatti,^{33} C. Gay,^{49} D. W. Gerdes,^{26} E. Gerstein,^8 P. Giannetti,^{35} K. Giolo,^{37} M. Giordani,^5 P. Giromini,^{14} V. Glagolev,^{10} D. Glenzinski,^{12} M. Gold,^{28} J. Goldstein,^{12} G. Gomez,^7 M. Goncharov,^{41} I. Gorelov,^{28} A. T. Goshaw,^{11} Y. Gotra,^{36} K. Goulianos,^{39} C. Green,^{37} G. Grim,^5 C. Grosso-Pilcher,^9 M. Guenther,^{37} G. Guillian,^{26} J. Guimaraes da Costa,^{17} R. M. Haas,^{13} C. Haber,^{24} S. R. Hahn,^{12} C. Hall,^{17} T. Handa,^{18} R. Handler,^{48} F. Happacher,^{14} K. Hara,^{45} A. D. Hardman,^{37} R. M. Harris,^{12} F. Hartmann,^{21} K. Hatakeyama,^{39} J. Hauser,^6 J. Heinrich,^{34} A. Heiss,^{21} M. Hennecke,^{21} M. Herndon,^{20} C. Hill,^5 A. Hocker,^{38} K. D. Hoffman,^9 R. Hollebeek,^{34} L. Holloway,^{19} B. T. Huffman,^{32} R. Hughes,^{30} J. Huston,^{27} J. Huth,^{17} H. Ikeda,^{45} J. Incandela,^{(∗) 12} G. Introzzi,^{35} A. Ivanov,^{38} J. Iwai,^{47} Y. Iwata,^{18} E. James,^{26} M. Jones,^{34} U. Joshi,^{12} H. Kambara,^{15} T. Kamon,^{41} T. Kaneko,^{45} M. Karagoz Unel,^{29} K. Karr,^{46} S. Kartal,^{12} H. Kasha,^{49} Y. Kato,^{31} T. A. Keaffaber,^{37} K. Kelley,^{25} M. Kelly,^{26} R. D. Kennedy,^{12} R. Kephart,^{12} D. Khazins,^{11} T. Kikuchi,^{45} B. Kilminster,^{38} B. J. Kim,^{22} D. H. Kim,^{22} H. S. Kim,^{19} M. J. Kim,^8 S. B. Kim,^{22} S. H. Kim,^{45} Y. K. Kim,^{24} M. Kirby,^{11} M. Kirk,^4 L. Kirsch,^4 S. Klimenko,^{13} P. Koehn,^{30} K. Kondo,^{47} J. Konigsberg,^{13} K. Kordas,^{43} A. Korn,^{25} A. Korytov,^{13} E. Kovacs,^2 J. Kroll,^{34} M. Kruse,^{11} V. Krutelyov,^{41} S. E. Kuhlmann,^2 K. Kurino,^{18} T. Kuwabara,^{45} A. T. Laasanen,^{37} N. Lai,^9 S. Lami,^{39} S. Lammel,^{12} J. Lancaster,^{11} M. Lancaster,^{24} R. Lander,^5 A. Lath,^{40} G. Latino,^{28} T. LeCompte,^2 Y. Le,^{20} K. Lee,^{42} S. W. Lee,^{41} S. Leone,^{35} J. D. Lewis,^{12} M. Lindgren,^6 T. M. Liss,^{19} J. B. Liu,^{38} T. Liu,^{12} Y. C. Liu,^1 D. O. Litvintsev,^{12} O. Lobban,^{42} N. S. Lockyer,^{34} J. Loken,^{32} M. Loreti,^{33} D. Lucchesi,^{33} P. Lukens,^{12} S. Lusin,^{48} L. Lyons,^{32} J. Lys,^{24} R. Madrak,^{17} K. Maeshima,^{12} P. Maksimovic,^{20} L. Malferrari,^3 M. Mangano,^{35} G. Manca,^{32} M. Mariotti,^{33} G. Martignon,^{33} M. Martin,^{20} A. Martin,^{49} V. Martin,^{29} J. A. J. Matthews,^{28} P. Mazzanti,^3 K. S. McFarland,^{38} P. McIntyre,^{41} M. Menguzzato,^{33} A. Menzione,^{35} P. Merkel,^{12}

C. Mesropian,^{39} A. Meyer,^{12} T. Miao,^{12} R. Miller,^{27} J. S. Miller,^{26} H. Minato,^{45} S. Miscetti,^{14} M. Mishina,^{23} G. Mitselmakher,^{13} Y. Miyazaki,^{31} N. Moggi,^3 E. Moore,^{28} R. Moore,^{26} Y. Morita,^{23} T. Moulik,^{37} M. Mulhearn,^{25} A. Mukherjee,^{12} T. Muller,^{21} A. Munar,^{35} P. Murat,^{12} S. Murgia,^{27} J. Nachtman,^6 V. Nagaslaev,^{42} S. Nahn,^{49} H. Nakada,^{45} I. Nakano,^{18} R. Napora,^{20} C. Nelson,^{12} T. Nelson,^{12} C. Neu,^{30} D. Neuberger,^{21} C. Newman-Holmes,^{12} C.-Y. P. Ngan,^{25} T. Nigmanov,^{36} H. Niu,^4 L. Nodulman,^2 A. Nomerotski,^{13} S. H. Oh,^{11} Y. D. Oh,^{22} T. Ohmoto,^{18} T. Ohsugi,^{18} R. Oishi,^{45} T. Okusawa,^{31} J. Olsen,^{48} W. Orejudos,^{24} C. Pagliarone,^{35} F. Palmonari,^{35} R. Paoletti,^{35} V. Papadimitriou,^{42} D. Partos,^4 J. Patrick,^{12} G. Pauletta,^{44} M. Paulini,^8 T. Pauly,^{32} C. Paus,^{25} D. Pellett,^5 L. Pescara,^{33} T. J. Phillips,^{11} G. Piacentino,^{35} J. Piedra,^7 K. T. Pitts,^{19} A. Pompos,^{37} L. Pondrom,^{48} G. Pope,^{36} T. Pratt,^{32} F. Prokoshin,^{10} J. Proudfoot,^2 F. Ptohos,^{14} O. Pukhov,^{10} G. Punzi,^{35} J. Rademacker,^{32} K. Ragan,^{43} A. Rakitine,^{25} F. Ratnikov,^{40} D. Reher,^{24} A. Reichold,^{32} P. Renton,^{32} A. Ribon,^{33} W. Riegler,^{17} F. Rimondi,^3 L. Ristori,^{35} M. Riveline,^{43} W. J. Robertson,^{11} T. Rodrigo,^7 S. Rolli,^{46} L. Rosenson,^{25} R. Roser,^{12} R. Rossin,^{33} C. Rott,^{37} A. Roy,^{37} A. Ruiz,^7 D. Ryan,^{46} A. Safonov,^5 R. St. Denis,^{16} W. K. Sakumoto,^{38} D. Saltzberg,^6 C. Sanchez,^{30} A. Sansoni,^{14} L. Santi,^{44} H. Sato,^{45} P. Savard,^{43} A. Savoy-Navarro,^{12} P. Schlabach,^{12} E. E. Schmidt,^{12} M. P. Schmidt,^{49} M. Schmitt,^{29} L. Scodellaro,^{33} A. Scott,^6 A. Scribano,^{35} A. Sedov,^{37} S. Seidel,^{28} Y. Seiya,^{45} A. Semenov,^{10} F. Semeria,^3 T. Shah,^{25} M. D. Shapiro,^{24} P. F. Shepard,^{36} T. Shibayama,^{45} M. Shimojima,^{45} M. Shochet,^9 A. Sidoti,^{33} J. Siegrist,^{24} A. Sill,^{42} P. Sinervo,^{43} P. Singh,^{19} A. J. Slaughter,^{49} K. Sliwa,^{46} F. D. Snider,^{12} A. Solodsky,^{39} J. Spalding,^{12} T. Speer,^{15} M. Spezziga,^{42} P. Sphicas,^{25} F. Spinella,^{35} M. Spiropulu,^9 L. Spiegel,^{12} J. Steele,^{48} A. Stefanini,^{35} J. Strologas,^{19} F. Strumia,^{15} D. Stuart,^{(∗) 12} A. Sukhanov,^{13} K. Sumorok,^{25} T. Suzuki,^{45} T. Takano,^{31} R. Takashima,^{18} K. Takikawa,^{45} P. Tamburello,^{11} M. Tanaka,^{45} B. Tannenbaum,^6 M. Tecchio,^{26} R. J. Tesarek,^{12} P. K. Teng,^1 K. Terashi,^{39} S. Tether,^{25} A. S. Thompson,^{16} E. Thomson,^{30} R. Thurman-Keup,^2 P. Tipton,^{38} S. Tkaczyk,^{12} D. Toback,^{41} K. Tollefson,^{27} A. Tollestrup,^{12} D. Tonelli,^{35} M. Tonnesmann,^{27} H. Toyoda,^{31} W. Trischuk,^{43}

J. F. de Troconiz,^{17} J. Tseng,^{25} D. Tsybychev,^{13} N. Turini,^{35} F. Ukegawa,^{45} T. Unverhau,^{16} T. Vaiciulis,^{38} J. Valls,^{40} E. Vataga,^{35} S. Vejcik III,^{12} G. Velev,^{12} G. Veramendi,^{24} R. Vidal,^{12} I. Vila,^7 R. Vilar,^7 I. Volobouev,^{24} M. von der Mey,^6 D. Vucinic,^{25} R. G. Wagner,^2 R. L. Wagner,^{12} W. Wagner,^{21} N. B. Wallace,^{40} Z. Wan,^{40} C. Wang,^{11} M. J. Wang,^1 S. M. Wang,^{13} B. Ward,^{16} S. Waschke,^{16} T. Watanabe,^{45} D. Waters,^{32} T. Watts,^{40} M. Weber,^{24} H. Wenzel,^{21} W. C. Wester III,^{12} B. Whitehouse,^{46} A. B. Wicklund,^2 E. Wicklund,^{12} T. Wilkes,^5 H. H. Williams,^{34} P. Wilson,^{12} B. L. Winer,^{30} D. Winn,^{26} S. Wolbers,^{12} D. Wolinski,^{26} J. Wolinski,^{27} S. Wolinski,^{26} M. Wolter,^{46} S. Worm,^{40} X. Wu,^{15} J. Wyss,^{35} U. K. Yang,^9 W. Yao,^{24} G. P. Yeh,^{12} P. Yeh,^1 K. Yi,^{20} J. Yoh,^{12} C. Yosef,^{27} T. Yoshida,^{31} I. Yu,^{22} S. Yu,^{34} Z. Yu,^{49} J. C. Yun,^{12} A. Zanetti,^{44} F. Zetti,^{24} and S. Zucchelli^3

(CDF Collaboration)

1 Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China 2 Argonne National Laboratory, Argonne, Illinois 60439

3 Istituto Nazionale di Fisica Nucleare, University of Bologna, I-40127 Bologna, Italy

4 Brandeis University, Waltham, Massachusetts 02254 5 University of California at Davis, Davis, California 95616 6 University of California at Los Angeles, Los Angeles, California 90024 7 Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain

8 Carnegie Mellon University, Pittsburgh, PA 15218

9 Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637 10 Joint Institute for Nuclear Research, RU-141980 Dubna, Russia 11 Duke University, Durham, North Carolina 27708

