
F Fermi National Accelerator Laboratory

FERMILAB-Pub-95/270-E

CDF

Measurement of the Polarization in the Decays
Bd!J/ K�0 and Bs!J/ �

F. Abe et al.

The CDF Collaboration

Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, Illinois 60510

August 1995

Submitted to Physical Review Letters

Operated by Universities Research Association Inc. under Contract No. DE-AC02-76CHO3000 with the United States Department of Energy



Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States

Government. Neither the United States Government nor any agency thereof, nor any of

their employees, makes any warranty, expressed or implied, or assumes any legal liability or

responsibility for the accuracy, completeness, or usefulness of any information, apparatus,

product, or process disclosed, or represents that its use would not infringe privately owned

rights. Reference herein to any speci�c commercial product, process, or service by trade

name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its

endorsement, recommendation, or favoring by the United States Government or any agency

thereof. The views and opinions of authors expressed herein do not necessarily state or re
ect

those of the United States Government or any agency thereof.



CDF/PUB/BOTTOM/PUBLIC/3231

Fermilab-PUB-95/270-E

Measurement of the Polarization in the Decays

Bd ! J= K�0 and Bs! J= �

F. Abe,13 M. G. Albrow,7 S. R. Amendolia,23 D. Amidei,16 J. Antos,28 C. Anway-

Wiese,4 G. Apollinari,26 H. Areti,7 M. Atac,7 P. Auchincloss,25 F. Azfar,21 P. Azzi,20

N. Bacchetta,20 W. Badgett,16 M. W. Bailey,18 J. Bao,35 P. de Barbaro,25 A. Barbaro-

Galtieri,14 V. E. Barnes,24 B. A. Barnett,12 P. Bartalini,23 G. Bauer,15 T. Baumann,9

F. Bedeschi,23 S. Behrends,3 S. Belforte,23 G. Bellettini,23 J. Bellinger,34 D. Benjamin,31

J. Benlloch,15 J. Bensinger,3 D. Benton,21 A. Beretvas,7 J. P. Berge,7 S. Bertolucci,8

A. Bhatti,26 K. Biery,11 M. Binkley,7 F. Bird,29 D. Bisello,20 R. E. Blair,1 C. Blocker,3

A. Bodek,25 W. Bokhari,15 V. Bolognesi,23 D. Bortoletto,24 C. Boswell,12 T. Boulos,14

G. Brandenburg,9 C. Bromberg,17 E. Buckley-Geer,7 H. S. Budd,25 K. Burkett,16

G. Busetto,20 A. Byon-Wagner,7 K. L. Byrum,1 J. Cammerata,12 C. Campagnari,7

M. Campbell,16 A. Caner,7 W. Carithers,14 D. Carlsmith,34 A. Castro,20 Y. Cen,21

F. Cervelli,23 H. Y. Chao,28 J. Chapman,16 M.-T. Cheng,28 G. Chiarelli,23 T. Chikamatsu,32

C. N. Chiou,28 L. Christofek,10 S. Cihangir,7 A. G. Clark,23 M. Cobal,23 M. Contreras,5

J. Conway,27 J. Cooper,7 M. Cordelli,8 C. Couyoumtzelis,23 D. Crane,1 J. D. Cunningham,3

T. Daniels,15 F. DeJongh,7 S. Delchamps,7 S. Dell'Agnello,23 M. Dell'Orso,23 L. Demortier,26

B. Denby,23 M. Deninno,2 P. F. Derwent,16 T. Devlin,27 M. Dickson,25 J. R. Dittmann,6

S. Donati,23 R. B. Drucker,14 A. Dunn,16 K. Einsweiler,14 J. E. Elias,7 R. Ely,14 E. En-

gels, Jr.,22 S. Eno,5 D. Errede,10 S. Errede,10 Q. Fan,25 B. Farhat,15 I. Fiori,2 B. Flaugher,7

