Study of orbitally excited B mesons and evidence for a new B7 resonance

T. Aaltonen,?! S. Amerio** 39 D. Amidei,®! A. Anastassov®”,'®> A. Annovi,!” J. Antos,'? G. Apollinari,'®
J.A. Appel,’® T. Arisawa,’? A. Artikov,'3 J. Asaadi,*” W. Ashmanskas,'® B. Auerbach,? A. Aurisano,*” F. Azfar 38
W. Badgett,'® T. Bae,?® A. Barbaro-Galtieri,?® V.E. Barnes,*3 B.A. Barnett,?® J. Guimaraes da Costa,2’
P. Barria™™ 4! P. Bartos,'? M. Bauce** 3? F. Bedeschi,*! S. Behari,'> G. Bellettini’,*! J. Bellinger,>*
D. Benjamin,'* A. Beretvas,'® A. Bhatti,*> K.R. Bland,” B. Blumenfeld,?* A. Bocci,'* A. Bodek,** D. Bortoletto,*
J. Boudreau,*? A. Boveia,'! L. Brigliadori’/,® C. Bromberg,?? E. Brucken,?' J. Budagov,'® H.S. Budd,**
K. Burkett,'® G. Busetto®* 3% P. Bussey,'” P. Butti’,*' A. Buzatu,'® A. Calamba,'® S. Camarda,* M. Campanelli,?®
F. Canelli% ! B. Carls,?? D. Carlsmith,”* R. Carosi,*' S. Carrillo,'® B. Casal’,’ M. Casarsa,*® A. Castro’/ 0
P. Catastini,?® D. Cauz""*%,*8 V. Cavaliere,?? M. Cavalli-Sforza,* A. Cerri®,26 L. Cerrito”,?® Y.C. Chen,!
M. Chertok,” G. Chiarelli,*! G. Chlachidze,'® K. Cho,?® D. Chokheli,'® A. Clark,'® C. Clarke,’® M.E. Convery,'®
J. Conway,” M. Corbo?,'®> M. Cordelli,'” C.A. Cox,” D.J. Cox,” M. Cremonesi,*! D. Cruz,*” J. Cuevas?,?
R. Culbertson,'® N. d’Ascenzo?,'® M. Datta??,'> P. de Barbaro,** L. Demortier,*> M. Deninno,% M. D’Errico* 3°
F. Devoto,?! A. Di Canto!,*! B. Di Ruzza?,'® J.R. Dittmann,® S. Donati’,*' M. D’Onofrio,?” M. Dorigo®?,*®
A. Driutti""** *® K. Ebina,”? R. Edgar,3' A. Elagin,*” R. Erbacher,” S. Errede,?? B. Esham,?? S. Farrington,®
M. Feindt,?* J.P. Ferndndez Ramos,? R. Field,'® G. Flanagan®,'® R. Forrest,” M. Franklin,?° J.C. Freeman,'®
H. Frisch,' Y. Funakoshi,’? C. Galloni,*! A.F. Garfinkel,*® P. Garosi™™ 4! H. Gerberich,?? E. Gerchtein,'®
S. Giagu,*® V. Giakoumopoulou,® K. Gibson,*?> C.M. Ginsburg,'® N. Giokaris,? P. Giromini,!” G. Giurgiu,??

V. Glagolev,'? D. Glenzinski,'® M. Gold,** D. Goldin,*” A. Golossanov,'® G. Gomez,” G. Gomez-Ceballos,>°
M. Goncharov,?® O. Gonzalez Lépez,?? 1. Gorelov,>* A.T. Goshaw,'* K. Goulianos,*® E. Gramellini,® S. Grinstein,*
C. Grosso-Pilcher,"! R.C. Group,”™!® S.R. Hahn,'® J.Y. Han,** F. Happacher,'” K. Hara,*® M. Hare,*°
R.F. Harr,’® T. Harrington-Taber™,'> K. Hatakeyama,® C. Hays,>® M. Heck,?* J. Heinrich,*® M. Herndon,>*

A. Hocker,'® Z. Hong,*” W. Hopkins/,'® S. Hou,! R.E. Hughes,® U. Husemann,®® M. Hussein?®,3? J. Huston,3?
G. Introzzi®®P? 1 M. Tori??,6 A. Ivanov®,” E. James,'® D. Jang,'? B. Jayatilaka,'® E.J. Jeon,?® S. Jindariani,!®
M. Jones,®® K.K. Jo0,2®> S.Y. Jun,'® T.R. Junk,'® M. Kambeitz,2* T. Kamon,?>4” P.E. Karchin,®® A. Kasmi,®
Y. Kato™,3” W. Ketchum”* 't J. Keung,*° B. Kilminster??,'> D .H. Kim,?® H.S. Kim,?® J.E. Kim,?® M.J. Kim,!”
S.H. Kim,* S.B. Kim,?® Y.J. Kim,?® Y.K. Kim,'! N. Kimura,??> M. Kirby,'® K. Knoepfel,'® K. Kondo,?? *
D.J. Kong,?® J. Konigsberg,'® A.V. Kotwal,'* M. Kreps,2* J. Kroll,4° M. Kruse,'* T. Kuhr,?* M. Kurata,*’
A.T. Laasanen,*® S. Lammel,'® M. Lancaster,?® K. Lannon®,%®> G. Latino™”,*! H.S. Lee,?® J.S. Lee,?® S. Leo,*
S. Leone,* J.D. Lewis,'® A. Limosani®,'* E. Lipeles,*® A. Lister®,'® H. Liu,°’ Q. Liu,*® T. Liu,'® S. Lockwitz,>®
A. Loginov,*® D. Lucchesi®* 3% A. Luca,'” J. Lueck,?* P. Lujan,2® P. Lukens,'® G. Lungu,*® J. Lys,?6 R. Lysak?,'?
R. Madrak,'® P. Maestro™™ 4! S. Malik,*> G. Manca® 2" A. Manousakis-Katsikakis,? L. Marchese?,® F. Margaroli,*6