12 Fermi National Accelerator Laboratory, Batavia, Illinois 60510

13 University of Florida, Gainesville, Florida 32611 14 Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy

15 University of Geneva, CH-1211 Geneva 4, Switzerland 16 Glasgow University, Glasgow G12 8QQ, United Kingdom 17 Harvard University, Cambridge, Massachusetts 02138 18 Hiroshima University, Higashi-Hiroshima 724, Japan 19 University of Illinois, Urbana, Illinois 61801 20 The Johns Hopkins University, Baltimore, Maryland 21218 21 Institut für Experimentelle Kernphysik, Universität Karlsruhe, 76128 Karlsruhe, Germany 22 Center for High Energy Physics: Kyungpook National University, Taegu 702-701; Seoul National University, Seoul 151-742; and SungKyunKwan University, Suwon 440-746; Korea 23 High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305, Japan 24 Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720 25 Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 26 University of Michigan, Ann Arbor, Michigan 48109 27 Michigan State University, East Lansing, Michigan 48824 28 University of New Mexico, Albuquerque, New Mexico 87131 29 Northwestern University, Evanston, Illinois 60208 30 The Ohio State University, Columbus, Ohio 43210 31 Osaka City University, Osaka 588, Japan 32 University of Oxford, Oxford OX1 3RH, United Kingdom 33 Universita di Padova, Istituto Nazionale di Fisica Nucleare, Sezione di Padova, I-35131 Padova, Italy 34 University of Pennsylvania, Philadelphia, Pennsylvania 19104 35 Istituto Nazionale di Fisica Nucleare, University and Scuola Normale Superiore of Pisa, I-56100 Pisa, Italy 36 University of Pittsburgh, Pittsburgh, Pennsylvania 15260 37 Purdue University, West Lafayette, Indiana 47907 38 University of Rochester, Rochester, New York 14627 39 Rockefeller University, New York, New York 10021 40 Rutgers University, Piscataway, New Jersey 08855 41 Texas A&M University, College Station, Texas 77843

42 Texas Tech University, Lubbock, Texas 79409

43 Institute of Particle Physics, McGill University, Montreal, H3A 2T8, Canada

and University of Toronto, Toronto M5S 1A7, Canada 44 Istituto Nazionale di Fisica Nucleare, University of Trieste/ Udine, Italy 45 University of Tsukuba, Tsukuba, Ibaraki 305, Japan

46 Tufts University, Medford, Massachusetts 02155

47 Waseda University, Tokyo 169, Japan 48 University of Wisconsin, Madison, Wisconsin 53706 49 Yale University, New Haven, Connecticut 06520

(∗) Now at University of California, Santa Barbara, California 93106

Abstract

We have performed a search for radiative b-hadron decays using events produced in pp̄ collisions at √ s = 1.8 TeV and collected by the Collider Detector at Fermilab. The decays we considered were B^0_d → K^{∗0}(→ K^−π^+)γ, B^0_s → ϕ(→ K^+K^−)γ, Λ^0_b → Λ(→ pπ^−)γ, and their charge conjugates. Two independent methods to identify photons from such decays were employed. In the first method, the photon was detected in the electromagnetic calorimeter. In the second method, the photon was identified by an electron-positron pair produced through the external photon conversion before the tracking detector volume. By combining the two methods we obtain upper limits on the branching fractions for the B^0_d, B^0_s, and Λ^0_b radiative decays, which, at the 95% confidence level, are found to be B(B^0_d → K^{∗0}γ) < 1.4 × 10^{−4}, B(B^0_s → ϕγ) < 1.6 × 10^{−4}, and B(Λ^0_b → Λγ) < 1.9 × 10^{−3}. PACS numbers: 14.40.Nd, 14.20.Mr

Typeset using REVTEX

I. INTRODUCTION

Flavor-changing neutral currents (FCNC’s) are suppressed in the Standard Model (SM) by the Glashow-Iliopoulos-Maiani mechanism [1], and such transitions can only result from higher order processes. The “penguin” process is one such example, where an effective FCNC b → s or b → d transition proceeds through the emission and reabsorption of a virtual W boson. A photon, gluon, or Z boson is emitted from the quark or the W in the loop, with the presence of a photon signaling an “electromagnetic” penguin process (see Figure 1).

It is expected in the SM that the top quark dominates in the fermion part of the loop of the diagram. The existence of non-SM heavy charged particles, however, could affect the branching fraction for this decay. In addition, direct CP -violating effects could be enhanced by processes beyond the Standard Model. Therefore, measurements of radiative b hadron decays, constitute low energy probes for physics beyond the SM [2]. Within the SM framework, radiative b → s decays are sensitive to the magnitude of the Cabibbo-Kobayashi- Maskawa (CKM) matrix [3] element |V_{ts}|, while radiative b → d decays are sensitive to |V_{td}|. Ratios of branching fractions involving b → dγ and b → sγ decays can thus be used to measure the ratio (|V_{td}/|V_{ts}|). This ratio determines the length of one side of the unitarity triangle, and may explain the source of CP violation in the SM [4].

The branching fraction for the exclusive radiative decay B^0_d → K^{∗0}γ was first measured by CLEO to be (4.55^{+0.72}_{−0.68} ±0.34)×10^{−5} [5]. The most precise measurements of the branching fraction B(B^0_d → K^{∗0}γ) are (4.23 ± 0.40 ± 0.22) × 10^{−5} by the BABAR collaboration [6] and (4.96 ± 0.67 ± 0.45) × 10^{−5} by the BELLE collaboration [7]. Both collaborations have also measured the branching fraction B(B^−_u → K^{∗−}γ); with (3.83 ± 0.62 ± 0.22) × 10^{−5} obtained by BABAR [6], and (3.89 ± 0.93 ± 0.41) × 10^{−5} obtained by BELLE [7]. BELLE has also reported B(B → ργ)/B(B → K^∗γ) < 0.19 at 90% confidence level (CL) [7]. The branching fraction for the inclusive radiative decays B → X_sγ, where X_s represents a collection of hadrons containing strange quarks, was also measured by CLEO to be (3.15 ± 0.35 ± 0.32 ± 0.26) × 10^{−4} [8], where the first uncertainty is statistical, the second is systematic, and the third is for model dependence. The studies of the heavier b-hadron decays such as B^0_s and Λ_b, which are not produced at the Υ(4S), must be done at the higher energy machines, such as the Tevatron. No exclusive radiative decays of B^0_s nor Λ^0_b have been observed to date. From a search for B^0_s → ϕγ decays, the DELPHI collaboration obtained B(B^0_s → ϕγ) < 7.0 × 10^{−4} at 90% CL [9].

Even though calculations for the exclusive decay rates have higher theoretical uncertainties compared to inclusive decay rates, ratios of exclusive b → dγ and b → sγ branching fractions can be calculated with good precision and the determination of (|V_{td}/|V_{ts}|) is feasible with the use of exclusive decays [10]. This is especially useful for a hadron collider environment, where the experimental signature for radiative b decays is much cleaner when exclusive decays are considered.

In this paper we report the results of a search for B^0_d → K^{∗0}(→ K^−π^+)γ, B^0_s → ϕ(→ K^+K^−)γ, and Λ^0_b → Λ(→ pπ^−)γ decays in events produced in pp̄ collisions at √ s = 1.8 TeV and recorded by the Collider Detector at Fermilab (CDF) during 1994–96. Two methods to identify such decays are employed. In the first method (Method I) [11], the photon is detected in the electromagnetic calorimeter. The trigger for this method required a minimum energy deposition in the calorimeter and two oppositely charged tracks that were distinct from the calorimeter signal. In the second method (Method II) [12], the photon is identified by an electron-positron pair produced through an external photon conversion within the tracking detector volume. One of the conversion electrons, detected in the electromagnetic calorimeter, served as a trigger for recording these events. The b hadrons are then exclusively reconstructed with four charged tracks.

II. COLLIDER DETECTOR AT FERMILAB (CDF)

Since CDF is described in detail elsewhere [13], we describe here only the components relevant to this work. In this paper we use a cylindrical coordinate system (r, ϕ, z) with the origin at the nominal interaction point, the z axis parallel to the nominal beam direction, r the distance from the beam in the plane transverse to the z axis, and ϕ the azimuthal angle. We define θ to be the angle with respect to the +z direction and the pseudorapidity as η ≡ − ln[tan(θ/2)].

The tracking systems consist of a silicon vertex detector (SVX), a vertex time projection chamber (VTX), and an open-cell multiwire drift chamber (CTC), all immersed in a 1.4 T solenoidal magnetic field aligned with the z axis. The SVX [14] is the innermost system, with its four layers of single-sided silicon microstrip detectors in the radial range of 3.0 to 7.9 cm. The active area is 51 cm long in z and covers 60% of the pp interaction region. The microstrips all run parallel to the z direction and therefore track charged particles in the transverse plane. The SVX measures the impact parameter of tracks with respect to the beam line with a resolution of σ_d(p_T ) = (13 + 40/p_T ) μm, where p_T is the momentum of the track in the transverse plane in GeV/c. This precision close to the beamline helps distinguish the tracks of B decay products from those originating at the pp interaction point.

The VTX [15] surrounds the SVX and consists of 28 drift modules with an outer radius of 22 cm and z coverage up to ±136 cm. The VTX tracks particles in the r − z plane and provides a measurement of the actual pp interaction point along the z axis with a resolution of 1 to 2 mm. From a combination of this information with SVX measurements, the transverse beam profile has been measured with an accuracy of 25 μm.

Outside the VTX lies the CTC [16], which extends out to a radius of 138 cm and |z| < 160 cm. It contains 6156 wires arranged in 84 layers, which are further grouped into 9 “superlayers”. Five of these superlayers are made of twelve layers of wires strung parallel to the z axis (“axial superlayers”). The remaining four superlayers of six wires each are tilted 3^∘ in the ϕ direction (“stereo superlayers”). The combination of axial and stereo measurements yields a three-dimensional track. Where appropriate, this track is augmented with SVX measurements to obtain precise impact parameters. The momentum resolution of such tracks, often simply called “SVX tracks,” is σ(p_T )/p_T = [(0.0009p_T )^2 + (0.0066)^2)]^{1/2} with p_T in units of GeV/c. With such momentum and impact parameter resolutions, along with the narrow beam, CDF at the Tevatron is an excellent tool for the study of B physics.

The calorimetry systems of CDF lie outside the tracking systems and solenoid. We focus on the calorimetry in the |η| < 1 (“central”) region, which is segmented into ηprojective towers covering 15^∘ in azimuth and 0.11 units in η. The inner layers of the towers, which make up the central electromagnetic calorimeter (CEM) [17], consist of a lead-scintillator stack 18 radiation lengths deep. The CEM has a resolution of σ(E_T )/E_T = [(0.137)^2/E_T + (0.02)^2]^{1/2}, where E_T = E sin θ and E is the measured energy of the tower in GeV. A layer of proportional strip chambers (CES) is embedded in the CEM near shower maximum and provides measurements of shower position and profile in azimuth and z [17]. The outer layers of the calorimeter tower, which make up the central hadron calorimeter (CHA), consist of an iron-scintillator stack 4.5 interaction lengths deep and yield an energy resolution of σ(E_T )/E_T = [(0.50)^2/E_T + (0.03)^2]^{1/2}. In this analysis, the CHA is used primarily to distinguish electrons and photons, which are typically absorbed in the CEM, from hadrons, which typically deposit most of their energy in the CHA.

A three-level trigger system is employed at CDF to select pp events of interest [18]. The first-level trigger relevant to this analysis selects events based on energy depositions in logical “trigger towers” which consist of two adjacent (in η) calorimeter towers. The second-level trigger forms clusters of trigger towers. This trigger level also incorporates a hardware track processor (CFT, Central Fast Tracker) [19], which searches for tracks in the CTC using hits in the axial layers and matches those tracks to calorimeter clusters. The third-level trigger uses software based on optimized offline reconstruction code to analyze the whole event. Details of the trigger selection are given in the next section.

III. DATA

The data used in this analysis were collected with triggers which selected events with calorimeter signatures characteristic of electrons and photons. During most of the 1994- 95 data-taking period (“Run IB”), the first-level trigger selected CEM trigger towers with minimum E_T of 8 GeV. The cross section of this trigger was ∼ 20 μb.