G. W. Foster,7 M. Franklin,9 M. Frautschi,18 J. Freeman,7 J. Friedman,15 A. Fry,29

T. A. Fuess,1 Y. Fukui,13 S. Funaki,32 G. Gagliardi,23 S. Galeotti,23 M. Gallinaro,20

A. F. Gar�nkel,24 S. Geer,7 D. W. Gerdes,16 P. Giannetti,23 N. Giokaris,26 P. Giromini,8

1



L. Gladney,21 D. Glenzinski,12 M. Gold,18 J. Gonzalez,21 A. Gordon,9 A. T. Goshaw,6

K. Goulianos,26 H. Grassmann,6 A. Grewal,21 L. Groer,27 C. Grosso-Pilcher,5 C. Haber,14

S. R. Hahn,7 R. Hamilton,9 R. Handler,34 R. M. Hans,35 K. Hara,32 B. Harral,21

R. M. Harris,7 S. A. Hauger,6 J. Hauser,4 C. Hawk,27 J. Heinrich,21 D. Cronin-Hennessy,6

R. Hollebeek,21 L. Holloway,10 A. H�olscher,11 S. Hong,16 G. Houk,21 P. Hu,22 B. T. Hu�man,22

R. Hughes,25 P. Hurst,9 J. Huston,17 J. Huth,9 J. Hylen,7 M. Incagli,23 J. Incandela,7

H. Iso,32 H. Jensen,7 C. P. Jessop,9 U. Joshi,7 R. W. Kadel,14 E. Kajfasz,7a T. Kamon,30

T. Kaneko,32 D. A. Kardelis,10 H. Kasha,35 Y. Kato,19 L. Keeble,8 R. D. Kennedy,27

R. Kephart,7 P. Kesten,14 D. Kestenbaum,9 R. M. Keup,10 H. Keutelian,7 F. Keyvan,4

D. H. Kim,7 H. S. Kim,11 S. B. Kim,16 S. H. Kim,32 Y. K. Kim,14 L. Kirsch,3

P. Koehn,25 K. Kondo,32 J. Konigsberg,9 S. Kopp,5 K. Kordas,11 W. Koska,7 E. Kovacs,7a

W. Kowald,6 M. Krasberg,16 J. Kroll,7 M. Kruse,24 S. E. Kuhlmann,1 E. Kuns,27

A. T. Laasanen,24 N. Labanca,23 S. Lammel,4 J. I. Lamoureux,3 T. LeCompte,10 S. Leone,23

J. D. Lewis,7 P. Limon,7 M. Lindgren,4 T. M. Liss,10 N. Lockyer,21 C. Loomis,27 O. Long,21

M. Loreti,20 E. H. Low,21 J. Lu,30 D. Lucchesi,23 C. B. Luchini,10 P. Lukens,7 J. Lys,14

P. Maas,34 K. Maeshima,7 A. Maghakian,26 P. Maksimovic,15 M. Mangano,23 J. Mansour,17

M. Mariotti,20 J. P. Marriner,7 A. Martin,10 J. A. J. Matthews,18 R. Mattingly,15

P. McIntyre,30 P. Melese,26 A. Menzione,23 E. Meschi,23 G. Michail,9 S. Mikamo,13 M. Miller,5

R. Miller,17 T. Mimashi,32 S. Miscetti,8 M. Mishina,13 H. Mitsushio,32 S. Miyashita,32

Y. Morita,23 S. Moulding,26 J. Mueller,27 A. Mukherjee,7 T. Muller,4 P. Musgrave,11

L. F. Nakae,29 I. Nakano,32 C. Nelson,7 D. Neuberger,4 C. Newman-Holmes,7 L. Nodulman,1

S. Ogawa,32 S. H. Oh,6 K. E. Ohl,35 R. Oishi,32 T. Okusawa,19 C. Pagliarone,23