P. Marino™ *! M. Martinez,* K. Matera,?? M.E. Mattson,”® A. Mazzacane,'® P. Mazzanti,® R. McNulty?,2”
A. Mehta,2” P. Mehtala,?! C. Mesropian,*® T. Miao,'® D. Mietlicki,>' A. Mitra,! H. Miyake,*® S. Moed,'®
N. Moggi,® C.S. Moon?,'® R. Moore®*f/ 1> M.J. Morello™ 4" A. Mukherjee,'> Th. Muller,2* P. Murat,'®
M. Mussini?/,® J. Nachtman™,'® Y. Nagai,* J. Naganoma,®? I. Nakano,?® A. Napier,’° J. Nett,*” C. Neu,?!
T. Nigmanov,*? L. Nodulman,? S.Y. Noh,?®> O. Norniella,??2 L. Oakes,?® S.H. Oh,'* Y.D. Oh,?® I. Oksuzian,?!
T. Okusawa,?” R. Orava,?! L. Ortolan,* C. Pagliarone,*® E. Palencia®,” P. Palni,** V. Papadimitriou,'®
W. Parker,’* G. Pauletta™ 48 M. Paulini,'? C. Paus,* T.J. Phillips,!* G. Piacentino,*! E. Pianori,*° J. Pilot,”
K. Pitts,?2 C. Plager,® L. Pondrom,** S. Poprocki/,'®> K. Potamianos,?® A. Pranko,?® F. Prokoshin®®,'3
F. Ptohos?,'” G. Punzi,*! N. Ranjan,*? I. Redondo Fernandez,?° P. Renton,?® M. Rescigno,*® F. Rimondi,% *
L. Ristori,*" ' A. Robson,'® T. Rodriguez,*® S. Rolli”,>* M. Ronzani’,*! R. Roser,'®> J.L. Rosner,'! F. Ruffini”™ 4!
A. Ruiz,” J. Russ,'® V. Rusu,’® W.K. Sakumoto,** Y. Sakurai,®® L. Santi"**,*® K. Sato,*® V. Saveliev?,!®
A. Savoy-Navarro®,'® P. Schlabach,'® E.E. Schmidt,'® T. Schwarz,?' L. Scodellaro,’ F. Scuri,*! S. Seidel,3*
Y. Seiya,3” A. Semenov,' F. Sforzal’,*! S.Z. Shalhout,” T. Shears,?” P.F. Shepard,*?> M. Shimojima®,*’

M. Shochet,'! A. Simonenko,"® K. Sliwa,?® J.R. Smith,” F.D. Snider,'® H. Song,*? V. Sorin,* R. St. Denis,'?
M. Stancari,'® D. Stentz®,'® J. Strologas,?* Y. Sudo,*® A. Sukhanov,' I. Suslov,'® K. Takemasa,® Y. Takeuchi,*’
J. Tang,'* M. Tecchio,®' I. Shreyber-Tecker,® P.K. Teng," J. Thom/,'® E. Thomson,*® V. Thukral,*’

D. Toback,*” S. Tokar,'? K. Tollefson,??> T. Tomura,*® D. Tonelli®,'® S. Torre,'” D. Torretta,'® P. Totaro,>’

M. Trovato™,*! F. Ukegawa,*® S. Uozumi,?® F. Vazquez','6 G. Velev,'® C. Vellidis,'> C. Vernieri””,*! M. Vidal,*
R. Vilar,? J. Vizan®,® M. Vogel,>* G. Volpi,'” P. Wagner,*® R. Wallny’,'®> S.M. Wang,! D. Waters,?®
W.C. Wester II1,'> D. Whiteson®,%® A.B. Wicklund,? S. Wilbur,” H.H. Williams,*® J.S. Wilson,?! P. Wilson,!®
B.L. Winer,?® P. Wittich/,'> S. Wolbers,'® H. Wolfe,?®> T. Wright,3! X. Wu,'® Z. Wu,”> K. Yamamoto,*”



D. Yamato,?” T. Yang,'® U.K. Yang,?®> Y.C. Yang,?® W.-M. Ya0,26 G.P. Yeh,'® K. Yi™,'® J. Yoh,'?
K. Yorita,?® T. Yoshida* 37 G.B. Yu," I. Yu,?®> A.M. Zanetti,*® Y. Zeng,'* C. Zhou,"* and S. Zucchelli’76

(CDF Collaboration): f

! Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China
? Argonne National Laboratory, Argonne, Illinois 60439, USA
3 University of Athens, 157 71 Athens, Greece
4 Institut de Fisica d’Altes Energies, ICREA, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain
SBaylor University, Waco, Texas 76798, USA
SIstituto Nazionale di Fisica Nucleare Bologna, 7 University of Bologna, I-40127 Bologna, Italy
"University of California, Davis, Davis, California 95616, USA
8 University of California, Los Angeles, Los Angeles, California 90024, USA
YInstituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain
10 Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
" Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
2 Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, 040 01 Kosice, Slovakia
13 Joint Institute for Nuclear Research, RU-141980 Dubna, Russia
Y Duke University, Durham, North Carolina 27708, USA
15 Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
16 University of Florida, Gainesville, Florida 32611, USA
" Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy
18 University of Geneva, CH-1211 Geneva 4, Switzerland
9 Qlasgow University, Glasgow G12 8QQ, United Kingdom
20 Harvard University, Cambridge, Massachusetts 02138, USA
21 Division of High Energy Physics, Department of Physics, University of Helsinki,
FIN-00014, Helsinki, Finland; Helsinki Institute of Physics, FIN-00014, Helsinki, Finland
22 University of Illinois, Urbana, Illinois 61801, USA
?3The Johns Hopkins University, Baltimore, Maryland 21218, USA
4 Institut fiir Experimentelle Kernphysik, Karlsruhe Institute of Technology, D-76131 Karlsruhe, Germany
25 Center for High Energy Physics: Kyungpook National University,
Daegu 702-701, Korea; Seoul National University, Seoul 151-7/2,
Korea; Sungkyunkwan University, Suwon 440-746,
Korea; Korea Institute of Science and Technology Information,
Daejeon 305-806, Korea; Chonnam National University,
Gwangju 500-757, Korea; Chonbuk National University, Jeonju 561-756,
Korea; Ewha Womans University, Seoul, 120-750, Korea
?6 Brnest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
27 University of Liverpool, Liverpool L69 7ZE, United Kingdom
28 University College London, London WC1E 6BT, United Kingdom
29 Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain
% Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
31 Ungversity of Michigan, Ann Arbor, Michigan 48109, USA
32 Michigan State University, East Lansing, Michigan 48824, USA
33 Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia
34 University of New Mezico, Albuquerque, New Mexzico 87181, USA
35 The Ohio State University, Columbus, Ohio 43210, USA
3% Okayama University, Okayama 700-8530, Japan
3" 0saka City University, Osaka 558-8585, Japan
I8 University of Ozford, Oxzford OX1 3RH, United Kingdom
3 Istituto Nazionale di Fisica Nucleare, Sezione di Padova, ** University of Padova, I-35131 Padova, Italy
40University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA
H Istituto Nazionale di Fisica Nucleare Pisa, " University of Pisa,
™M Ungversity of Siena, ""Scuola Normale Superiore,
1-56127 Pisa, Italy, °°INFN Pavia, I-27100 Pavia,
Ttaly, PP University of Pavia, 1-27100 Pavia, Italy
42 University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
43 Purdue University, West Lafayette, Indiana 47907, USA
“ University of Rochester, Rochester, New York 14627, USA
45 The Rockefeller University, New York, New York 10065, USA
40 Jstituto Nazionale di Fisica Nucleare, Sezione di Roma 1,
19Sapienza Universita di Roma, I-00185 Roma, Italy
47 Mitchell Institute for Fundamental Physics and Astronomy,
Texas AEM University, College Station, Texas 77843, USA



