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This Letter reports on measurements of the longitudinal polarization fractions in the decays
Bd ~ J/ti K o and B, ~ J/P P using data collected with the Collider Detector at Fermilab. Bd
mesons are reconstructed through the decay chain Bd ~ J/p K 0, J/p ~ IL+IL, K*o ~ K+m
A sample of 65 ~ 10 Bd events is used to obtain a longitudinal polarization fraction of I L/I
0.65 ~ 0.10(stat) ~ 0.04(syst). B, mesons are reconstructed through the decay chain B, ~ J/P @,
J/P ~ p. p, , P ~ K+K . A sample of 19 ~ 5 B, events is used to obtain the result I c/V =
0.56 ~ 0.21(stat)+0'O4(syst).

PACS numbers: 13.25.Hw, 13.88.+e

This Letter reports on measurements of the longitudi-
nal polarization fractions I L/I in the pseudoscalar-to-
vector-vector decays Bd ~ J/tit K and B, ~ J/P P
performed by the Collider Detector at Fermilab (CDF)
collaboration. Interest in the decay Bd ~ J/tb K* was
originally stimulated by its potential use in Cp violation
studies in e+e colliders [1]. In addition, a measurement
of I t/I can be used to test theoretical predictions that

depend on the factorization hypothesis [2]. In particular,
the standard factorization methods are unable to repro-
duce simultaneously the large measured value of I t /I in
Bd ~ J/P K [3,4] and the small value of the ratio of
branching ratios, R = I'(B J/P K )/V(B J/P K)
[5]. Recent theoretical efforts to reproduce the experi-
mental results have included several schemes of modi-
fying the form factors or even relaxing the factorization
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assumption [6]. They have met with varying degrees of
success, but all call for more precise measurements of
I I./1 and related quantities. Factorization can also be
tested in the decay B, ~ J/P @. The longitudinal polar-
ization fraction can be used as an input to a determination
of AI in the B, system, given sufficient statistics [7],
where 6 V is the difference in the widths of the B, states.

Using data collected in 1992—93 at the Fermilab
Tevatron, Bd mesons have been reconstructed through
the decay chain Bd ~ J/P K, J/P ~ p,

+
p, , K

K+ 7r [8]. The data set consists of 19 pb ' of p p
collisions at +s = 1.8 TeV. The CDF detector has been
described in detail elsewhere [9]. The data sample was
collected using dimuon triggers in the CDF three-level
trigger system. Two tracks are required in the muon
chambers at level 1. The trigger efficiency 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 rad in P [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 efficiency for finding 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 on-line track reconstruction software.

Additional off-line requirements are placed on the
muons in order to isolate the J/P 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/P candidate
events with a signal width (o.) of about 16 MeV/c,
above a background of 7000 events.

Muon pairs within 80 MeV/c2 of the J/P 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* mass is used. K* candidates
within 80 MeV/c2 of the mass of the K*o 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/P 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 confidence level from the constrained fit is
required to be greater than 1%. The primary vertex
position is approximated by the mean beam position,
determined run by run using information from the silicon
vertex detector [9] and averaging over many events. The

transverse profile of the beam is circular and has a o. of
-40 pm.

Additional requirements are made to reduce combina-
toric backgrounds. The proper decay distance of the Bd
candidate must be greater than 100 p, m, the transverse
momentum of the Bd candidate must be greater than
8.0 GeV/c, and the transverse momentum of the K*o can-
didate must be greater than 2.0 GeV/c. The Bd candidate
is also required to carry more than half of the total observ-
able momentum within an 7I-p cone of radius 1.0 around
it. Reflections from B, decay are suppressed by recon-
structing the events as J/P P, @ ~ K+K, and remov-
ing events with a K+K mass within 10 MeV/c of the

@ and a J/P @ mass within 30 MeV/c of the B, The.

resulting J/P K o mass distribution is shown in Fig. 1.
A binned maximum-likelihood fit by a Gaussian plus a
Hat background yields 65 ~ 10 events.

The decay distribution for Bd ~ J/P K, J/P ~
p,

+
p, ,

K*o ~ K+ ~ can be written as (e.g. , see
Ref. [12])

d I
d cos Og& d cos |9p

1 2 VT
sin Olc~(1 + cos Op)

4 r
+ cos 0~* sin 0~

2 ~ 2

V

where the helicity angle Oz* is the decay angle of the kaon
in the K rest frame with respect to the K* direction
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FIG. 1. Invariant mass distributions for (a) Bd ~ J/P K "
and (b) B, ~ J/P P. The curves are binned-likelihood fits
by a Gaussian plus a Oat background. The regions with mass
below 5.15 GeV/c 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 fit. In (a) there are
65 ~ 10 signal events, and the peak has a width (o.) of
15 ~ 3 MeV/c . In (b) there are 19 ~ 5 signal events, and
the peak has a width (o.) of 13 ~ 3 MeV/c .
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FIG. 2. Background-subtracted and acceptance-corrected he-
licity angle distributions for the decays Bd ~ J /P K o [(a)
K " and (b) J/P], and B, ~ J/P P [(c) P and (d) J /P].
The solid curves represent projections of the two-dimensional
fits onto the appropriate variable for longitudinal polarization
fractions of I'L/1 = 0.65 for Bd and 1 1, /I = 0.56 for B,

in the 8 rest frame. Similarly, 0~ is the decay angle
of the muon in the J/P rest frame with respect to the

J/P direction in the B rest frame. The above expression
has been integrated over the angle P between the J/P
and K decay planes. The first and second terms
represent the transverse and longitudinal helicity states,
respectively. The transverse and longitudinal polarization
fractions sum to 1.