R. Paoletti,23 V. Papadimitriou,31 S. Park,7 J. Patrick,7 G. Pauletta,23 M. Paulini,14

L. Pescara,20 M. D. Peters,14 T. J. Phillips,6 G. Piacentino,2 M. Pillai,25 R. Plunkett,7

L. Pondrom,34 N. Produit,14 J. Proudfoot,1 F. Ptohos,9 G. Punzi,23 K. Ragan,11 F. Rimondi,2

L. Ristori,23 M. Roach-Bellino,33 W. J. Robertson,6 T. Rodrigo,7 J. Romano,5 L. Rosenson,15

W. K. Sakumoto,25 D. Saltzberg,5 A. Sansoni,8 V. Scarpine,30 A. Schindler,14 P. Schlabach,9

E. E. Schmidt,7 M. P. Schmidt,35 O. Schneider,14 G. F. Sciacca,23 A. Scribano,23 S. Segler,7

2



S. Seidel,18 Y. Seiya,32 G. Sganos,11 A. Sgolacchia,2 M. Shapiro,14 N. M. Shaw,24 Q. Shen,24

P. F. Shepard,22 M. Shimojima,32 M. Shochet,5 J. Siegrist,29 A. Sill,31 P. Sinervo,11 P. Singh,22

J. Skarha,12 K. Sliwa,33 D. A. Smith,23 F. D. Snider,12 L. Song,7 T. Song,16 J. Spalding,7

L. Spiegel,7 P. Sphicas,15 A. Spies,12 L. Stanco,20 J. Steele,34 A. Stefanini,23 K. Strahl,11

J. Strait,7 D. Stuart,7 G. Sullivan,5 K. Sumorok,15 R. L. Swartz, Jr.,10 T. Takahashi,19

K. Takikawa,32 F. Tartarelli,23 W. Taylor,11 P. K. Teng,28 Y. Teramoto,19 S. Tether,15

D. Theriot,7 J. Thomas,29 T. L. Thomas,18 R. Thun,16 M. Timko,33 P. Tipton,25 A. Titov,26

S. Tkaczyk,7 K. Tollefson,25 A. Tollestrup,7 J. Tonnison,24 J. F. de Troconiz,9 J. Tseng,12

M. Turcotte,29 N. Turini,23 N. Uemura,32 F. Ukegawa,21 G. Unal,21 S. C. van den Brink,22

S. Vejcik, III,16 R. Vidal,7 M. Vondracek,10 D. Vucinic,15 R. G. Wagner,1 R. L. Wagner,7

N. Wainer,7 R. C. Walker,25 C. Wang,6 C. H. Wang,28 G. Wang,23 J. Wang,5 M. J. Wang,28

Q. F. Wang,26 A. Warburton,11 G. Watts,25 T. Watts,27 R. Webb,30 C. Wei,6 C. Wendt,34

H. Wenzel,14 W. C. Wester, III,7 T. Westhusing,10 A. B. Wicklund,1 E. Wicklund,7

R. Wilkinson,21 H. H. Williams,21 P. Wilson,5 B. L. Winer,25 J. Wolinski,30 D. Y. Wu,16

X. Wu,23 J. Wyss,20 A. Yagil,7 W. Yao,14 K. Yasuoka,32 Y. Ye,11 G. P. Yeh,7 P. Yeh,28

M. Yin,6 J. Yoh,7 C. Yosef,17 T. Yoshida,19 D. Yovanovitch,7 I. Yu,35 J. C. Yun,7 A. Zanetti,23

F. Zetti,23 L. Zhang,34 S. Zhang,16 W. Zhang,21 and S. Zucchelli2

(CDF Collaboration)