Subsequent filtering of the surviving events was performed with the specialised “penguin trigger”, which is a collection of requirements on all three final products of the penguin decay chains B^0_d → K^{∗0}(→ K^−π^+)γ and B^0_s → ϕ(→ K^+K^−)γ. The innovative feature of this trigger was the use of all the information available at the second trigger level to select a specific topological configuration of the final state particles.

The second-level trigger performed tower clustering and required the event to contain a cluster with E_T > 10 GeV in the electromagnetic section. The same cluster could include hadronic energy deposition and the trigger required the hadronic component to be less than 12.5% of the electromagnetic component. A further requirement of at least 4.5 GeV deposition in the CES reduced the trigger rate by half while keeping 90% of the electrons and photons.

The CFT track processor was then used to select topologies suggestive of a penguin decay, with its photon and two charged hadrons. No track found by the CFT was allowed to point at the the same ϕ as the photon calorimeter tower (spanning 15^∘ in ϕ). Two oppositely charged tracks with p_T > 2 GeV/c were sought close to the photon (within two calorimeter towers) and they were required to lie within 18^∘ of one another in ϕ. Figure 2 illustrates the trigger topology. These track-related requirements were ∼ 35% efficient for selecting penguin events while reducing the trigger cross section to ∼ 80 nb.

When the trigger rate exceeded the limit of the data taking rate we further reduced the trigger rate by rejecting some fraction of the events which satisfied the trigger requirement (“prescale”). The second-level trigger was prescaled by a factor of two whenever the instantaneous luminosity was above ∼ 21 × 10^{30} cm^{−2}s^{−1}. The data loss due to the prescale, however, was minimal: this trigger considered (22.3 ± 0.9) pb^{−1} out of the ∼ 23 pb^{−1} of data available to it.

Events satisfying the second-level trigger were then passed to the third-level trigger for further consideration. The photon candidate’s electromagnetic E_T , reevaluated with clustering software, was required to be at least 7 GeV, with an associated hadronic energy deposition of no more than 15% of that in the CEM. The profiles of energy deposition in the CEM and CES were also required to be consistent with expectations based on test beam results for electrons. The track cuts applied by the second-level trigger were confirmed at this trigger level using offline beam-constrained tracking in the CTC.

The open points of Figure 3 show the penguin trigger rates as a function of instantaneous luminosity during Run IB. These rates can be compared with the total trigger rates at each trigger level, shown by the closed points. From this figure we see that one out of 200 events accepted by the generic level-one calorimeter trigger also satisfied the second-level penguin trigger. The third-level trigger requirements provided an additional rate reduction by a factor of 6.5. Approximately 300000 events were collected during Run IB by the penguin trigger. The overall trigger efficiency for penguin decays resulting from B mesons with p_T > 12 GeV/c and |y| < 1.25 was (1.7 ± 0.2)% for B_d → K^{∗0}γ and (2.6 ± 0.3)% for B_s → ϕγ decays. In the data sample collected by the penguin trigger in RunIB we expect around 7 B_d → K^{∗0}γ and 2.6 B_s → ϕγ events. This sample was further refined in the offline analysis by selecting photon candidates in the good fiducial areas of the calorimeter, and by requiring that full CTC track reconstruction revealed no three-dimensional track pointing to the cluster. The E_T (γ) threshold was raised to 10 GeV. The hadronic/electromagnetic energy ratio selection was tightened to 10%, and requirements on shower profile consistency were also tightened.

The trigger thresholds for the penguin trigger were lowered for the 1995-96 data-taking period (“Run IC”). At the first trigger level, the E_T threshold was lowered to 5 GeV, raising the cross section to ∼ 30 μb. The second-level energy requirements were lowered to 6 GeV in the CEM and 3 GeV in the CES while the relative hadronic energy and track topology requirements were kept the same. The trigger cross section at this level was thus raised to ∼ 500 nb. The photon E_T threshold was lowered to 5 GeV in the third-level trigger, while the other requirements were kept the same as in RunIB. Due to the lower photon energy requirements, the Run IC trigger acceptance rate was six times higher than the RunIB trigger, and the signal yield increased by a factor of five. As a result of these adjustments, approximately 500000 events were collected from the only (6.6 ± 0.3) pb^{−1} of

Run IC integrated luminosity. The offline E_T cut was accordingly lowered for this data to 8 GeV.

A sample of electron candidates was also accumulated through Runs IB and IC. The trigger for this sample used the same first-level requirements as described above, but required E_T > 8 GeV at the second level, along with a CFT track with p_T > 7.5 GeV/c pointing to the EM cluster’s ϕ bin. At the third trigger level, the reevaluated thresholds were E_T > 7.5 GeV and p_T > 6 GeV/c. Moreover, the track’s trajectory was extrapolated to the CES and compared with the shower positions; agreements within ±3 cm in the azimuthal direction and ±10 cm in z were required. These trigger requirements were applied throughout Runs IB and IC.

The electron candidate sample serves two purposes in this analysis. In Method I we search for radiative decays among events selected by the penguin trigger. The electron sample provides a reference signal, B → e^−D^0(→ K^−π^+)X, which we compare to the yield of radiative decay candidates. To facilitate this comparison, the same fiducial, E_T , and calorimeter requirements were applied offline to the subsample of the electron data which was collected concurrently with the penguin trigger; the uncertainties in the integrated luminosities of these two data sets are thus completely correlated. Because this reference sample was obtained by triggering on electrons, a single track was required to point to the electron cluster. Nevertheless, in order to simulate the penguin trigger requirements, no other track was allowed to point to that ϕ bin.

In Method II, where the photons are identified through their conversion to e^+e^− pairs, the search for radiative decays is performed in the electron candidate sample itself. In this case, the offline selection applies fiducial, shower profile, and track-shower match requirements in a manner similar to Method I, but the E_T threshold is lower at 8 GeV. The minimum track p_T is 6 GeV/c. The hadronic/electromagnetic energy ratio requirement is tightened to 4% when only one track pointed to the cluster, but is left at 10% in cases with more than one track associated with the cluster. This sample also provided the reference signal, B^+ → J/ψ(→ e^+e^−)K^+, and thus the entire Run IB data set is used for this method.

The electron trigger accumulated 74 pb^{−1} during this period, amounting to approximately 3 million events satisfying the offline criteria.

IV. METHOD I: PHOTON TRIGGER

In this section, we describe the search for B^0_d → K^{∗0}(→ K^−π^+)γ and B^0_s → ϕ(→ K^+K^−)γ decays using the penguin trigger described in the previous section. The sensitivity of this method to Λ^0_b → Λ(→ pπ^−)γ is strongly reduced by the trigger requirement of p_T > 2 GeV/c for the pion track, because in the Λ → pπ decays the proton carries most of the momentum of its parent and the pion is very slow. Thus, we do not attempt to reconstruct such decays. We derive the branching fraction limits for the radiative B decays from the ratios between the numbers of candidate events and events of the reference signal, B → e^−D^0(→ K^−π^+)X, found in the single electron data set.

A. Radiative Decay Reconstruction

We selected candidate daughters of the K^{∗0} and ϕ mesons from the radiative B decays by asking for two oppositely charged tracks reconstructed with the inclusion of at least three hits in the SVX. Each track was required to have been found by the trigger system and have p_T > 2 GeV/c. The penguin trigger topology requirements on the tracks and the photon candidate were reinforced offline. We then constrained each pair of candidate tracks to intersect at a common vertex and required the confidence level (CL) of the constrained fit to exceed 1%.

We retained two-track combinations consistent with K^{∗0} → K^−π^+ by requiring |M(K^−π^+) − M_K∗0 | < 80 MeV/c^2, where M_K∗0 is the world average K^{∗0} mass (896.1 MeV/c^2) [4]. This window, corresponding to three times the natural K^{∗0} width, contained more than 85% of the K^{∗0} signal. If the track pair also fell within the mass window when the K and π mass assignments were switched, we chose the assignment which yielded the two-track mass closer to the world average. This approach yielded the correct assignment

88% of the time. For ϕ → K^+K^− decays, we required |M(K^+K^−) − M_ϕ| < 10 MeV/c^2, where M_ϕ is the world average ϕ mass (1019.4 MeV/c^2) [4]. This window, corresponding to four times the natural ϕ width, contained 86.5% of the ϕ → K^+K^− signal.

In order to reject K^0 → π^+π^− decays, we assigned pion masses to the two tracks and required that |M(π^+π^−) − M_K0 | > 15 MeV/c^2. We thus rejected combinations with masses within 2σ of the world average K^0 mass and retained 95.4% of the K^{∗0} → K^−π^+ decays and all of the ϕ → K^+K^− decays.

The track pair was combined with the photon candidate by adding their four-momenta. The trajectory of the photon candidate was determined by assuming that it originated from the pp vertex closest in z to the track pair vertex; we call this pp vertex “primary.” Because the lifetimes of the ϕ and K^{∗0} mesons are almost ten orders of magnitude smaller than that of the B meson [4], the common fitted vertex of the two charged tracks indicated the point where the parent B meson decayed. We computed the B meson’s signed decay length L_T = ⃗V_T · ⃗p_T /p_T , where ⃗V_T is the displacement in the transverse plane of the B decay vertex with respect to the primary vertex (see Figure 4), and ⃗p_T is the B meson momentum projected on the same plane. The proper decay length ct could then be calculated with ct = L_T · (M/p_T ), where M is the reconstructed mass of the B meson candidate. The typical ct resolution was 100 μm. We required 0 < ct < 3 mm, which retained 90% of the signal while rejecting half of the fake B meson candidates formed by tracks coming directly from the primary vertex.

We further required that the B meson carry most of the momentum in its vicinity. We defined the isolation variable I_B ≡ p_T (B) p_T (B) + ∑ ΔR≤1 pT , (1)

where the sum is over tracks consistent with originating from the primary vertex and within ΔR ≡ √ (Δη)^2 + (Δϕ)^2 < 1 of the B candidate trajectory. The B candidate daughters were excluded from the sum. We required I_B > 0.7. Studies with reconstructed B decays in data indicate that this requirement is ∼ 95% efficient in selecting real B mesons of p_T > 15 GeV/c while rejecting half of the combinatorial background.

The mass resolution of B mesons reconstructed in the above manner is given by simulation to be 110 MeV/c^2, dominated by the energy resolution of the photon. We have used D^0 → K^−π^+ and electrons from the reference signal B → e^−D^0X to verify that the simulation closely reproduces the momentum resolution and impact parameter resolutions of tracks, as well as the energy resolution and shower characteristics of electromagnetic objects. After the above selection criteria, there are ∼ 400 K^{∗0}γ and ∼ 40 ϕγ events within 220 MeV/c^2 of the world average B^0_d and B^0_s masses of 5279 MeV/c^2 and 5369 MeV/c^2 respectively [4].

To further improve our sensitivity to the radiative decays, we exploited the long B meson lifetime and the fact that we reconstructed all its daughters. The long lifetime resulted in large impact parameters for the K^{∗0} and ϕ daughters with respect to the primary vertex; we cut on the significance of the impact parameters in the transverse plane, |d/σ_d|. The impact parameter resolution was typically σ_d ∼ 30 μm. We also formed an “alignment angle” between the transverse momentum ⃗p_T and the displacement ⃗V_T of the B meson candidate (see Figure 4):

ϑ_{align} ≡ cos^{−1} ( ⃗p_T · ⃗V_T |⃗p_T | · |⃗V_T | ) . (2)

Since we fully reconstructed the B meson, real mesons yielded small values of ϑ_{align}, whereas the combinatorial background peaked away from zero. As a pure background sample we used events in the high mass region 6 < M(K^{∗0}γ, ϕγ) < 10 GeV/c^2, where no real B mesons should be found. Comparing the θ_{align} distributions of the simulated signal events with the distribution obtained from the background sample, we selected signal-like events by demanding θ_{align} < 0.15 rad, for both the B_d and B_s decays. We subsequently found the impact parameter significance cut which gave the highest signal-to-background efficiency ratio. It turned out that the best value was the one which rejected all events in the background (high mass) region.