48 Istituto Nazionale di Fisica Nucleare Trieste, " Gruppo Collegato di Udine,
58 University of Udine, 1-33100 Udine, Italy, ** University of Trieste, I-84127 Trieste, Italy
49 University of Tsukuba, Tsukuba, Ibaraki 305, Japan

50 Tufts University, Medford, Massachusetts 02155, USA

* University of Virginia, Charlottesville, Virginia 22906, USA

52 Waseda University, Tokyo 169, Japan

9 Wayne State University, Detroit, Michigan 48201, USA

4 Unaversity of Wisconsin, Madison, Wisconsin 53706, USA
55 Yale University, New Haven, Connecticut 06520, USA

Using the full CDF Run II data sample, we report evidence for a new resonance, which we refer
to as B(5970), found simultaneously in the B°7™ and BT 7~ mass distributions with a significance
of 4.4 standard deviations. We further report the first study of resonances consistent with orbitally
excited BT mesons and an updated measurement of the properties of orbitally excited B® and BY
mesons. Using samples of approximately 8400 B**°, 3300 B***, 1350 B:*°, 2600 B(5970)°, and
1400 B(5970)" decays, we measure the masses and widths of all states, as well as the product of
the relative production rate of B; and Bj states times the branching fraction into a B%" meson
and a charged particle. Furthermore, we measure the branching fraction of the By — B*T K~
decay relative to the BiY — BT K~ decay, the production rate times the branching fraction of
the B(5970) state relative to the B;O’Jr state, and the production rate of the orbitally excited
BT states relative to the B>T ground state. The masses of the new B(5970) resonances are
5978 =+ 5(stat) + 12(syst) MeV/c?® for the neutral state and 5961 + 5(stat) & 12(syst) MeV /c? for
the charged state, assuming that the resonance decays into B final states. The properties of the

orbitally excited and the new B(5970)%" states are compatible with isospin symmetry.

PACS numbers: 14.40.Nd, 13.25.Hw, 12.40.Yx

*Deceased

TWith visitors from ®University of British Columbia, Vancouver,
BC V6T 1Z1, Canada, YIstituto Nazionale di Fisica Nucleare,
Sezione di Cagliari, 09042 Monserrato (Cagliari), Italy, University
of California Irvine, Irvine, CA 92697, USA, “Institute of Physics,
Academy of Sciences of the Czech Republic, 182 21, Czech Repub-
lic, *CERN, CH-1211 Geneva, Switzerland, fCornell University,
Ithaca, NY 14853, USA, 9University of Cyprus, Nicosia CY-1678,
Cyprus, "Office of Science, U.S. Department of Energy, Washing-
ton, DC 20585, USA, “University College Dublin, Dublin 4, Ire-
land, JETH, 8092 Ziirich, Switzerland, ¥ University of Fukui, Fukui
City, Fukui Prefecture, Japan 910-0017, ‘Universidad Iberoamer-
icana, Lomas de Santa Fe, México, C.P. 01219, Distrito Fed-
eral, ™University of Iowa, Iowa City, TA 52242, USA, "Kinki
University, Higashi-Osaka City, Japan 577-8502, °Kansas State
University, Manhattan, KS 66506, USA, PBrookhaven National
Laboratory, Upton, NY 11973, USA, 9University of Manchester,
Manchester M13 9PL, United Kingdom, "Queen Mary, Univer-
sity of London, London, E1 4NS, United Kingdom, ®University
of Melbourne, Victoria 3010, Australia, ‘Muons, Inc., Batavia,
IL 60510, USA, “*Nagasaki Institute of Applied Science, Nagasaki
851-0193, Japan, YNational Research Nuclear University, Moscow
115409, Russia, “Northwestern University, Evanston, IL 60208,
USA, *University of Notre Dame, Notre Dame, IN 46556, USA,
YUniversidad de Oviedo, E-33007 Oviedo, Spain, ?CNRS-IN2P3,
Paris, F-75205 France, “*Universidad Tecnica Federico Santa
Maria, 110v Valparaiso, Chile, ®®The University of Jordan, Amman
11942, Jordan, ““Universite catholique de Louvain, 1348 Louvain-
La-Neuve, Belgium, %@University of Ziirich, 8006 Ziirich, Switzer-
land, ¢“Massachusetts General Hospital, Boston, MA 02114 USA,
ffHarvard Medical School, Boston, MA 02114 USA, 99Hampton
University, Hampton, VA 23668, USA, ""Los Alamos National
Laboratory, Los Alamos, NM 87544, USA, *Universita degli Studi
di Napoli Federico I, I-80138 Napoli, Italy

I. INTRODUCTION

The detailed study of hydrogen atom emission spectra
was essential for the understanding of quantum electro-
dynamics. This is partially due to the simple composition
of the hydrogen, consisting of just two particles, and par-
tially due to the large mass difference between the proton
and the electron, which mostly decouples the proton spin
from the electron spin. As a consequence, the fine and
hyperfine structures of hydrogen atoms are characterized
by significantly different energy scales. Similarly, the de-
tailed study of mesons composed of a heavy and a light
valence quark supports the understanding of quantum
chromodynamics and the limitations of its low-energy
approximations, such as the heavy quark effective the-
ory (HQET) [1]. The spectroscopy of B(,) mesons, which
contain a b quark and a u or d (or s) quark, provides an
important testing ground for HQET.

The ground state B mesons and the spin-1 BE“S)

mesons have been thoroughly studied [2]. This paper
studies the states with orbital angular momentum L =1
and a possible radially excited state. For each type of B
meson, four distinct states with L = 1 are possible, each
with different couplings between the spin of the quarks
and the orbital angular momentum. Assuming the bot-
tom quark to be heavy, HQET predicts that the dynamics
is dominated by the coupling between the orbital angular
momentum and the spin of the light quark that combine
to a total light-quark angular momentum j = % orj= %,
which corresponds to the fine structure in the hydrogen
atom. Additional contributions arise due to the spin of

the b quark. This results in two doublets of states, corre-



sponding to fine- and hyperfine-splitting, that are collec-

tively referred to as BZ‘S*) mesons. The states with j = %

are named B (J = 0) and By (J = 1) mesons; the
states with j = 2 are named B; (J = 1) and B (J = 2)
mesons, where J is the total angular momentum.

In HQET, different results originate from various ap-
proximations adopted in the calculation of the light-
quark degrees of freedom. Such calculations can neglect
or include relativistic effects as well as the dynamical spin
dependence of the potential between the quarks. While
most of the recent predictions are based on HQET [3-
7], other approaches exist, including predictions using
lattice-gauge calculations [8, 9], potential models [10, 11],
heavy quark symmetry (HQS) [12], chiral theory [13, 14],
and QCD strings [15], allowing the masses, widths, and
relative branching ratios to be calculated. Predictions of
BE‘:) properties are shown in Tables I and II.