1
Argonne National Laboratory, Argonne, Illinois 60439

2
Istituto Nazionale di Fisica Nucleare, University of Bologna, I-40126 Bologna, Italy

3
Brandeis University, Waltham, Massachusetts 02254

4
University of California at Los Angeles, Los Angeles, California 90024

5
University of Chicago, Chicago, Illinois 60637

6
Duke University, Durham, North Carolina 27708

7
Fermi National Accelerator Laboratory, Batavia, Illinois 60510

8
Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy

3



9
Harvard University, Cambridge, Massachusetts 02138

10
University of Illinois, Urbana, Illinois 61801

11
Institute of Particle Physics, McGill University, Montreal H3A 2T8, and University of Toronto,

Toronto M5S 1A7, Canada

12
The Johns Hopkins University, Baltimore, Maryland 21218

13
National Laboratory for High Energy Physics (KEK), Tsukuba, Ibaraki 305, Japan

14
Lawrence Berkeley Laboratory, Berkeley, California 94720

15
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

16
University of Michigan, Ann Arbor, Michigan 48109

17
Michigan State University, East Lansing, Michigan 48824

18
University of New Mexico, Albuquerque, New Mexico 87131

19
Osaka City University, Osaka 588, Japan

20
Universita di Padova, Istituto Nazionale di Fisica Nucleare, Sezione di Padova, I-35131 Padova, Italy

21
University of Pennsylvania, Philadelphia, Pennsylvania 19104

22
University of Pittsburgh, Pittsburgh, Pennsylvania 15260

23
Istituto Nazionale di Fisica Nucleare, University and Scuola Normale Superiore of Pisa, I-56100 Pisa, Italy

24
Purdue University, West Lafayette, Indiana 47907

25
University of Rochester, Rochester, New York 14627

26
Rockefeller University, New York, New York 10021

27
Rutgers University, Piscataway, New Jersey 08854

28
Academia Sinica, Taiwan 11529, Republic of China

29
Superconducting Super Collider Laboratory, Dallas, Texas 75237

30
Texas A&M University, College Station, Texas 77843

31
Texas Tech University, Lubbock, Texas 79409

32
University of Tsukuba, Tsukuba, Ibaraki 305, Japan

33
Tufts University, Medford, Massachusetts 02155

34
University of Wisconsin, Madison, Wisconsin 53706

35
Yale University, New Haven, Connecticut 06511

4



This Letter reports on measurements of the longitudinal polarization

fractions in the decays Bd ! J= K�0 and Bs ! J= � using data collected

with the Collider Detector at Fermilab. Bd mesons are reconstructed through

the decay chain Bd ! J= K�0; J= ! �+��; K�0
! K+��. A sample of

65 � 10 Bd events is used to obtain a longitudinal polarization fraction of

�L=� = 0:65� 0:10 (stat)�0:04 (sys). Bs mesons are reconstructed through

the decay chain Bs ! J= �; J= ! �+��; � ! K+K�. A sample of 19 � 5

Bs events is used to obtain the result �L=� = 0:56� 0:21 (stat) +0:02
�0:04

(sys).

PACS numbers: 13.25.Hw

This Letter reports on measurements of the longitudinal polarization fractions �L=� in

the Pseudoscalar-to-Vector-Vector decays Bd ! J= K�0 and Bs ! J= � performed by the

Collider Detector at Fermilab (CDF) collaboration. Interest in the decay Bd ! J= K�0 was

originally stimulated by its potential use in CP violation studies in e+e� colliders [1]. In

addition, a measurement of �L=� can be used to test theoretical predictions which depend

on the factorization hypothesis [2]. In particular, the standard factorization methods are

unable to reproduce simultaneously the large measured value of �L=� in Bd ! J= K�0 [3,4]

and the small value of the ratio of branching ratios, R= �(B ! J= K�)=�(B ! J= K)

[5]. Recent theoretical e�orts to reproduce the experimental results have included several

schemes of modifying the form factors or even relaxing the factorization assumption [6].

They have met with varying degrees of success, but all call for more precise measurements

of �L=� and related quantities. Factorization can also be tested in the decay Bs ! J= �.

The longitudinal polarization fraction can be used as an input to a determination of �� in

the Bs system, given su�cient statistics [7].

Using data collected in 1992{93 at the Fermilab Tevatron, Bd mesons have been recon-

structed through the decay chain Bd ! J= K�0, J= ! �+��, K�0 ! K+�� [8]. The

data set consists of 19 pb�1 of pp collisions at
p
s = 1:8 TeV. The CDF detector has been

described in detail elsewhere [9]. The data sample was collected using dimuon triggers in
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the CDF three-level trigger system. Two tracks are required in the muon chambers at Level

1. The trigger e�ciency for a muon at Level 1 rises from 50% at pT = 1:6 GeV/c to 90% at

pT = 3:1 GeV/c with a plateau of 94%, where pT is the momentum transverse to the beam.

The tracks must be separated by at least 0.09 radians in � [10]. The Level 2 trigger requires

that at least one of the muon tracks is matched in � to a track found by the Central Fast

Tracker (CFT), a hardware processor. The e�ciency for �nding a track with the CFT rises

from 50% at pT = 2:65 GeV/c to 90% at pT = 3:1 GeV/c and reaches a plateau of 93%. The

Level 3 trigger requires a pair of oppositely-charged muons with an invariant mass between

2.8 and 3.4 GeV/c2, using online track reconstruction software.