The optimized selection cuts for B^0_d radiative decays were ϑ_{align} < 0.15 rad and

|d/σ_d| > 5. These requirements were 66% efficient in retaining B^0_d → K^{∗0}γ decays. For the B^0_s decays, the narrower ϕ resonance, compared to the K^{∗0}, resulted in a smaller number of combinatorial background events falling within the, consequently narrower, mass window used to select the relevant two-track pairs. Thus, the optimized |d/σ_d| cut for the B^0_s was less strict at |d/σ_d| > 2.5. These optimized requirements are 69% efficient in retaining B^0_s → ϕγ decays.

All together, the offline analysis requirements were 14.7% (8.3%) efficient in selecting B^0_d → K^{∗0}γ decays which already satisfied the trigger requirements in Run IB (Run IC). The respective efficiencies for B^0_s → ϕγ decays were 12.9% in Run IB and 7.2% in Run IC. The Run IC efficiencies were lower than Run IB because the offline cut for the photon energy was placed at E_T > 8 GeV, instead of the 6 GeV trigger threshold, in order to match the energy threshold of the electrons used to reconstruct the reference channel.

Figure 5 shows the invariant mass distributions of the three-body combinations surviving all the selection criteria. The ±220 MeV/c^2 signal region around the world average B mass is double-hatched in the figure, and the sideband regions, 3.9 < M(K^{∗0}γ) < 4.9 and 5.7 < M(K^{∗0}γ) < 6.7 GeV/c^2, are single-hatched. One B^0_d → K^{∗0}γ candidate, from the Run IC sample, remains in the signal region, while five populate the sidebands. The expected background in the signal region, assuming a uniform distribution interpolated between the sidebands, is N_{bg} = 1.1 ± 0.5 events. There are 2 events just outside the signal window. However, the probability of them being signal is small.

In the B^0_s → ϕγ case, no candidates survive the selection cuts. Since there are also no events in the B^0_s sidebands, in the signal region we expect N_{bg} < 0.54 events with 90% confidence [4], assuming a uniform distribution interpolated between the sidebands.

B. Reference Signal Reconstruction

We reconstructed our reference sample of B → e^−D^0(→ K^−π^+)X decays, by adding the four-momenta of the two tracks and the electron candidate. For e+D^0 combinations from B decays, we expected the kaon from the D^0 to have the same charge as the electron. The mass assignment of the pion and kaon masses to the two tracks was thus uniquely determined.

We retained B → e^−D^0(→ K^−π^+)X candidates with a p_T (B) distribution similar to that of the radiative decay candidates by requiring p_T (eKπ) > 15 GeV/c in Run IB. For Run IC, this threshold was lowered to 13.5 GeV/c to accommodate the lower photon threshold. We also required that the mass of the three-body combination M(eKπ) be less than 5 GeV/c^2. Finally, we applied the same 0 < ct < 3 mm and I_B > 0.7 requirements as on the radiative decay candidates. These semileptonic decays, however, were not fully reconstructed, and we used the combined momentum of the e + D^0 system for the (pseudo-proper) lifetime calculation. In addition, rather than extrapolating the D^0 decay vertex to the trigger electron track in order to locate the B decay vertex, we simply used the D^0 decay vertex for the calculation of ct to avoid additional systematic uncertainties due to the further vertex reconstruction.

We then required |d/σ_d| > 3 for the kaon and pion tracks from the D^0 → K^−π^+ decay. Since B → e^−D^0X decays are not fully reconstructed, we do not make a ϑ_{align} cut. The invariant masses of the selected K^−π^+ combinations from B → e^−D^0X candidates are shown in Figure 6. The K^−π^+ combinations with the wrong charge correlation with the electron are also shown. We estimated the number of B → e^−D^0X candidates by fitting the data with a Gaussian signal and a linear background and we found 40.7 ± 7.3 events in Run IB and 27.4 ± 6.2 events in Run IC.

C. Efficiencies

In method I we infer the radiative decay branching fraction from a measurement of its ratio with the known B(B → e^−D^0X). The b-quark production cross section cancels in the ratio, while the effect of systematic uncertainties is reduced. We write for B^0_d → K^{∗0}γ ,

B(B^0_d → K^{∗0}γ) = B(B → e^−D^0X) × N_K∗0_γ N_{eD}0

× [ f_d f_u + f_d

B(K^{∗0} → K^−π^+) B(D^0 → K^−π^+) ϵ_K∗0_γ ϵ_{eD}0 L_{peng} L_{eX} ]_{−1} , (3) and for B^0_s → ϕγ , B(B^0_s → ϕγ) = B(B → e^−D^0X) × N_{ϕγ} N_{eD}0 × [ f_s f_u + f_d

B(ϕ → K^+K^−) B(D^0 → K^−π^+) ϵ_{ϕγ} ϵ_{eD}0 L_{peng} L_{eX} ]_{−1} , (4) where N_K∗0_{γ,ϕγ} / N_{eD}0 is the ratio of the observed number of events of the radiative decays and B → e^−D^0X, ϵ_K∗0_{γ,ϕγ} / ϵ_{eD}0 is the ratio of the efficiencies, and L_{peng} / L_{eX} is the ratio of the integrated luminosities of the penguin and the inclusive electron data samples. We assume that the composition of B → e^−D^0X candidates is only B^−_u and B^0_d, and thus the ratios of the fragmentation fractions are f_{d,s}/(f_u + f_d), neglecting the small contributions from other b hadrons such as B^0_s and Λ^0_b to the denominator. We note that the contribution of the B^0_s through the B^0_s → e^−ν_eD^{∗∗}_s → e^−D^0X decay is estimated to be less than 3% in the e + D^0 sample. The branching fractions [4] and fragmentation fractions [20] used in this analysis are listed in Table I.

Since we use electron trigger data collected concurrently with the penguin trigger data, the integrated luminosities of pp̄ collisions are the same for the two data sets. The effective integrated luminosities of each data set, however, are different for the two due to the different prescale factors. The true integrated luminosities for the penguin and electron data set are 22.3 pb^{−1} and 16.2 pb^{−1}, respectively, in Run IB, and 6.6 pb^{−1} and 4.2 pb^{−1} in IC. We assume that all the uncertainties cancel in the ratio.

The efficiency ratios were evaluated using a combination of simulation and data. We employed a Monte Carlo simulation of events with a single b quark to calculate the efficiencies of the kinematic and topological requirements imposed on the data. In this simulation, the b quarks were generated with a rapidity and momentum distribution based on a next-to-leading order QCD calculation [21] that used the MRSD0 parton distribution functions [22] and a renormalization scale of μ = μ_0 ≡ √ m^2_b + p^2_T , where m_b = 4.75 GeV/c^2 is the mass of the b quark and p_T is its transverse momentum. These b quarks were subsequently hadronized into B mesons using the Peterson fragmentation function [23] with a fragmentation parameter ϵ_b = 0.006. The resulting B mesons were then decayed through the channel of interest using the QQ Monte Carlo program [24] to model the phase space, helicity, and angular distributions of the decay products.

For the reference channel, we generated different samples for each of the contributing decay chains: B → e^−ν_eD^0; B → e^−ν_eD^∗(→ D^0X); B → e^−ν_eD^{∗∗}(→ D^0X); and B → e^−ν_e(Dnπ)_{nr} followed by (Dnπ)_{nr} → D^0X, where (Dnπ)_{nr} indicates a D meson produced in non-resonant association with extra pions. We then mixed these semileptonic samples according to their relative abundances and selection efficiencies to create a representative B → e^−D^0X sample. We fed these events through the detector and trigger simulations to obtain the efficiencies. We also used this simulation to calculate the relative effects of the photon/electron trigger cuts, the offline quality cuts, and the track reconstruction in the SVX. We considered simulated SVX track reconstruction since the SVX simulation incorporated the same hit efficiencies and pattern recognition as the data.

Second-level trigger efficiencies were studied using data. The efficiency of the CES energy requirement was parameterized as a function of electron or photon E_T by analyzing electrons in a very pure sample derived from photon conversions. Applying this parameterization to the Monte Carlo samples, we find all the efficiencies to be around 95%. The efficiency ratios are therefore near unity, and the 2% uncertainty in the ratio is included in the systematic uncertainty.

The efficiency of the CFT trigger requirements for kaons and pions was determined as a function of track p_T . We found the CFT is 50% efficient at 1.9 GeV/c and 90% efficient at 2.4 GeV/c. The efficiency function of the CFT trigger requirements for the electron in the reference signal was determined using a heavily prescaled electron data set with a lower energy threshold and no CFT requirement; 50% efficiency is reached at 6.0 GeV/c and 90% at 10.0 GeV/c. The plateau efficiency is 0.915 ± 0.010. These efficiency parameterizations were applied to the Monte Carlo samples to study the effect on the ratios of efficiencies.

The offline CTC tracking efficiencies for kaons and pions were estimated by embedding Monte Carlo-generated tracks into real J/ψ → μ^+μ^− events [25]. The efficiency rises with p_T in the range 200 < p_T < 400 MeV/c, and plateaus at a value which depends on the instantaneous luminosity and the charge of the track. The integrated efficiency for tracks with p_T > 400 MeV/c is 0.96 ± 0.02. Again, we applied the efficiency parameterization to Monte Carlo samples of the decays of interest. For K^{∗0} → K^−π^+ and ϕ → K^+K^− decays with the requirement p_T > 2 GeV/c for the kaons and pions, the efficiency of offline CTC tracking was found to be 0.94 ± 0.04. The corresponding efficiency for the K^−π^+ combinations from the D^0 decays is ∼ 1% lower due to the lower p_T of the tracks. The uncertainties in these efficiencies are dominated by the instantaneous luminosity dependence of the tracking efficiency and thus cancel in the efficiency ratio. The offline tracking efficiency for the trigger electron in the reference signal was estimated using an independent electron data sample to be 0.99 ± 0.01. We therefore estimate the ratio of tracking efficiencies for both K^{∗0}γ and ϕγ, relative to the reference signal, to be 1.02 ± 0.02.

The effect of the isolation requirements for the trigger photon or electron, as well as the I_B > 0.7 cut for the B meson, depends strongly on the environment of the B decay (e.g., b fragmentation, or multiple pp interactions). We expect similar environments around the B mesons in the reference and radiative decay processes and consequently the efficiencies are nearly equal. Small differences can be expected due to the extra particles produced in B → e^−D^0X decays and because the reference signal contains B^− mesons along with B^0. We simulated the full pp → bb environment using the PYTHIA Monte Carlo generator, tuned to match the underlying charged particle distributions in B → ℓ^−D^0X data [26]. We fed these events through the detector and trigger simulations and found that the isolation efficiencies are somewhat higher for the radiative decay channels than for the reference signal; the ratio is 1.04 ± 0.02 for B^0_d → K^{∗0}γ and 1.06 ± 0.02 for B^0_s → ϕγ.

Taking all the efficiencies into account, we find that the efficiency ratios between the radiative decays and the reference channel are ϵ_K∗0_γ /ϵ_{eD}0 = 2.7 in Run IB and 2.0 in Run IC. In the B^0_s → ϕγ case, we find these ratios to be 3.5 in Run IB and 2.5 in Run IC.

Table I summarizes the elements of the branching fraction calculation for each of the decay modes investigated here. The table also shows the “single event sensitivity” S for the two penguin decay modes. S is defined here as S = branching fraction observed number of events (5) and can be rewritten with the known quantities by using Eqs. 3 and 4. This quantity represents the branching fraction which would result in an average of one event being observed in this analysis. The difference in the sensitivities between the B^0_d → K^{∗0}γ and B^0_s → ϕγ decay modes is dominated by the difference of the b quark hadronization fractions.

D. Systematic Uncertainties

Table II lists the sources of systematic uncertainty considered in this analysis. The largest contribution to the total is the uncertainty on the yield of B → e^−D^0(→ K^−π^+)X decays, which is 18% in Run IB and 23% in Run IC. The second largest contribution arises from the uncertainty in the measurement of f_s/(f_u + f_d) [20], followed by the uncertainty in the product of branching fractions B(B → e^−D^0X) · B(D^0 → K^−π^+).