TABLE I: Predicted B(7) masses. All values are in MeV/ .

Calculation Ref. Bt B3Ot BY, Bz
HQET [3] 5700 5715
HQET [4] 5780 £+ 40 5794 + 40 5886 + 40 5899 + 49
HQET [5] 5623 5637 5718 5732
HQET [6] 5720 5737 5831 5847
HQET [7] 5719 5733 5831 5844
Lattice [8] 5732 £33 5772+ 29 5815 4 22 5845 + 21
Lattice [9] 5892 + 52 5904 +£ 52
Potential  [10] 5699 5704 5805 5815
Potential  [11] 5780 5800 5860 5880
HQS [12] 5755 5767 5834 5846
Chiral theo. [14] 5774+2 5790+2 5877+3 5893+3
QCD string [15] 5716 5724

TABLE II: Predicted B(;) widths. All values are in MeV/c2.

Ref. B>t  B;OT BY, B9
[4] 1645 28+12 7+3
5] 20 29
[11] 27 1.9
[12] 31 -55 38-63 1-3  3-7

[14] 43+10 57.3+13.5 3.5+1.0 11.3£2.6

The B*** states with j = % can decay to BMr fi-
nal states via an S-wave transition and therefore are ex-
pected to be too broad to be distinguishable from back-
ground at current experiments, while the j = % states
decay via a D-wave. Decays via P-wave are incompati-
ble with parity conservation, as BE*S*) states have positive
parity.

As the Bj can decay either to Bm or B* final states,
and the low-energy photon from the B* — B~ decay is

typically not reconstructed, the decays of this state yield

two structures in the Bw invariant mass spectrum. The
orbital excitations of BY mesons are expected to have the
same phenomenology as those of B%* mesons. They de-
cay to B’K? and Bt K~ final states, but not to Bz,
due to isospin conservation in the strong-interaction de-
cay. Throughout this paper, charge conjugate states are
implied. The spectrum and possible decays of B**0:+
mesons are illustrated in Fig. 1.
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FIG. 1: Spectrum and allowed decays for the lowest orbitally
excited states B**®*. For B:*® mesons the pion is replaced
by a kaon and the states have higher masses.

Orbitally excited B mesons were first observed in
electron-positron collisions at LEP in 1995 [16-19]. Teva-
tron experiments in proton-antiproton collisions observed
three structures in the BT invariant-mass distribution
that were associated with the j = % B**9 meson states
in the HQET approximation. A 2.8¢ discrepancy is ob-
served between measurements of the mass difference of
the B3 and BY states by the DO [20] and CDF Collab-
orations [21] using 1.3 fb=! and 1.7 fb=! of data, respec-
tively. While CDF measured Am(B**") = mpz0—mpo =
14.9f§:§(stat)ﬂ:i(syst) MeV/c2, DO found Am(B**?) =
26.3 + 3.1(stat) 4= 0.9(syst) MeV/c2.

The BY, state was discovered by CDF [22] using 1 fb~!
of data. The decay of the B:) state to a B¥ K~ final
state was first observed by CDF [23] and DO [24], while
the B*t K~ decay was only recently observed by LHCb
[25]. Charged B*** states have not been observed so
far. Preliminary measurements of B**®* properties were
reported by LHCb [26].

This paper reports measurements of masses, natural
widths, and relative production rates of orbitally excited
B**9 B*** and BX*? mesons. For rate measurements we
define the product of the B production rate relative to
the Bj rate times the branching fractions of the observed



B B(B; — B*h) .
o(B;) B(B; — Bh) + B(B; — B*h)’ (1)

where ¢ is the production cross-section restricted to the
relevant kinematic regime, and h identifies 7w for B**%:+
and K for B*? decays. We also define the relative B,
branching fraction

B(B:y, — B*TK™) @)
B(B:y - BTK—) "~

Tdec =

Ground-state B mesons are reconstructed in seven differ-
ent decay modes and combined with an additional pion
(kaon) to form B} candidates. Selections based on ar-

k%

tificial neural networks are performed to enrich the (5
signal fractions in the samples. The properties of the
BE‘;) states are determined from fits to mass difference
spectra.

II. DATA SAMPLE AND EVENT SELECTION

We use data from pp collisions at /s = 1.96 TeV
recorded by the CDF II detector at the Fermilab Teva-
tron corresponding to the full Run II integrated luminos-
ity of 9.6 fb~!. The key components of the CDF II detec-
tor [27] for these measurements are the charged-particle
trajectory (tracking) subdetectors located in a uniform
axial magnetic field of 1.4 T, together with the muon de-
tectors. A single-sided silicon-strip detector mounted di-
rectly on the beam pipe at 1.5 cm radius and six layers of
double-sided silicon strips extending to a radius of 22 cm
[28] provide a resolution of approximately 40 ym on the
impact parameter, defined as the distance between the
interaction point and the trajectory of a charged par-
ticle, projected into the plane transverse to the beam.
This includes a 32 um contribution from the transverse
beam size [28]. An open-cell drift chamber, which cov-
ers a radius range of 45 to 137 cm [29], allows precise
measurement of the momentum of charged particles with
a resolution of o(pr)/p% ~ 0.1%/(GeV/c). Outside the
tracking detectors, time-of-flight detectors, and calorime-
ters, muons are detected in planes of drift tubes and scin-
tillators [30]. Charged-particle identification information
is obtained from the ionization energy deposition in the
drift chamber and the measurement of the flight time of
particles [31, 32].

A three-layer online event-selection system (trigger) is
implemented in hardware and software. Recording of the
events used in this measurement is initiated by two types
of triggers, a J/v trigger [33] and a displaced-track trig-
ger [34]. The J/4 trigger is designed to record events
enriched in J/1 — utu~ decays and requires two tracks
in the drift chamber geometrically matched to track seg-
ments in the muon detectors. The particles must have
opposite charge; a transverse momentum pr larger than

1.5 or 2.0 GeV /¢, depending on subdetector and data tak-
ing period; an azimuthal opening angle below 135°; and
a dimuon mass compatible with the known J/¢-meson
mass. The displaced-track trigger requires two tracks
with impact parameters typically between 0.12 to 1 mm,
a luminosity-dependent lower threshold on the scalar sum
of transverse momenta of typically 4.5 to 6.5 GeV /¢, and
an intersection point displaced at least 0.2 mm from the
primary-interaction point in the transverse plane. These
criteria preferentially select events with decays of long-
lived hadrons.