Additional o�ine requirements are placed on the muons in order to isolate the J= signal

and minimize biases due to trigger thresholds. Both muons are required to have a transverse

momentum greater than 1.8 GeV/c, and at least one must have a transverse momentum

greater than 2.5 GeV/c. The invariant mass of the muon pair is calculated constraining the

muons to come from a common vertex. After all of the above requirements are applied there

are approximately 54000 J= candidate events, with a signal width (�) of about 16 MeV/c2.

Muon pairs within 80 MeV/c2 of the J= mass [11] are combined with other charged

particles to search for Bd mesons. Pairs of oppositely-charged particles, each with transverse

momentum greater than 500 MeV/c, are considered. The K-� particle assignment with

invariant mass closest to the K�0 mass is used. K�0 candidates within 80 MeV/c2 of the

mass of the K�0 are retained. All of the B decay products are constrained to come from

a common secondary vertex, the muon pair is mass-constrained to the J= mass, and the

momentum of the Bd candidate is constrained to point from the primary vertex to the

secondary vertex in the r-� plane. The combined con�dence level from the constrained �t is

required to be greater than 1%.

Additional requirements are made to reduce combinatoric backgrounds. The proper

decay distance of the Bd candidate must be greater than 100 �m, the transverse momentum

of the Bd candidate must be greater than 8.0 GeV/c, and the transverse momentum of

the K�0 candidate must be greater than 2.0 GeV/c. The Bd candidate is also required to
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carry more than half of the total observable momentum within an �-� cone of radius 1.0

around it. Re
ections from Bs decay are suppressed by reconstructing the events as J= �,

� ! K+K�, and removing events with a K+K� mass within 10 MeV/c2 of the � and a

J= � mass within 30 MeV/c2 of the Bs. The resulting J= K
�0 mass distribution is shown

in Figure 1. A binned maximum-likelihood �t to a Gaussian plus a 
at background yields

65 � 10 events.

The decay distribution for Bd ! J= K�0, J= ! �+��, K�0 ! K+�� can be written

as (e.g. see Ref. [12])

d2�

d cos �K�d cos � 
/

1

4
sin 2�K�(1 + cos 2� )

�T
�

+ cos 2�K�sin 2� 
�L
�

where the helicity angle �K� is the decay angle of the kaon in the K�0 rest frame with respect

to the K�0 direction in the B rest frame. Similarly, � is the decay angle of the muon in the

J= rest frame with respect to the J= direction in the B rest frame. The above expression

has been integrated over the angle � between the J= and K�0 decay planes. The �rst

and second terms represent the transverse and longitudinal helicity states respectively. The

transverse and longitudinal polarization fractions sum to one.

The polarization is measured using a likelihood function which includes the two-

dimensional decay distribution, a term for the background, and acceptance corrections. The

background distribution is taken to be unpolarized as determined from a �t to events in the

sidebands around the Bd mass. The acceptances are derived from Monte Carlo methods.

The B meson pT distribution is generated according to a �t to the measured di�erential B

meson cross section [13]. The Monte Carlo events are passed through a simulation of the

CDF detector and reconstructed in the same way as the data events.

The signal region for the helicity angle analysis is de�ned as j m��K��mB j< 30 MeV/c2.

The result of the unbinned likelihood �t to the data is �L=� = 0:65� 0:10 (statistical error

only). The result, projected onto background-subtracted, acceptance-corrected plots of the

data, is shown in Figure 2. No particle identi�cation information is used and therefore the

chosen K-� assignment can be incorrect. The percentage of misassigned K and � masses
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varies from 4:3 � 0:3% for longitudinal polarization events up to 6:6 � 0:4% for transverse

polarization events, as determined from Monte Carlo methods. The events with incorrect

K-� assignments produce a systematic, negative shift in the �tted value of 0.041, which is

independent of the value of the polarization. The result given above has been corrected for

this shift.

The misassignment of the K and � masses is the largest source of systematic uncertainty.

This uncertainty is determined from a comparison of Monte Carlo simulations and data to

be �0:028 on �L=�. The polarization of the background is also a large source of systematic

uncertainty. Data from the Bd mass sidebands are used to determine the polarization of the

background. The helicity amplitude used for the background in the likelihood function is

varied by the uncertainty on the sideband �t to obtain a systematic uncertainty of �0:024.