The last significant contribution to the systematic uncertainty comes from the fraction of the time when the D^0 meson from a B decay is not an immediate daughter of the B meson but is instead a decay product of an intermediate excited D state. Depending on how far down the decay chain of the B meson the D^0 appears, the kinematics of the resulting kaon and pion, and hence the reconstruction efficiencies, are different. In the Monte Carlo simulation used to determine the efficiency ratios, the nominal fractions of D^0 mesons coming from D^{∗∗} mesons and (Dnπ)_{nr} states (f^{∗∗}), from D^∗ mesons (f^∗), and directly from the B meson (f) were f^{∗∗} : f^∗ : f = 0.35 : 0.53 : 0.12 [4]. These fractions were varied to 0.24 : 0.62 : 0.14 and 0.47 : 0.43 : 0.10. We observed a 12% variation in the efficiency in Run IB and 11% in Run IC. We take these variations as the systematic uncertainties in the efficiency ratios.

The rest of the systematic uncertainty contributions have little effect on the total, which is about 30%. For instance, the Monte Carlo efficiency estimates depend on their input distributions, such as the p_T distribution of the incident particles. We re-weight the Monte Carlo p_T (B) distribution which is used as the simulation input by the ratio of the measured B production cross section [27] to the theoretical prediction. Even though the efficiencies for individual channels vary by as much as ∼ 20%, the ratios of efficiencies do not change by more than 5%.

Another relatively small effect is the uncertainty in the difference in trigger efficiencies for photons and electrons. The difference resulting from the different E_T spectra of the photons and electrons is accounted for in the Monte Carlo calculation; moreover, we confirm that the detector simulation indeed reproduces the characteristics of the electromagnetic shower profile using B → e^−D^0X decays in data. We nevertheless assign an uncertainty due to the E_T differences between the reference channel electron and the radiative decay photon to allow for uncertainties in the simulation of the electromagnetic energy clustering at the trigger level. We study the effect of varying the relative efficiency by re-weighting the photon and electron E_T distribution in the lowest 10 GeV, away from the efficiency plateau, by as much as a factor of two (e.g., the weight is applied for 10 < E_T < 20 GeV in Run IB). No weighting is applied for energies in the plateau region. Such a modification of the threshold induces a change in the individual event rates by as much as 50%, but the ratio varies by only ∼ 8%, which we take as the systematic uncertainty.

The efficiency of the CES trigger requirement itself is measured with an uncertainty of ∼ 1.5%. Assuming that the efficiency for electrons is uncorrelated with that of the radiative decay photons, we obtain a conservative 2% systematic uncertainty from this source.

The CFT efficiency was measured with an uncertainty of ∼ 1.5% for kaons and pions, and 1% for electrons. Due to the spatial proximity of the two tracks in the radiative decays, we consider their efficiencies to be 100% correlated and thus assign a 3% uncertainty for the efficiency ratio. Another 2% uncertainty comes from the CTC tracking efficiency, 2% from the differences in the isolation efficiencies, and 2% from the finite size of the Monte Carlo samples used to calculate the efficiency ratios.

The uncertainties listed above were combined in quadrature to obtain the total systematic uncertainties on the branching fractions of the radiative decays. As shown in Table II, the total is ∼ 30% for B^0_d and slightly higher for B^0_s.

We combine the Run IB and IC systematic uncertainties by assuming that the uncertainties due to the statistics of the e+D^0 candidates and Monte Carlo samples are uncorrelated, and any other sources are fully correlated. The uncorrelated systematic uncertainties are added in quadrature, while the fully correlated ones are simply added. The total systematic uncertainties are 25% for B^0_d and 31% for B^0_s radiative decays.

E. Results

Since we observe no significant signal for either B^0_d or B^0_s radiative decays, we set upper limits for their branching fractions. We use a conservative procedure which ignores possible background contributions to the observed event yields.

First, we calculate an upper limit on the mean number of radiative decays N_{CL} at a given CL, including the total systematic uncertainty σ_{syst}, by numerically solving the following equation:

1 − CL =

N_{obs}∑

n=0 P_{NCL,σsyst} (n), (6)

where N_{obs} is the number of candidates observed, and P_{μ,σ}(n) is defined with the Poisson distribution P_μ(n) and the Gaussian distribution G_{μ,σ}(x) as follows: P_{μ,σ}(n) = ∫_∞ 0 P_x(n)G_{μ,σ}(x)dx. (7) With one B^0_d → K^{∗0}γ candidate observed in the entire data sample and a 25% uncertainty, the upper limit on the mean number of radiative decays is 4.3 (5.5) at 90% (95%) CL. This result, with a single event sensitivity (Equation 5) of 3.8×10^{−5}, yields upper limits on the branching fraction B(B^0_d → K^{∗0}γ) of 1.6 × 10^{−4} at 90% CL and 2.1 × 10^{−4} at 95%

CL. With no B^0_s → ϕγ candidates and a total uncertainty of 31%, we expect less than 2.6 (3.6) events on average at 90% (95%) CL. With a single event sensitivity of 9.3 × 10^{−5}, we thus obtain B(B^0_s → ϕγ) < 2.5 × 10^{−4} at 90% CL and < 3.3 × 10^{−4} at 95% CL.

V. METHOD II: PHOTON CONVERSION

In this section, we describe the search for B^0_d → K^{∗0}(→ K^−π^+)γ, B^0_s → ϕ(→ K^+K^−)γ, and Λ^0_b → Λ(→ pπ^−)γ decays in which the photon is identified by an electron-positron pair produced through photon conversion before reaching the CTC volume. A conversion daughter with E_T > 8 GeV served as the trigger; the same inclusive electron trigger was used for the e + D^0 sample in Method I.

Though the typical photon conversion probability was 6% for CDF in this data, this analysis benefits from the fact that we can utilize all of the Run IB data, which corresponds to an integrated luminosity of 74 pb^{−1}, or three times more than that collected with the penguin trigger, and that there was no requirement of any additional tracks at the trigger level. This fact allowed us to apply, in the offline selection, a p_T threshold as low as 0.5 GeV/c to the hadron tracks coming from the b hadron decays instead of the 2 GeV/c cut used in Method I. This lower threshold essentially doubles the efficiency for the B hadron decay products. Moreover, in the relatively low energy region of our interest where the tracking has better resolution than the calorimetry, reconstructing b hadron masses from the momenta measured by the tracking detectors has the advantage of good mass resolution. This is typically 45 MeV/c^2 for the reconstructed B mesons and is dominated by the momentum resolution of the trigger electron.

We derive the branching fractions for the radiative b hadron decays from the ratios between the numbers of such decays and B^−_u → J/ψ(→ e^+e^−)K^− decays found in the same data set. The uncertainties in the b quark production cross section and on the integrated luminosity thus cancel, as well as most of the uncertainties on the detection efficiency. It would have been preferable to use B^0_d → J/ψK^{∗0}, B^0_s → J/ψϕ, and Λ^0_b → J/ψΛ decays instead of B^−_u → J/ψK^−, since they arise from the same production mechanisms as the corresponding radiative decays and are topologically more similar. However our samples of those final states are too small to be useful as normalization.

A. Radiative Decay Reconstruction

Reconstruction of the radiative decays began with identification of a photon conversion. A photon conversion candidate was formed by the electron candidate and an oppositely charged track with p_T > 0.5 GeV/c. A fit was made which constrains the two tracks to originate from a common vertex and be parallel to each other at the vertex. The CL of the fit was required to be greater than 0.1%. The background due to misidentified electrons and combinatorial backgrounds is small (< 1%) among the photon conversion candidates with a vertex outside the beam pipe. The candidates that have their conversion points inside the beam pipe are dominated by real electron-positron pairs from Dalitz π^0 and η decays. We required the transverse distance of the conversion point from the nominal beamline to be less than 30 cm in order to ensure that it is in the well known materials before the CTC, and to be greater than 3 cm in order to reject backgrounds from Dalitz decays. We obtained ∼ 850000 photon conversion candidates in the Run IB data. Figures 7 and 8 show, for all transverse distances, the reconstructed conversion vertex density in the x−y plane and r −z plane. The fine structure of the CDF tracking detectors such as the SVX (r ∼ 5 cm), the VTX (r ∼ 15 cm), and the CTC (r > 30 cm) can be clearly resolved. The detailed study of the CDF material distribution using ∼ 200000 conversion candidates in 1992-1993 data is described in [28].

For each photon conversion candidate in an event, we searched for B^0_d → K^{∗0}γ and B^0_s → ϕγ decays. A B^0_d candidate was formed by the photon conversion candidate and a pair of oppositely charged tracks. The two “meson tracks” were required to be reconstructed in the SVX with hits in at least 3 layers. In addition, the transverse momenta had to exceed 0.5 GeV/c for each track and 2 GeV/c for the two-track system. A fit was performed with the following topological constraints: (1) the meson tracks originate from a common vertex; (2) the photon conversion candidate points back to the meson decay vertex; and (3) the fourtrack system points back to the primary vertex, which was defined to be the pp̄ collision point nearest in z to the trigger electron track’s closest approach to the beamline. We required the CL of the fit to be greater than 0.1%. The B^0_d candidate was then accepted if the reconstructed K^{∗0} mass was within ±80 MeV/c^2 of the world average value. Both K^+π^− and π^+K^− mass assignments were considered for the K^{∗0} candidate, and the assignment giving a value closer to the world average was chosen. We also required that the pseudorapidity of the B candidate |η_B | be less than 1. Finally, we selected candidates with lifetime ct > 100 μm and I_B > 0.7 (See Section IV A).

The selection of B^0_s candidate proceeded on similar lines, except both tracks were assigned kaon masses and the mass window was ±10 MeV/c^2 around the world average.

At this point, there were 15 K^{∗0}γ and one ϕγ events within 100 MeV/c^2 of the corresponding world average B masses. As previously noted, the mass resolution of the reconstructed B mesons is about 45 MeV/c^2. We refined this selection by tightening the p_T cut on the two-track system and by applying impact parameter significance cuts to the individual meson tracks. The thresholds were optimized by maximizing ϵ_{sig}/√ϵ_{bg}, where ϵ_{sig} and ϵ_{bg} are the efficiencies for the signal and background events found in the ±100 MeV/c^2 window around the B masses. The signal efficiency was obtained from Monte Carlo calculations similar to that of Method I (see Section IV C), while ϵ_{bg} was estimated by interpolating the observed yields in the mass sidebands, defined to extend from 200 to 1200 MeV/c^2 above and below the average mass, through the signal region. For the B^0_d channel, the optimized selection cuts were p_T (Kπ) > 2.75 GeV/c and |d/σ_d| > 4.5 for both meson tracks. Figure 9(top) shows the K^{∗0}γ mass distribution after these cuts. Any further cuts, for example on the proper decay length, did not improve ϵ_{sig}/√ϵ_{bg}. One candidate remained in the B^0_d signal region; the expected background is 0.6 ± 0.3 events.

For the B^0_s channel, the optimized selection cuts were p_T (KK) > 2.25 GeV/c and |d/σ_d| > 3.0. The resulting invariant mass distribution is shown in Figure 10(top). No candidates were found in the signal region, where we expected a background of 0.1 ± 0.1 events.

The decay Λ^0_b → Λ(→ pπ^−)γ is topologically distinct from the meson decays. Since the Λ has a long lifetime, with ct ∼ 8 cm, it decays outside the SVX fiducial volume ∼ 85% of the time, and thus only 15% of the Λ decays are expected to have associated SVX tracks. We therefore first reconstructed Λ’s without using SVX information. The higher-p_T track of the track pair was assumed to be the proton, and was required to have p_T > 1.5 GeV/c while the pion had to have p_T > 0.4 GeV/c. The energy loss dE/dx for both tracks had to be consistent with expectations. A vertex-constrained fit of the track pair was accepted if its CL exceeds 0.1%. Photon conversions, a major source of background for Λ → pπ^− decays, were rejected here by eliminating those track pairs which could be fit with the conversion hypothesis. Finally, the track pair was accepted as a “CTC-Λ” candidate if the distance of the decay vertex from the nominal beamline exceeded 1 cm.