Tracks are reconstructed with a pion mass hypothe-
sis accounting for multiple scattering and energy loss.
In the first step of the analysis, we refit them also un-
der the kaon-mass hypothesis. Combinations of two or
three tracks constrained to originate from the same space

point are formed to reconstruct J/¢ — putpu~, D’ =
Ktn=, D= — Kta—n-, K*(892)° — K*rn~, and
K2 — 777~ decays, where the J/1 and D’ candidate
masses are constrained to their known values [2]. Next, B
mesons are formed in the following seven decay modes:
Bt — J/pK*, Bt — D'xt, Bt — D (rtn)rt,
BY — J/YpK*(892)°, B — J/WKY, B - D rxT,
and B — D~ (xT7~)r*. Finally, we reconstruct B
mesons in the B**0 — BM+p— B*+ 5 B&0r+ and
B* — B®+ K~ channels. Because the photon from the
B* — Bry decay is too low in energy to be detected,
B* mesons are partially reconstructed as B mesons.
This reduces the reconstructed BZ‘S*) mass by approxi-
mately 46 MeV/c?, the mass difference between B* and
B mesons. To improve the mass resolution, we use the
Q value, defined as @ = m(Bh) — m(B) — my, instead of
m(Bh) to determine the resonance parameters because
it reduces the effect of the B reconstruction resolution.
Because the various B-meson decay channels have dif-
fering topologies, we optimize the selection separately for
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K~ nt)r" candidates after the application of loose require-
ments with fit result overlaid.



each channel. First, we apply modest requirements on
quantities providing significant signal-to-background sep-
aration, such as transverse momentum, transverse flight
length, impact parameter, and vertex fit quality of the B
candidate; and transverse momenta of the final-state par-
ticles, so that B meson signals become visible in the mass
spectra. An example is shown in Fig. 2. The resulting
mass distributions are then fit with a linear or exponen-
tial background model and one or two Gaussians as a
signal model, depending on the B decay mode. The ab-
solute numbers of signal and background candidates, as
well as the distributions as a function of m(B) for signal
and background, are derived from the fit. This informa-
tion is used to calculate sPlot weights [35]. When applied
to distributions of quantities that are not correlated with
m(B), these weights allow the extraction of statistically-
pure distributions of these quantities for signal and back-
ground separately. Observed events and their weights are
input to a multivariate classifier [36], allowing training
based on data only. Topological, kinematic, and particle
identification quantities of the B mesons and their final-
state particles are used as input variables. Due to the
lifetime of the B mesons, the variables with the most
discriminating power are flight length, impact param-
eter, and vertex-fit quality of the B-meson candidate.
Additional inputs are the transverse momenta and parti-
cle identification information of pions, kaons, and muons
and invariant masses of intermediate decay products such
as D and J/v¢ mesons. A moderate requirement is ap-
plied on the discriminator’s output to remove candidates
formed using random combination of tracks that meet
the candidate’s selection requirements. For the data set
shown in Fig. 2, this requirement rejects 74% of the back-
ground while retaining 97% of the signal. In addition,
the information from the discriminator’s output is fur-
ther used in the B(*s*) selection.

For the optimization of the selection of BZ‘S*) mesons, we
rely on simulations of B 2‘;) decays with the full CDF II de-
tector geometry. The primary BZ;*) particle is generated
using measured b-hadron kinematic distributions [27]. Tts
decay to B®h with h = 7, K and the subsequent B-
meson decay are simulated with EVTGEN [37]. The de-
tector is simulated with GEANT [38].

The neural network is trained to separate BE‘;) signal

from background using simulations as signal and BE‘S*)
candidates observed in data, which contain a negligible
signal fraction, as background. Only quantities of the

Eks*) meson and the additional pion or kaon and ground-
state B meson mass are used as discriminating variables.
To avoid biasing the training to a certain mass range,
simulated events are generated with the same Q-value
distribution as the background in data.

The final selection is made by imposing a requirement
on the output of the discriminator for each BE*S*) decay
channel. The requirement is chosen by optimizing the
figure of merit Nyc/vN, where Ny corresponds to
the number of selected simulated signal events and N

is the number of observed events in the signal region
305 < @Q < 325 MeV/c? for B**Y and B*** decays and
62 < Q < 72 MeV/c? for B*? decays. For B*** and
B*** candidates, the data sample is divided into a sub-
sample with one candidate per event and a subsample
with multiple candidates per event to increase sensitivity,
as resulting from the better signal-to-background ratio in
the single-candidate subsample. The multiple-candidate
events amount to 40-50% of the samples. The resulting
B{S*)—meson spectra are shown in Figs. 3 to 5.

As in earlier measurements [21, 23], the narrow state at
the lowest Q-value is interpreted as the By — B*h signal
and the two higher @Q)-value structures as B5 — B*h and
B3 — Bh signals. In the B**%F gpectrum, the two lower
Q-value signals overlap. At Q values around 550 MeV /c?
a broad structure is visible, in both the B**? and B**+
invariant-mass distributions.
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III. Q@Q-VALUE FIT

We use a maximum-likelihood fit of the unbinned Q-
value distributions to measure the properties of the ob-
served structures. Separate fits are performed for B**,
B***_ and B}** mesons. For each flavor, the spectra for
several B-meson decay channels are fit simultaneously.
Each @-value distribution is fit with the sum of various
signals components and a background component. The
signal parameters are the same in all spectra, while indi-
vidual background parameters are used in each subsam-
ple. For the background component we use a I' func-
tion [39] for the B**0:F spectra and a polynomial for the
B*Y spectra. The order of the polynomial is determined
by increasing it until no significant improvement in fit
quality is achieved.

Each B signal is described by a nonrelativistic Breit-

Wigner shape whose parameters are free in the fit, con-
voluted with a double Gaussian that accounts for the de-
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FIG. 5: Distribution of Q-value of B:*® candidates with fit

results overlaid. The upper panel shows the data summed

over decay channels and the deviations of these from the fit

function, normalized to the fit uncertainty. The lower panels
show data and fits for each decay channel individually.

tector resolution and whose parameters are determined
from simulation. In order to determine directly the rela-
tive rates, the relative efficiencies for reconstructing the
various BE‘;) states, determined from simulation, are in-
cluded in the fit model. The relative normalization of
the B decay channels is free in the fit. Because the de-
scription of the data in terms of the known contribu-
tions and a smooth background is unsatisfactory in the
500 < Q < 600 MeV/c? range of the spectrum, we in-



troduce an additional broad structure whose model is a
nonrelativistic Breit-Wigner function convoluted with a
single Gaussian. The yield of the broad structure is mea-
sured relative to the B5 — B yield.