The signal-to-background ratio used in the �t is varied to obtain a systematic uncertainty

of �0:014. Nonresonant decays of the type Bd ! J= K+�� can contribute to the signal

region. Fitting data from the mass sidebands of the K�0 no events are seen, however, as

many as three are allowed by the one � upper error. Three nonresonant events are added

to the �t using both a longitudinal and transverse polarization. A systematic uncertainty of

+0:013

�0:011
is assigned. Variations of the input B meson spectrum are used to assign a systematic

uncertainty of +0:011

�0:018
. Systematic uncertainties from the trigger model are less than 0:010.

All of the systematic uncertainties are summed in quadrature to obtain the result �L=� =

0:65 � 0:10(stat)�0:04(sys).

The method used to obtain �L=� in the decay Bd ! J= K�0 is also applied to the decay

Bs ! J= �. The selection of the data sample, the requirements on the J= and on the

additional particles, plus the con�dence level cut on the B vertex are all unchanged from

those used for the Bd ! J= K�0 analysis. The transverse momentum of the � candidate

must be greater than 2.0 GeV/c and the reconstructed K+K� mass must be within 10

MeV/c2 of the mass of the �. The transverse momentum of the Bs candidate must be

greater than 6.0 GeV/c, and the proper decay length of the Bs candidate must be greater

than 50 �m [14]. The resulting mass distribution is shown in Figure 1. A binned maximum
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likelihood �t to a Gaussian plus a 
at background yields 19 � 5 events.

The polarization in Bs ! J= � is determined with the same likelihood function used

for Bd ! J= K�0. The result of the unbinned likelihood �t to the data is �L=� =

0:56 � 0:21(stat)+0:02
�0:04

(sys). The result, projected onto background-subtracted, acceptance-

corrected plots of the data, is shown in Figure 2. The systematic studies carried out for

Bd ! J= K�0 are repeated for Bs ! J= �, except that nonresonant events are neglected,

and the background amplitude is varied over all polarization values. The decay �! K+K�

is free of particle misassignment problems. This is the �rst measurement of �L=� in the

decay Bs ! J= �.

In conclusion, a measurement of the longitudinal polarization fraction, �L=� = 0:65 �

0:10(stat)�0:04(sys), in the decayBd ! J= K�0 from a sample of 65�10 events is presented.

Combining this result with those from ARGUS, �L=� = 0:97 � 0:16 � 0:15 [3], and CLEO,

�L=� = 0:80� 0:08� 0:05 [4], yields a world average of �L=� = 0:74� 0:07 [15]. The lower

value of �L=� presented in this Letter, compared to the ARGUS and CLEO results, suggests

that the Bd ! J= K�0 decay mode may be more di�cult to use for CP violation studies

than previously believed. In addition, this lower value is easier to accommodate within

the factorization assumption. Further measurements are needed to understand fully the

limitations of factorization. The �rst measurement of the longitudinal polarization fraction,

�L=� = 0:56 � 0:21(stat)+0:02
�0:04

(sys), in the decay Bs ! J= � is also presented.
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FIG. 1. Invariant mass distributions for a: Bd ! J= K�0, and b: Bs ! J= �. The curves

are binned-likelihood �ts to a Gaussian plus a 
at background. The regions with mass below 5.15

GeV/c2 or above 5.40 GeV/c2 in a, where B decays with either a missing or an extra pion can

contribute (dashed line), are excluded from the �t. In a there are 65 � 10 signal events and the

peak has a width (�) of 15 � 3 MeV/c2. In b there are 19 � 5 signal events and the peak has a

width (�) of 13� 3 MeV/c2.
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FIG. 2. Background-subtracted and acceptance-corrected helicity angle distributions for the

decays Bd ! J= K�0 (a: K�0 and b: J= ), and Bs ! J= � (c: � and d: J= ). The solid curves

represent projections of the two-dimensional �ts onto the appropriate variable for longitudinal

polarization fractions of �L=� = 0:65 for the Bd and �L=� = 0:56 for the Bs.
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