If both the proton and pion tracks had at least two SVX hits, the vertex-constrained fit was redone using the SVX information. Again, the CL of the fit was required to be greater than 0.1%. We also required the SVX layer hit pattern to be consistent with the expectation from the reconstructed Λ decay. For example, if the Λ decay vertex was between the second and third of the four SVX layers, we required that the tracks have exactly two hits in the outermost layers. About 10% of the “CTC-Λ” candidates satisfied the above requirements and were thus reclassified as “SVX-Λ” candidates.

A Λ^0_b candidate was formed by a photon conversion and a Λ candidate. From the CTC-Λ candidates, we reconstructed “CTC-Λ^0_b ” candidates with a constraint that both the Λ and the photon point back to the primary vertex. This constraint improved the Λ^0_b mass resolution from 75 MeV/c^2, without the constraint, to 50 MeV/c^2. For the SVX-Λ candidates, however, only the photon was constrained to point back to the primary vertex, while the Λ trajectory was required only to point backwards to within 2 cm in z of the primary vertex. The typical Λ^0_b mass for these “SVX-Λ^0_b ” candidates is also 50 MeV/c^2. In both cases, we required the CL of the constrained fit to exceed 0.1%. We then recalculated the Λ mass given the constraints and required that it fell within ±3 MeV/c^2 of the world average Λ mass. The typical Λ mass resolutions are 2.5 MeV/c^2 for CTC-Λ^0_b candidates, and 1.5 MeV/c^2 for SVX-Λ^0_b .

We improved the sample purity by requiring large impact parameters, recalculated after the constrained fit, for the proton and pion tracks. In the SVX-Λ^0_b case, the impact parameter resolution was good enough to require at least 3σ_d inconsistency with the primary vertex. In the CTC-Λ^0_b case, however, we noted that the proton carries most of the momentum of its parent and required only |d/σ_d| > 0.5 inconsistency. The pion from Λ^0 decay is more likely to have a large impact parameter, so we required |d/σ_d| > 2. Finally, we selected Λ^0_b pseudorapidity |η_Λ0_b | < 1 and isolation I_B > 0.7, as before. After these selection cuts, we found 23 CTC-Λ^0_b and 2 SVX-Λ^0_b candidates in the ±100 MeV/c^2 window around the world average Λ^0_b mass.

The SVX-Λ^0_b candidates were further refined by considering the signed impact parameter of the Λ’s. The sign is defined as positive when the crossing point of the Λ and the Λ^0_b momenta lies in the hemisphere containing the Λ^0_b , as should be the case for real Λ^0_b decays. The typical resolution of the signed impact parameter is 40 μm. Following the same optimization procedure as before, we find that a cut value of 70 μm maximizes ϵ_{sig}/√ϵ_{bg}. No candidates survived this cut, while the expected background is 0.1 ± 0.1 events.

Since the CTC-Λ^0_b ’s lack the improved impact parameter resolutions of the SVX, we reinforced the kinematic requirements by requiring the p_T of the Λ to be greater than 4 GeV/c. Two candidates remained in the signal region, and the expected background is 3.3 ± 0.6 events. Combining the CTC and SVX samples, we found two candidates in the signal region with an expected background of 3.4 ± 0.6 events. The invariant mass distribution is shown in Figure 11 (top).

B. Reference Signal Reconstruction

The reference signal for this analysis method consists of B^−_u → J/ψ(→ e^+e^−)K^− decays. A J/ψ → e^+e^− candidate was formed by the electron candidate and an oppositely charged track with p_T > 1 GeV/c. We required the partner track to exhibit energy loss in the CTC and deposition in the CEM in a manner consistent with being an electron. The two tracks were then subject to a vertex-constrained fit, and its CL is required to be greater than 0.1%. The dielectron invariant mass distribution is shown in Figure 12. The ratio of signal to background S/B is approximately 1/2 in the 2.8 to 3.2 GeV/c^2 mass range. The backgrounds are mostly combinatorial, involving hadrons misidentified as the partner electron. The low-mass tail on the signal is due to photon bremsstrahlung on the electron tracks. A fit of the mass distribution with two Gaussians and a second-order polynomial yields ∼ 8000 J/ψ → e^+e^− events.

The J/ψ candidates were then combined with a track with p_T > 2 GeV/c. We required that all three tracks incorporate at least 3 SVX hits. We constrained the tracks to a common vertex pointing back to the primary vertex and accepted the combination if the CL of this fit exceeded 0.1%. We also required that the candidate trajectory fall within the pseudorapidity range |η_B | < 1, have proper lifetime ct > 100 μm, and isolation I_B > 0.7. The resulting M(eeK) mass distribution shows the same low-mass bremsstrahlung tail as the M(ee) distribution; in order to correct for it and, at the same time, compensate for the resolution lost because of the electron momentum uncertainty, we plot M(eeK)−M(ee)+M_{J/ψ} , where M_{J/ψ} is the world average J/ψ mass, instead of M(eeK). The resolution on this compensated mass is typically 25 MeV/c^2, whereas it is typically 50 MeV/c^2 for M(eeK) alone.

After the above selection, we have 48 J/ψ candidates with S/B ∼ 10 in the ±100 MeV/c^2 window around the world average B^−_u mass. Further requirements, determined by the cut optimizations on the different radiative decays, were applied to this sample in order to achieve as much cancellation of the systematic uncertainties as possible. To compare with the B^0_d → K^{∗0}γ decays shown in Figure 9(bottom), these requirements are p_T (K) > 2.75 GeV/c and |d(K)/σ_d| > 4.5. The signal yields were calculated by subtracting the backgrounds estimated from the sidebands, which range from 200 to 300 MeV/c^2 above and below the B^−_u mass. The yield is 28.0 ± 5.8 events. In the B^0_s → ϕγ case shown in Figure 10(bottom), the cuts are p_T (K) > 2.25 GeV/c and |d(K)/σ_d| > 3, yielding 35.0 ± 6.4 events. For the Λ^0_b → Λγ case, only the p_T (K) > 4 GeV/c cut was applied. The yield, shown in Figure 11(bottom), is 24.0 ± 5.3 events.

C. Efficiencies

Because no significant excesses over backgrounds were observed in any of the radiative decay modes investigated, we set upper limits on the branching fractions. As in Method I, we start from the ratios between the number of observed signal and reference decays. Since these decays were reconstructed in the same data set, the b quark production cross section and the integrated luminosity of the data cancel in this ratio. The fragmentation fractions, branching fractions, and total reconstruction efficiencies, on the other hand, do not cancel in principle, and their ratios must be estimated. We write the following relations: B(B^0_d → K^{∗0}γ) = B(B^−_u → J/ψK^−) × N_K∗0_γ N_{J/ψK} × [ f_d f_u B(K^{∗0} → K^−π^+) B(J/ψ → e^+e^−) ϵ_K∗0_γ ϵ_{J/ψK} ]_{−1} , (8) B(B^0_s → ϕγ) = B(B^−_u → J/ψK^−) × N_{ϕγ} N_{J/ψK} × [ f_s f_u B(ϕ → K^+K^−) B(J/ψ → e^+e^−) ϵ_{ϕγ} ϵ_{J/ψK} ]_{−1} , (9)

B(Λ^0_b → Λγ) = B(B^−_u → J/ψK^−) · N_{Λγ} N_{J/ψK} × [f_{Λ0} b f_u B(Λ → pπ^−) B(J/ψ → e^+e^−) ϵ_{Λγ} ϵ_{J/ψK} ]_{−1} . (10)

The branching fractions [4] and fragmentation fractions [20] which we used are listed in Table III. The remainder of the calculation concerns the efficiency ratios. The efficiency ratios for most kinematic and geometric requirements, including those on E_T , p_T , masses, ct, impact parameters, and fit constraints, can be reliably calculated with simulation, as in Method I. Likewise, the effect of the electron trigger can be calculated by applying an efficiency curve as a function of electron E_T and p_T to the Monte Carlo samples, where the curve is based on measurements using unbiased data collected with independent triggers.

We assume that the B isolation cut efficiencies cancel exactly in the ratio, since, unlike in Method I, the reference decay is fully reconstructed.

The effect of the tracking efficiencies on the ratio is also mostly included in the Monte Carlo calculation, but since the radiative b decay leaves four tracks and the reference decay only three, we accounted for the second meson track by multiplying the Monte Carlo efficiency by the integrated CTC tracking efficiency, 0.96 ± 0.02, estimated by embedding simulated tracks in CDF data [25] (see Section IV C). As previously noted, the Monte Carlo simulation already models the SVX efficiency, and thus no further correction to the tracking efficiency is needed.

Effects which do not cancel in the ratio include the efficiencies of the quality cuts for the J/ψ partner electron, the Λ → pπ^− selection, and the conversion probabilities.

The quality cut efficiency of the J/ψ partner electron was estimated from the J/ψ candidates themselves to be 0.75 ± 0.03 by counting the number of the J/ψ signals before and after the quality cut. In a similar manner, the Λ quality cut efficiency was estimated to be 0.72±0.02. We investigated the effect of the photon conversion probability in detail because it dominates the total efficiency differences between the radiative b decays and the reference decay.

The detector simulation, described in Section IV C, also simulates photon conversions. The material distribution of the CDF inner detector used by the simulation is based on previous photon conversion measurements and a careful accounting of the material of the CTC inner wall which is known to be (1.26 ± 0.06)% of a radiation length. We calibrated the simulation by normalizing the conversions simulated in the CTC inner wall with the rate seen in the data. The data used consists of the B^0_d → K^{∗0}γ candidates, but with loose selection cuts on ct, I_B , and mass to increase the sample size. The resulting conversion probability from the Monte Carlo calculations is ∼ 6%. The simulation was analyzed in the same manner as the data; in this way, the non-uniformity in the material distribution and the consequent dependence of the conversion probability on the physics process and event selection criteria was included in the simulation calibration. In particular, requiring the meson tracks to be reconstructed in the SVX, as is the case in the B^0_d and B^0_s samples, implies that most of the photons will pass through approximately 1%X_0 more material than those in events where the tracks lie outside the SVX fiducial volume. On the other hand, the Λ^0_b analysis makes no SVX requirements on the tracks; since 50% of such photons are outside the SVX volume, they traverse, on average, ∼ 0.5%X_0 less material compared to the B meson case. The process dependent scale factors which relate the data samples to the simulation normalization are found to be 0.89 ± 0.05 for the B^0_d and B^0_s decays, and 0.95 ± 0.05 for the Λ^0_b decay.

Table III shows a summary of the efficiency estimates for each of the decay modes. For example, the ratio for B^0_d → K^{∗0}γ is given by 0.064 × 0.89 × (0.96/0.75), where 0.064 is the Monte Carlo efficiency ratio, 0.89 is the conversion probability scale factor, 0.96 is the CTC tracking efficiency for the second meson track, and 0.75 is the partner electron quality cut efficiency for the J/ψ → e^+e^− decay in the reference sample. As expected, the efficiency ratio is around 6%, largely due to the conversion probability.

The single event sensitivities defined by Eqs. 5 and 8–10 are also shown in Table III. They are 4.4 × 10^{−5} for B^0_d, 9.5 × 10^{−5} for B^0_s, and 2.8 × 10^{−4} for Λ^0_b . The differences among the sensitivities are dominated by the differences among the b quark fragmentation fractions.

D. Systematic uncertainties

Table IV summarizes the sources of systematic uncertainties for each of the decay modes considered in this analysis. One of the largest uncertainties arises from the statistical uncertainty in the J/ψK yield, contributing 21% for B^0_d, 18% for B^0_s, and 22% for the Λ^0_b channel. The uncertainty due to the input branching fractions is dominated by that of B(B^−_u → J/ψK^−), and we assign it 11% for all the decay modes.