As in previous measurements [21], external inputs from
independent experimental measurements and theoretical
assumptions are used in the fit to resolve the ambiguity
due to the overlapping B**%* signal structures. The dif-
ference between the mean mass values of the By — Bh
and B5 — B*h signal structures is constrained to the
value of mp+«+ —mp+ = 45.01 £0.30 + 0.23 MeV/c? for
BT mesons [2] and to the flavor-averaged value of mpx —
mp = 45.841.5 MeV/c? in the case for B® mesons, where
the limit |(mp-+ — mp+) — (Mp-o —mpo)| < 6 MeV/c?
at 95% C.L. is used to estimate the uncertainty.

In the B**%* fits, the relative branching fraction
B(B; — Bm)/B(B; — B*m) = 1.02 +0.24 is used. This
is derived from the corresponding value in D-meson de-
cays, B(D3y — Dmn)/B(D5 — D*r) = 1.56 + 0.16, by
taking into account the difference in phase space and
the properties of the D-wave decay [2]. The relative
branching fraction is expressed as B(B; — Bw)/B(B; —
B*w) = F, (kp/kp-)®, where kx is the momentum of the
pion in the rest frame of the particle X and Fj is the ra-
tio of the form factors for the two decays. Due to heavy
quark symmetry, the relation F, = F, is assumed, where
a calculation with a Blatt-Weisskopf form factor with a
radius parameter of R = 3.5 GeV~! [40] is used to esti-
mate the uncertainty of this relation.

In the B**C fit, a component for misreconstructed B;*°
mesons in which the low-energy kaon from the B**0 de-
cay is reconstructed as a pion is added. The shape is
determined from simulation. The yield is determined as
the product of the probability for B* mesons to meet
the B**0 selection criteria and be reconstructed as B**°
candidates, determined from simulations, times the B}*°
yield observed in data. The misreconstruction of the pion
from the B**0 decay as a kaon leads to Q values above
the range considered for B}*? candidates.

The results of the fits are listed in Tables III and IV
and shown in Figs. 3 to 5. The correlations between fit
parameters are below 20% (30%) for the properties of the
B(5970)° (B(5970)"), except for the correlation between
width and yield of 81% (76%).

To measure the relative rate of B and B**° mesons pro-
duction, we use the ratio between the sum of B} and BY*
meson yields reconstructed in the B**0 — BT()x~ de-

cay, followed by the BT — Dt decay, and Bt meson
yields reconstructed in the same final state. The con-
ditional probability for reconstructing a B** meson if a
Bt meson is already reconstructed in a B**0 — B()+7—
event is determined from simulation. Under the assump-
tion of isospin symmetry, B**° mesons decay to BOx°
states in one third of the cases and are therefore not re-
constructed. After correcting for efficiency and for the
unreconstructed decays involving neutral pions, we find
that 19 + 2(stat)% of the events with a BT meson with
pr > 5 GeV/c contain a B**Y meson.

TABLE III: Results of the simultaneous fits to the @ value

spectra. Uncertainties include the statistical contribution
only.
By B3 B(5970)
B**Y Yield 3400 + 400 5000 + 200 2600 + 700
Q (MeV/c?) 262.6 + 0.8 3178 £ 1.2 558 £ 5
T (MeV/c?) 20 4 2 25 + 3 65 + 18
Tprod 0.68 4 0.12
B*** Yield 1300 + 300 2000 4 200 1400 4 500
Q (MeV/c?) 2604 + 3.6 3176 £ 1.1 541 £ 5
I (MeV/c?) 42 £+ 11 16 + 6 50 + 20
Tprod 1.440.9
B:*% Yield 188 4+ 18 1160 + 70
Q (MeV/c?) 10.37 & 0.10 66.75 £ 0.13
I (MeV/c?) 0.7 £ 0.3 2.0 + 0.4
Tprod 0.18 4 0.02
Tdec 0.1140.03

TABLE IV: Correlations between parameters of the simulta-
neous fits to the @ value spectra.

I'(B1) Q(B3) I'(B3)

T'prod T'dec

B*™* Q(By) 020 —0.15 029 0.23
I'(Bi) —0.14 —0.20 0.60
Q(B3) —0.17 0.33
I'(B3) —0.44

Bt Q(B1) 075 —0.02 —0.77 0.87
I'(B1) —0.06 —0.79 0.87
Q(B3) —0.02 0.03
I'(B3) —0.93

B:** Q(B;) —0.02 0.00 0.00 —0.02 —0.02
I'(B1) 000 005 051 0.17
Q(B3) 0.07 —0.03 0.04
I'(B3) —0.32  0.35
Tprod —0.08

IV. SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainties are consid-
ered, including uncertainties on the absolute mass scale,
mass resolution, and the fit model. The size of system-
atic uncertainties considered are listed in Tables V to
VIII. The study of the mass-scale uncertainty was per-

* 3k

formed in earlier B(}) analyses [21, 23] by reconstructing

¥(28) — J/pnta~ and D** — D®)+71~ control chan-
nels and comparing the @ values observed in these with
the known values.

The detector resolution was studied in a previous
analysis [32], using final states with similar topology
and kinematic regime as in the present measurement.
The modes investigated included D*T — D%t and
¥(28) — J/¢pntn~ decays, with Q-values 6 MeV/c?



TABLE V: Systematic and statistical uncertainties in the
B*** measurements.

TABLE VII: Systematic and statistical uncertainties in the
B:*Y measurements.

Q MeV/c?) T (MeV/c?) Am Tprod

Bi B} Bi B} (MeV/c?)
Mass scale 0.2 0.2 - - <0.1 -
Resolution <0.1 <01 <1 <1 <0.1 <o0.01
Backgr. model <0.1 0.7 3 1 0.6 0.13
Broad B**” states 0.3 0.6 2 4 0.4 0.20
Fit bias - - - 1 0.6 0.02
Fit constraints 1.2 0.3 3 <1 1.4 0.45
Acceptance - - - - - 0.07
Total systematic 1.3 1.0 5 1.7 0.51
Statistical 08 12 2 3 14 0.12

Q (MeV/c?) T (MeV/c?)

Am Tprod Tdec
Bsi  Bj; Ba 2 (MeV/c?)

Mass scale 0.14 0.14 - - <0.01 - -
Resolution <0.01 <0.01 0.1 0.2 <0.01 <0.01 <0.01
Bkg. model <0.01 <0.01 <0.1 0.1 <0.01 <0.01 o0.01
Fit range 0.01 <0.01 0.3 <0.1 0.01 0.02 0.02
Fit bias - - 0.1 - - - -
Fit constr. <0.01 0.03 <0.1 0.1 0.03 <0.01 0.01
Acceptance - - - - - 0.01 0.01
Total syst. 0.14 0.14 03 0.2 0.03 0.02 0.02
Statistical 0.10 0.13 03 04 0.16 0.02 0.03

TABLE VI: Systematic and statistical uncertainties in the
B*** measurements.

Q (MeV/c) T (MeV/c?)  Am  Tproa

Bi By Bi B} (MeV/c?)
Mass scale <1 0.2 - - <1 -
Resolution <l <01 <1 <1 <1 <0.1
Backgr. model 1 0.5 10 6 <1 0.5
Broad B*** states 1 0.2 3 5 1 0.7
Fit bias 1 0.3 - 1 1 0.4
Fit constraints 2 0.7 8 3 3 0.8
Acceptance - - - - - 0.2
Total systematic 3 0.9 13 8 3 1.2
Statistical 4 1.1 11 6 4 0.9

and 310 MeV /c?, respectively. The method is improved
for the present analysis. First we rescale the mass reso-
lution of the simulation to match the resolution observed
in data, using a @-value-dependent factor linearly in-
terpolated from the Q-values observed in the reference
channels. To estimate the systematic uncertainty of the
scale factor, we study its variation as a function of the
transverse momentum of the pion from the D*T meson
decay and of the pion pair from the ¥(2S) meson de-
cay. The chosen uncertainty is such that all determined
scale factors are within one standard deviation. A dif-
ference between simulation and experimental data is ex-
pected, because the simulation does not model accurately
the particle multiplicity of the data. Additional particles
present in data are expected to reduce the efficiency of
associating drift-chamber hits to the tracks. The loss of
hits worsens the mass resolution by 5% for B**%* and
10% for BX*? decays, both with an uncertainty of 5%.
The systematic uncertainty associated with possible
mismodelings of the background shape is estimated by
fitting with alternative background models and taking
the deviation of the results with respect to the default fit
as the uncertainty. For B**%F mesons, the alternative
fit model is a polynomial function. For the BX*? spec-
trum, a polynomial function one order higher than the

TABLE VIII: Systematic and statistical uncertainties in the
neutral and charged B(5970) measurements.
Q (MeV/c?) T (MeV/c®) Rel. yield
Neutr. Char. Neutr. Char. Neutr. Char.

Bkg. model 12 12 30 40 0.3 0.8
Fit bias - - 10 10 - -

Acceptance - - - - 0.1 0.1
Total syst. 12 12 31 40 0.3 0.8
Statistical 5 5 18 20 0.1 0.2

default model is used. Two broad B**0+ j = % states
are expected at similar masses as the two narrow B**0:+
states, but predictions for their masses and widths vary
significantly. To assess a systematic uncertainty associ-
ated with the limited knowledge of resonance parameters
of broad states, we perform 100 fits with two additional
Breit-Wigner functions for these states in the fit model.
Their @ values are varied between 200 and 400 MeV/c?
and the widths between 100 and 200 MeV/c?. The
largest deviation in the estimate of each signal param-
eter with respect to the results of the default fit is taken
as systematic uncertainty. The mass spectrum of B}*0
candidates is steeply rising at the kinematic threshold.
The default fit starts from 5 MeV/c? using a relatively
simple background shape. The lower bound of the fit
is varied by +5 MeV/c? and the largest difference in fit
results with respect to the default fit is taken as an ad-
ditional uncertainty on the background model.

To test for biases in the fitting procedure, we simu-
late random mass spectra with known signal parameters
and fit them with the default model. Some of the fit pa-
rameter estimates show mild biases, which never exceed
30% of the statistical uncertainty. The estimates show-
ing nonzero biases are corrected for their bias and the full
size of the bias is assigned as a systematic uncertainty.
The assumed photon energy from the B* decay and the
branching fraction of the Bj decays are varied within
their uncertainties and the data are fit again. The de-



viations in the measured parameters with respect to the
default results are taken as systematic uncertainties.
The relative acceptance between By, — B*h,

*

(52 — B*h, and BY, — Bh decays derived from simu-

lation varies between 0.9 and 1.1 for B**%* mesons and
between 0.95 and 1.05 for B:** mesons. We assign a
relative uncertainty of 10% and 5%, respectively, on the
measurement of the relative branching fractions. The
conditional probability for reconstructing a B*** meson
if a BT meson is already reconstructed depends on the
transverse momentum of the B**® mesons. The B**°-
meson yields in data and simulated events are compared
in six independent ranges of transverse momentum. As
they are found to be consistent, no correction is applied.
To estimate a systematic uncertainty on the efficiency,
the ratio of yields is fit with a straight line, which is used
to weight the generated spectrum in the simulations. The
resulting 20 % change in efficiency is taken as the system-
atic uncertainty of the relative rate of B and B**% mesons
production.

The dominant systematic uncertainty for most quanti-
ties is the description of the background shape, except for
the Q values of the BX*? states, where the mass-scale un-
certainty dominates. For the B***'% states an additional
significant contribution comes from the fit constraints.
Because the B — B signal is well separated from the
overlapping signals, the B3 properties are less affected by
this systematic uncertainty.

V. EVIDENCE FOR A B(5970) STATE

As a consistency check that the structure at @ =
550 MeV/c? is not an artifact of the selection, we apply
to BYnT combinations the same criteria as for the signal
sample. No structure is observed in the invariant-mass
distribution of the wrong-charge combinations as shown
in Fig. 3. Because B° mesons oscillate this cross check
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cannot be done with Bzt combinations. The new sig-
nal is verified to be robust against significant variations
of the selection requirements, as shown in Fig. 6, where
a requirement on the transverse momentum of the pion
instead of a requirement on the output of the neural net-
work is applied. As we have no sensitivity to determine



whether the enhancement is caused by multiple overlap-
ping broad states or not, we treat it as a single resonance
in the following.

To determine the significance of the previously unob-
served broad structure, we use the difference AL in loga-
rithms of the likelihood between data fits that include or
not the B(5970)% " signal component. The B(5970)° and
B(5970)" candidates are fit simultaneously with common
signal parameters. Using random distributions generated
from the background distribution observed in the data,
we determine the probability p of observing a value of
AL at least as large as that observed in data. We re-
strict the fit range to @ > 400 MeV/c? because at lower
values a broad structure would be indistinguishable from
the background of the B**0't states. In the range stud-
ied, the background is described by a straight line. In
the fits that allow for the presence of a B(5970)%F com-
ponent, the signal yield is floating freely, and the mean
and width are constrained to be in the ranges 450 to 650
MeV/c? and 10 and 100 MeV/c?, respectively, to avoid
having a large fraction of the signal outside the fit range.
The result of the fit to data is shown in Fig. 7. We ob-
serve a AL value of 18 in data. A higher value is obtained
in only 128 of 1.2 x 107 background-only pseudoexperi-
ments, corresponding to a statistical significance of 4.4¢.

To check the systematic effect of the background model
on the significance, we repeat the significance evaluation
with the default fit model of the B**%* measurement,
but with fixed B**®%F signal parameters. Independent
parameters are used for the B(5970)° and B(5970)7" sig-
nals. With the alternative fit model we obtain a signifi-
cance higher than with the default fit.