The other major source of systematic uncertainty is the measurement of the fragmentation fractions f_s/f_u and f_Λ0_b /f_u [20]. These fractions were measured at CDF using the decays B^0_s → e^−D^+_s X and Λ^0_b → e^−Λ^+_c X, normalized to B^−_u → e^−D^0X. Their quoted uncertainties are 18% for f_s/f_u and 35% for f_Λ0_b /f_u, but these values include a 6% uncertainty, originating from the b hadron p_T spectrum, which is fully correlated with the corresponding uncertainty in this analysis. We thus reduced the quoted uncertainties by 6% in quadrature and obtained a 17% systematic uncertainty due to f_s/f_u and 34% due to f_Λ0_b /f_u.

We confirmed that changing the b quark p_T spectrum does not contribute any systematic uncertainty, since this spectrum is common to all the decay modes, by changing the Monte Carlo generation parameters from their nominal values m_b = 4.75 GeV/c^2 and μ = μ_0. The b quark mass was changed to 4.5 and 5.0 GeV/c^2, and the renormalization scale was changed to μ_0/2 and 2μ_0. Individual efficiencies for the radiative and B^−_u → J/ψK^− decays vary by ∼ 20%, but the efficiency ratios remain, as expected, stable within the uncertainties of the finite Monte Carlo samples.

Small systematic uncertainties are contributed by efficiency factors which do not cancel in the ratio. For instance, for the photon conversion probability correction, which was evaluated to be 0.89 ± 0.05 for the B mesons, we assign a 6% systematic uncertainty. For the Λ^0_b case, the uncertainty is 5%. We assign a 4% systematic uncertainty for the quality cut efficiency on the partner electron in the J/ψ → e^+e^− decay, and 3% for the quality cut efficiency for reconstructing Λ → pπ^−. These two uncertainties arise from the data sample sizes used for the efficiency estimation. The CTC tracking efficiency contributes another 2% systematic uncertainty which comes from its instantaneous luminosity and electric charge dependence.

Another effect which does not cancel in the efficiency ratio is that the hadronic/electromagnetic energy ratio cut depends on the number of tracks pointing to the calorimeter cluster. This number is different for photon conversions and J/ψ → e^+e^− decays. About 45% of the conversion partners point to the same cluster as the trigger electron, while less than 1% of the partner electrons in J/ψ decay exhibit the same behavior. In principle, the effect of this difference can be estimated with a full simulation of the pp event, including b fragmentation products and multiple pp collisions. Instead, we estimated this systematic uncertainty to be about 5% based on the efficiency difference between the two different hadronic/electromagnetic energy ratio cuts on the J/ψ → e^+e^− candidates in the data.

Finally, the systematic uncertainties due to the finite Monte Carlo sample sizes in the efficiency calculations were all around 4%. When all these uncertainties were combined in quadrature, we found the total systematic uncertainties to be 26% for B^0_d, 29% for B^0_s, and 43% for Λ^0_b .

E. Results

The low background level for B^0_d and B^0_s radiative decays allows us to set limits on the branching fractions without background subtraction. For the Λ^0_b case, however, we account for the expected background level by using a simple simulation which generates the numbers of signal and background events in each trial according to the probability distributions P_{NCL,σsyst} (n) and P_{Nbg,σbg} (n), where P_{μ,σ}(n) is defined in Eq. 7. N_{CL} is the upper limit on the number of decays for a given CL, σ_{syst} is the systematic uncertainty on the signal yield, and N_{bg} is the number of background events with uncertainty σ_{bg}. The CL is given by the fraction of trials which has the total number of signal and background events exceeding the observed number of events N_{obs}, but still has fewer background events than N_{obs}.

We calculated N_{CL} to be 4.3 for B^0_d, 2.6 for B^0_s, and 4.5 for Λ^0_b at 90% CL, and 5.5, 3.5, and 6.8, respectively, at 95% CL. With the single event sensitivities listed in Table III, we obtained the limits on the branching fraction, B(B^0_d → K^{∗0}γ) < 1.9 × 10^{−4} (2.4 × 10^{−4}), B(B^0_s → ϕγ) < 2.5 × 10^{−4} (3.4 × 10^{−4}), and B(Λ^0_b → Λγ) < 1.3 × 10^{−3} (1.9 × 10^{−3}) at 90% (95%) CL.

VI. COMBINED LIMITS

Since the two analyses searching for B^0_d → K^{∗0}γ and B^0_s → ϕγ decays are statistically independent, we simply add the numbers of candidates found in each analysis. In total, there are two B^0_d candidates with an expected background of 0.6 ± 0.3 events, and no B^0_s candidates with an expected background of 0.1±0.1 events. The combination does not yield any significant excesses over the background level but does tighten the upper limits on the branching fractions.

The combined single event sensitivity of using both methods is given by S^{−1}_{I+II} = S^{−1}_I + S^{−1}_{II} and is 2.0 × 10^{−5} for B^0_d and 4.7 × 10^{−5} for B^0_s. The systematic uncertainties due to the generated p_T (B) spectrum, f_s/f_u, B(ϕ → K^+K^−), and CTC pattern recognition efficiency are fully correlated between the two methods and simply added together; the other systematic uncertainties are considered to be fully uncorrelated and are thus added in quadrature. We obtained 18% as the combined systematic uncertainty for B^0_d and 25% for B^0_s. We then calculated, without any background subtraction, the upper limits on the branching fractions B(B^0_d → K^{∗0}γ) < 1.1 × 10^{−4} (1.4 × 10^{−4}) and B(B^0_s → ϕγ) < 1.2 × 10^{−4} (1.6 × 10^{−4}) at 90% (95%) CL.

VII. CONCLUSIONS

We have searched for B^0_d → K^{∗0}(→ K^−π^+)γ, B^0_s → ϕ(→ K^+K^−)γ, Λ^0_b → Λ(→ pπ^−)γ, and their charge conjugate decays, using events produced in pp̄ collisions at √ s = 1.8 TeV and recorded by CDF. Two methods were employed.

In the first method, the photon was detected in the electromagnetic calorimeter as a cluster of energy. We designed and installed a dedicated trigger which, in addition to the photons, required information about the charged particles originating from the daughter meson. We collected 22.3 pb^{−1} of data with E_T (γ) > 10 GeV during 1995 and 6.6 pb^{−1} of data with E_T (γ) > 6 GeV during 1995–96.

In the second method, the photon was identified by an electron-positron pair produced through external photon conversion before the tracking detector volume. One of the conversion electrons with E_T > 8 GeV served as a trigger for event recording; no additional tracks coming from the daughter hadron decay were required. The trigger recorded 74 pb^{−1} of data from the 1994–96 period. We observed no significant signal in both the methods, and set upper limits on the branching fractions (Table V).

Combining the two analyses, we obtained upper limits on the branching fractions

B(B^0_d → K^{∗0}γ) < 1.4 × 10^{−4} B(B^0_s → ϕγ) < 1.6 × 10^{−4} B(Λ^0_b → Λγ) < 1.9 × 10^{−3}

at 95% CL. The result on the B^0_d → K^{∗0}γ decays is consistent with the measurements performed in the e^+e^− colliders [5–7]. The results on the B^0_s and Λ_b decays are the current lowest limit on these branching fractions and they are also consistent with the theoretical prediction that the B^0_s → ϕγ and B^0_d → K^{∗0}γ branching fractions are of the same magnitude [10].

ACKNOWLEDGMENTS

We thank the Fermilab staff and the technical staffs of the participating institutions for their vital contributions. This work was supported by the U.S. Department of Energy and the National Science Foundation; the Natural Sciences and Engineering Research Council of Canada; the Istituto Nazionale di Fisica Nucleare of Italy; the Ministry of Education, Science, Sports and Culture of Japan; the National Science Council of the Republic of China; and the A. P. Sloan Foundation.

REFERENCES

[1] S. L. Glashow, J. Iliopoulos and L. Maiani, Phys. Rev. D 2 1285 (1970). [2] M. Gronau and D. London, Phys. Rev. D 55, 2845 (1997); A. L. Kagan and M. Neubert, Phys. Rev. D 58, 094012 (1998).

[3] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963); M. Kobayashi and T. Maskawa, Prog.

Theor. Phys. 49, 652 (1973).

[4] C. Caso et al., Eur. Phys. J. C 3, 1 (1998).

[5] CLEO Collaboration, T. E. Coan et al., Phys. Rev. Lett. 84, 5283 (2000). [6] BABAR Collaboration, B. Aubert et al., Phys. Rev. Lett. 88, 101805 (2002). [7] BELLE collaboration, Y. Ushiroda, in B Physics and CP Violation. Proceedings, International Workshop BCP4, Ise-Shima, Japan, February 19-23, 2001, edited by T. Ohshima and A. I. Sanda., pp. 71-74.

[8] S. Ahmed, in Proceedings of the 4th International Symposium on Radiative Corrections (RADCOR 98): Applications of Quantum Field Theory to Phenomenology, Barcelona, Catalonia, Spain, 1998, edited by J. Sola (World Scientific, Singapore, 1999), p. 139.

[9] DELPHI Collaboration, W. Adam et al., Z. Phys. C 72, 207 (1996). [10] A. Ali, V. M. Braun, and H. Simma, Z. Phys. C 63, 437 (1994). [11] K. Kordas, Ph.D. thesis, McGill University, 2000. [12] M. Tanaka, Ph.D. thesis, University of Tsukuba, 2001.

[13] CDF Collaboration, F. Abe et al., Nucl. Instrum. Meth. A 271, 387 (1988). [14] P. Azzi et al., Nucl. Instrum. Meth. A 360, 137 (1995).

[15] F. Snider et al., Nucl. Instrum. Meth. A 268, 75 (1988). This is a reference for the previous generation of the device. The replacement for the Run I (1992-1996) datataking period has more modules, each with a shorter drift length, but otherwise similar to the original modules.

[16] F. Bedeschi et al., Nucl. Instrum. Meth. A 268, 50 (1988). [17] L. Balka et al., Nucl. Instrum. Meth. A 267, 272 (1988).

[18] D. Amidei et al., Nucl. Instrum. Meth. A 269, 51 (1988); J. T. Carroll et al., ibid. 300, 552 (1991).

[19] G. W. Foster et al., Nucl. Instrum. Meth. A 269, 82 (1988). [20] CDF Collaboration, T. Affolder et al. Phys. Rev. Lett. 84, 1663 (2000). [21] P. Nason, S. Dawson, and R. K. Ellis, Nucl. Phys. B327, 49 (1989); Erratum B335 260 (1990).

[22] A. D. Martin, W. J. Stirling, and R. G. Roberts, Phys. Rev. D 47, 867 (1993). [23] C. Peterson, D. Schlatter, I. Schmitt, and P. Zerwas, Phys. Rev. D 27, 105 (1983). [24] P. Avery, K. Read, and G. Trahern, Cornell Internal Note CSN-212, 1985 (unpublished).

We used version 6.1.

[25] CDF Collaboration, F. Abe et al., Phys. Rev. D 58, 072001 (1998). [26] CDF Collaboration, F. Abe et al., Phys. Rev. D 59, 032001 (1999). [27] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 75, 1451 (1995). [28] CDF Collaboration, T. Affolder et al., Phys. Rev. D 64, 052001 (2001).

FIGURES

FIG. 1. Feynman diagrams for the b → sγ and b → dγ penguin loops.

FIG. 2. The topology of the objects considered by the penguin trigger, shown on a schematic depiction of the CEM calorimeter with the beam pipe going perpedicularly through this page.

FIG. 3. Level 1, 2, and 3 trigger rates for the photon + 2 track trigger as a function of instantaneous luminosity in Run IB (open points). Total trigger rates for each stage are also shown (filled points).