VI. RESULTS

We measure the masses and widths of fully recon-
structed B**°, B*** and B**? mesons. The sample con-
tains approximately 8400 B**0 decays, 3300 B*** decays,
and 1350 B:*? decays. The results are shown in Table IX.
In addition, the relative production rates of B; and B3
multiplied by their branching fraction into the analyzed
decay channels are measured and their values are listed
in Table X. The determination of the relative branch-
ing fractions of the B, state as defined in Eq.(2) yields
Tdec = 0.11 £0.03 (stat) + 0.02 (syst).

We also determine how many narrow B**0 states, BY
and B3°, are produced per BT meson. For B* mesons
having a transverse momentum larger than 5 GeV/c the
fraction is 19 £ 2(stat) £ 4(syst)%.

The properties of the previously unobserved reso-
nance are measured for neutral and charged states sep-
arately in a sample that contains 2600 B(5970)° and
1400 B(5970)" decays as shown in Table XI. Assum-
ing a decay through the Bm channel, we calculate the
masses m(B(5970)%) = 5978 £ 5 £ 12 MeV/c? and
m(B(5970)%) = 596145412 MeV/c?. For a decay to the
B*r final state the masses would increase by mpg+« —mpg.
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TABLE IX: Measured masses and widths of B**(s) mesons.
The first contribution to the uncertainties is statistical; the
second is systematic.

Q (MeV/c?) T (MeV/c?)
BY  2626+08+13 20+ 2+ 5
B3 3178+124+12 26+ 3+ 3
Bf 261 +£4 =£3 42411413
B3t 3179411409 17+ 6+ 8
BY% 10.37+£0.104+0.14 0.74+0.3+0.3
B 66.75+£0.134+0.14 2.0+0.4+0.2

TABLE X: Measured B(;) meson relative production rates
times branching fractions as defined in Eq.(1) of B(;) mesons.
The first contribution to the uncertainties is statistical; the
second is systematic.

Tprod
B**Y 0.66 +0.12 + 0.51
B*t 1.8 +£09 +1.2
B 0.18£0.02+0.02

Assuming heavy-quark symmetry, we compare these
results to the corresponding values observed for excited
D mesons. States at higher masses than D** excitations
have been observed [2]. The D(2750) meson, with a nat-
ural width of 63 &6 MeV/c?, a mass about 750 MeV /c?
higher than the D* mass, and its decay modes to both
D and D*r final states, is a possible candidate for being
a radial excitation of the D* meson. By analogy, a ra-
dial excitation of the B* would have a mass of about
6075 MeV/c? and would decay to B*m and B final
states. A radial excitation of the B ground state would
then be expected at approximately 6030 MeV/c2. As
it would decay to a B*m state but not to a Bm state,
it would be reconstructed with an invariant mass of ap-
proximately 5985 MeV /c?.

According to Ref. [41], the only predicted states with
mass values between the B**%* masses and 6100 MeV /c?
are the two radial excitations 2(1Sp) and 2(3S;), with
masses of 5890 and 5906 MeV /c?, respectively. The next
orbital B excitation, expected to decay by D-wave having
L =2, is at a mass near 6100 MeV /c?.

TABLE XI: Observed resonance parameters of the broad
structures. The first contribution to the uncertainties is sta-
tistical; the second is systematic.

Q (MeV/c?) T (MeV/c?)
B(5970)° 558 +£5+12 70+£18=+31
B(5970)" 541 £5412 60+ 20 440

We measure the rates of the broad structures relative
to the decays B — Bm in the range pr > 5 GeV/c of



the produced B meson,

o(B(5970)) B(B(5970) — B™)+x~)
o(B3) B(B; — Bm) ’
3)
to be 77,.,4(B(5970)%) = 0.5+ 0.1 (stat) 4 0.3 (syst) and
Throa(B(5970)7) = 0.7+ 0.2 (stat) + 0.8 (syst).

We calculate the masses of all states from the measured
Q-values using known values [2] for the pion, kaon, and
B-meson masses and mpg«o+ — mpo.+. For the B(5970)
state we assume the decay to Bmw. The results are shown
in Table XII.

v 4 (B(5970)) =

prod

TABLE XII: Masses of the observed states. The first contri-
bution to the uncertainties is statistical; the second is system-
atic; the third is the uncertainty on the known values for the
B-meson masses and for the mass difference mg+«o,+ —mpgo,+.

m (MeV/c?)
B} 5726.4+0.84+1.3+0.4
B3° 5736.6 £1.24+ 1.2+ 0.2
Bf 5726 +4 +3 +2
Byt 5737.1+£1.14+0.9+0.2
BY 5828.34+0.14+0.1+0.4
B 5839.74+0.140.140.2
B(5970)° 5978 + 5+ 12
B(5970)" 5961 £ 5+ 12

VII. SUMMARY

Using the full CDF Run II data sample, we measure the

*

masses and widths of B(S*) mesons. For the first time, we

observe exclusively reconstructed B*** mesons and mea-
sure the width of the BY state. The results are consistent
with, and significantly more precise than previous deter-
minations based on a subset of the present data [21, 23],
which are superseded. The results are also generally com-
patible with determinations by the DO [20] and LHCb
experiments [25]. The only exception is the remaining
discrepancy with the DO measurement of the mass dif-
ference between BY and BJ* mesons, which increases to
4.10.

The properties of the B**0 and B*** states are con-
sistent with isospin symmetry. The measured B**0:+
masses are in agreement with the HQET predictions
in Ref. [6]. The QCD string calculation in Ref. [15]
matches data with a deviation of about 10 MeV/c?.
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The lattice calculation in Ref. [8] predicts the B; mass
accurately with a deviation of only 6 MeV/c?, but is
off by 35 MeV/c? for the B;* mass. The heavy-
quark symmetry and potential-model-based predictions
in Ref. [12] and [10] are about 30 MeV/c?> above and
below the measured values, respectively. Our measure-
ment is consistent with the HQET predictions of the
B** widths in Refs. [4, 5] and the I'(Bj) prediction in
Ref. [11]. The B:*° masses are described by HQET calcu-
lations [6, 7, 12] within 3-6 MeV /c?. The lattice calcula-
tions in Ref. [8] agree with the measurements within the-
oretical uncertainties. The HQET prediction in Ref. [4]
and predictions based on chiral theory [14], potential
models [11], and lattice calculations [9] are about 30—
60 MeV/c? too high. The B:** width predictions by
HQET [4, 12] are 1-2 MeV/c? above the measurements
while the prediction of T'(BJ) in Ref. [11] agrees well
with the experimental result.

We observe a previously-unseen charged and neutral
Br signal with a significance of 4.40. Interpreting it
as a single state, we measure the properties of the new
resonance for charged and neutral Bm combinations and
find them to be statistically consistent as expected by
isospin symmetry. The observed masses of these new
states, dubbed B(5970), are close to the values predicted
for radial excitations of B mesons
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