FIG. 4. The B decay vertex and relevant quantities on the plane transverse to the beam. For clarity, only the B momentum and one of its’ charged daughters are shown.

FIG. 5. Top: γK^−π^+ invariant mass distribution for B^0_d → γK^{∗0}(→ K^−π^+). There is one candidate. Bottom: γK^+K^− invariant mass distribution for B^0_s → γϕ(→ K^+K^−). There are no candidates seen.

FIG. 6. Invariant mass distributions of the K^−π^+ combinations for B → e^−D^0(→ K^−π^+)X, decays in the Run IB (top) and IC (bottom) data. The right-sign distributions (points) are for same charge electrons and kaons, as should be the case if they are both products of the real B decay chain, whereas in the wrong-sign distributions (histograms) the kaon has opposite charge to the electron. By fitting a Gaussian and a straight line to the right-sign distributions we find 40.7 ± 7.3 and 27.4 ± 6.2 candidate B → e^−D^0(→ K^−π^+)X events in Runs IB and IC, respectively.

FIG. 7. Photon conversion vertex density in the x − y plane in the 74 pb^{−1} of CDF Run IB inclusive electron data. The fine structure of the CDF tracking detectors can be clearly resolved.

FIG. 8. Photon conversion vertex density in the r − z plane in the 74 pb^{−1} of CDF Run IB inclusive electron data. The fine structure of the CDF tracking detectors can be clearly resolved.

FIG. 9. Top: e^+e^−K^−π^+ invariant mass distribution for B^0_d → K^{∗0}(→ K^−π^+)γ(→ e^+e^−) in the 74 pb^{−1} of CDF Run IB inclusive electron data. Bottom: corresponding e^+e^−K^− invariant mass distribution for the B^−_u → J/ψ(→ e^+e^−)K^− reference decay. There are 28.0 ± 5.8 events after background subtraction.

FIG. 10. Top: e^+e^−K^+K^− invariant mass distribution for B^0_s → ϕ(→ K^+K^−)γ(→ e^+e^−) in the 74 pb^{−1} of CDF Run IB inclusive electron data. Bottom: corresponding e^+e^−K^− invariant mass distribution for the B^−_u → J/ψ(→ e^+e^−)K^− reference decay. There are 35.0 ± 6.4 events after background subtraction.

FIG. 11. Top: e^+e^−pπ^− invariant mass distribution for Λ^0_b → Λ(→ pπ^−)γ(→ e^+e^−) in the 74 pb^{−1} of CDF Run IB inclusive electron data. Bottom: corresponding e^+e^−K^− invariant mass distribution for the B^−_u → J/ψ(→ e^+e^−)K^− reference decay. There are 24.0 ± 5.3 events after background subtraction.

FIG. 12. Dielectron invariant mass distribution of the J/ψ → e^+e^− candidates in the 74 pb^{−1} of CDF Run IB inclusive electron data. The number of the J/ψ → e^+e^− events obtained by fitting the mass distribution to a function of 2 Gaussians and a polynomial is ∼ 8000.

TABLES TABLE I. Ingredients for the calculation of the branching fractions of B^0_d → K^{∗0}γ and B^0_s → ϕγ decays in Method I according to Eqs. (3) and (4).

B^0_d → K^{∗0}γ B^0_s → ϕγ Run IB Run IC Run IB Run IC N_{obs} (events) 0 1 0 0 N_{bg} (events) 0.9 ± 0.4 0.2 ± 0.2 < 0.54 (90% CL) < 0.54 (90% CL) N_{eD}0 (events) 40.7 ± 7.3 27.4 ± 6.2 40.7 ± 7.3 27.4 ± 6.2

f_{d,s} / (f_u + f_d) 1/2 0.213 ± 0.038 B(K^{∗0} → K^−π^+) 2/3 — B(ϕ → K^+K^−) — 0.491 ± 0.008 B(B → e^−D^0X) · B(D^0 → K^−π^+) (2.94 ± 0.4) × 10^{−3} (2.94 ± 0.4) × 10^{−3}

ϵ_{signal} / ϵ_{eD}0 2.65 2.01 3.50 2.48 L_{peng} / L_{eX} 22.3/16.2 6.6/4.2 22.3/16.2 6.6/4.2 Single event sensitivity 5.94 × 10^{−5} 10.2 × 10^{−5} 1.44 × 10^{−4} 2.64 × 10^{−4} Combined 3.75 × 10^{−5} 9.29 × 10^{−5}

TABLE II. Systematic uncertainties on the branching fractions of B^0_d → K^{∗0}γ and B^0_s → ϕγ decays in Method I.

B^0_d → K^{∗0}γ B^0_s → ϕγ Source Run IB Run IC Run IB Run IC eD^0 statistics 18% 23% 18% 23% Monte Carlo statistics 2% 2% 2% 2% Composition of e + D^0 sample 12% 11% 12% 11% p_T (B) distribution 3% 3% 5% 2% CEM E_T cut efficiency 7% 7% 8% 8% CFT efficiency 3% 3% 3% 3% CTC pattern recognition 2% 2% 2% 2% XCES efficiency 2% 2% 2% 2% Isolation efficiency 2% 2% 2% 2% f_s/ (f_u + f_d) — 18% B(B → e^−D^0X) · B(D^0 → K^−π^+) 14% 14% B(ϕ → K^+K^−) — 2% Total systematic uncertainty 27% 30% 33% 36% Combined 25% 31%

TABLE III. Ingredients for the calculation of the branching fractions of B^0_d → K^{∗0}γ, B^0_s → ϕγ, and Λ^0_b → Λγ decays in Method II according to Eqs. (8)–(10).

B^0_d → K^{∗0}γ B^0_s → ϕγ Λ^0_b → Λγ N_{obs} (events) 1 0 2 N_{bg} (events) 0.6 ± 0.3 0.1 ± 0.1 3.4 ± 0.6 N_{J/ψK} (events) 28.0 ± 5.8 35.0 ± 6.4 24.0 ± 5.3

f_{d,s,Λb} / f_u 1 0.426 ± 0.076 0.236 ± 0.082 B(K^{∗0} → K^−π^+) 2/3 — — B(ϕ → K^+K^−) — 0.491 ± 0.008 — B(Λ → pπ^−) — — 0.639 ± 0.005 B(B^−_u → J/ψK^−) (0.99 ± 0.10) × 10^{−3} (0.99 ± 0.10) × 10^{−3} (0.99 ± 0.10) × 10^{−3} B(J/ψ → e^+e^−) (6.02 ± 0.19) × 10^{−2} (6.02 ± 0.19) × 10^{−2} (6.02 ± 0.19) × 10^{−2}

CTC tracking 0.960 ± 0.020 0.960 ± 0.020 0.960 ± 0.020 J/ψ partner electron 0.749 ± 0.028 0.749 ± 0.028 0.749 ± 0.028 Λ quality cut — — 0.721 ± 0.018 X_T (DATA)/ X_T (MC) 0.889 ± 0.052 0.889 ± 0.052 0.954 ± 0.047

[ ϵ_{signal} / ϵ_{J/ψK} ] MC 0.0644 0.0748 0.0666 ϵ_{signal} / ϵ_{J/ψK} 0.0733 0.0853 0.0588 Single event sensitivity 4.36 × 10^{−5} 9.54 × 10^{−5} 2.80 × 10^{−4}

TABLE IV. Summary of the systematic uncertainties for Method II.

B^0_d → K^{∗0}γ B^0_s → ϕγ Λ^0_b → Λγ J/ψK statistics 21% 18% 22% MC statistics 4% 3% 4% Conversion probability 6% 6% 5% J/ψ partner electron 4% 4% 4% Λ dE/dx — — 3% CTC pattern recognition 2% 2% 2% HAD/EM 5% 5% 5% Fragmentation fractions 0% 17% 34% Branching fractions 11% 11% 11% Total 26% 29% 43%

TABLE V. Summary of the branching fraction limits.

B^0_d → K^{∗0}γ B^0_s → ϕγ Λ^0_b → Λγ Confidence level 90% 95% 90% 95% 90% 95% Method I 1.6 × 10^{−4} 2.1 × 10^{−4} 2.5 × 10^{−4} 3.3 × 10^{−4} – – Method II 1.9 × 10^{−4} 2.4 × 10^{−4} 2.5 × 10^{−4} 3.4 × 10^{−4} 1.3 × 10^{−3} 1.9 × 10^{−3} Combined 1.1 × 10^{−4} 1.4 × 10^{−4} 1.2 × 10^{−4} 1.6 × 10^{−4} 1.3 × 10^{−3} 1.9 × 10^{−3}

FIG. 1. Feynman diagrams for the b → sγ and b → dγ penguin loops.

FIG. 2. The topology of the objects considered by the penguin trigger, shown on a schematic depiction of the CEM calorimeter with the beam pipe going perpedicularly through this page.

FIG. 3. Level 1, 2, and 3 trigger rates for the photon + 2 track trigger as a function of instantaneous luminosity in Run IB (open points). Total trigger rates for each stage are also shown (filled points).

FIG. 4. The B decay vertex and relevant quantities on the plane transverse to the beam. For clarity, only the B momentum and one of its’ charged daughters are shown.

FIG. 5. Top: γK^−π^+ invariant mass distribution for B^0_d → γK^{∗0}(→ K^−π^+). There is one candidate. Bottom: γK^+K^− invariant mass distribution for B^0_s → γϕ(→ K^+K^−). There are no candidates seen.

FIG. 6. Invariant mass distributions of the K^−π^+ combinations for B → e^−D^0(→ K^−π^+)X, decays in the Run IB (top) and IC (bottom) data. The right-sign distributions (points) are for same charge electrons and kaons, as should be the case if they are both products of the real B decay chain, whereas in the wrong-sign distributions (histograms) the kaon has opposite charge to the electron. By fitting a Gaussian and a straight line to the right-sign distributions we find 40.7 ± 7.3 and 27.4 ± 6.2 candidate B → e^−D^0(→ K^−π^+)X events in Runs IB and IC, respectively.

FIG. 7. Photon conversion vertex density in the x − y plane in the 74 pb^{−1} of CDF Run IB inclusive electron data. The fine structure of the CDF tracking detectors can be clearly resolved.

FIG. 8. Photon conversion vertex density in ther − z plane in the 74 pb^{−1} of CDF Run IB inclusive electron data. The fine structure of the CDF tracking detectors can be clearly resolved.

FIG. 9. Top: e^+e^−K^−π^+ invariant mass distribution for B^0_d → K^{∗0}(→ K^−π^+)γ(→ e^+e^−) in the 74 pb^{−1} of CDF Run IB inclusive electron data. Bottom: corresponding e^+e^−K^− invariant mass distribution for the B^−_u → J/ψ(→ e^+e^−)K^− reference decay. There are 28.0 ± 5.8 events after background subtraction.

FIG. 10. Top: e^+e^−K^+K^− invariant mass distribution for B^0_s → ϕ(→ K^+K^−)γ(→ e^+e^−) in the 74 pb^{−1} of CDF Run IB inclusive electron data. Bottom: corresponding e^+e^−K^− invariant mass distribution for the B^−_u → J/ψ(→ e^+e^−)K^− reference decay. There are 35.0 ± 6.4 events after background subtraction.

FIG. 11. Top: e^+e^−pπ^− invariant mass distribution for Λ^0_b → Λ(→ pπ^−)γ(→ e^+e^−) in the 74 pb^{−1} of CDF Run IB inclusive electron data. Bottom: corresponding e^+e^−K^− invariant mass distribution for the B^−_u → J/ψ(→ e^+e^−)K^− reference decay. There are 24.0 ± 5.3 events after background subtraction.

FIG. 12. Dielectron invariant mass distribution of the J/ψ → e^+e^− candidates in the 74 pb^{−1} of CDF Run IB inclusive electron data. The number of the J/ψ → e^+e^− events obtained by fitting the mass distribution to a function of 2 Gaussians and a polynomial is ∼ 8000.