The polarization is measured using a likelihood func-
tion that 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 fit to events in the sidebands around the
Bd mass. The acceptances are derived from Monte Carlo
methods. The 8 meson pT distribution is generated ac-
cording to a fit to the measured differential 8 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-
fined as im~~~ —m~i ( 30 MeV/c . The result of the
unbinned likelihood fit to the data is I I /I = 0.65 4-

0.10 (statistical error only). The result, projected onto
background-subtracted, acceptance-corrected plots of the
data, is shown in Fig. 2. No particle identification in-
formation is used, and therefore the chosen K-~ assign-
ment can be incorrect. The percentage of misassigned
K and ~ masses varies from (4.3 ~ 0.3)% for longitudi-
nal 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 fitted value of
0.041, which is independent of the value of the polariza-
tion. 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 de-
termined from a comparison of Monte Carlo simulations
and data to be ~0.028 on I I /I . Possible 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, which
is found to be consistent with an unpolarized distribu-
tion. The helicity amplitude used for the background in
the likelihood function is varied from its default, unpo-
larized, value by the uncertainty on the sideband fit to
obtain a systematic uncertainty of ~0.024. The signal-
to-background ratio used in the fit is varied to obtain a
systematic uncertainty of ~0.014. Nonresonant decays of
the type Bd ~ J/P K+ vr can contribute to the signal re-
gion. Fitting data from the mass sidebands of the K no
events are seen; however, as many as three are allowed
by the one cr upper error. Three nonresonant events are
added to the fit using both a longitudinal and transverse po-
larization. A systematic uncertainty of p pi i is assigned.
Variations of the input B meson pT spectrum are used to
assign a systematic uncertainty of +ppi&. Systematic un-
certainties from the trigger model are less than 0.010. All
of the systematic uncertainties are summed in quadrature to
obtain the result I I /I = 0.65 ~ 0.10(stat) ~ 0.04(syst).

The method used to obtain I L/I in the decay Bd
J/P K* is also applied to the decay B, ~ J/P P. The
selection of the data sample, the requirements on the J/P
and on the additional particles, plus the confidence level
cut on the 8 vertex are all unchanged from those used for
the Bd ~ J/P K analysis. The transverse momentum
of the P candidate must be greater than 2.0 GeV/c, and
the reconstructed K+K mass must be within 10 MeV/c
of the mass of the @. The transverse momentum of the B,
candidate must be greater than 6.0 GeV/c, and the proper
decay length of the 8, candidate must be greater than
50 p, m [14]. The resulting mass distribution is shown in

Fig. 1. A binned maximum likelihood fit by a Gaussian
plus a flat background yields 19 ~ 5 events.

The polarization in B, ~J/P P is det.ermined with the
same likelihood function used for Bd ~ J/p K o. The
result of the unbinned likelihood fit to the data is I I /I
0.56 ~ 0.21(stat)+o'o4(syst). The result, projected onto
background-subtracted, acceptance-corrected plots of the
data, is shown in Fig. 2. The systematic studies carried
out for Bd ~ J/P K are repeated for B, ~J/P @,ex-.
cept that nonresonant events are neglected, and the back-
ground amplitude is varied over all polarization values.
The decay P ~ K+K is free of particle misassignment
problems. This is the first measurement of I r /I in the
decay B, ~ J/t/I @.
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In conclusion, a measurement of the longitudinal polari-
zation fraction I t /I = 0.65 ~ 0.10(stat) ~ 0.04(syst)
in the decay Bd ~ J/PK* from a sample of 65 ~
10 events is presented. Combining this result with
those from ARGUS, It/I = 0.97 ~ 0.16 ~ 0.15 [3],
and CLEO, I t/I = 0.80 ~ 0.08 ~ 0.05 [4], yields a
world average of I t/I = 0.74 ~ 0.07 [15]. The lower
value of I t/I presented in this Letter, compared to
the ARGUS and CLEO results, suggests that the Bd ~
J/t/t K decay mode may be more difficult to use for
CP violation studies than previously believed. In addi-
tion, this lower value is easier to accommodate within
the factorization assumption. Further measurements are
needed to understand fully the limitations of factoriza-
tion. The first measurement of the longitudinal polariza-
tion fraction, I t /I = 0.56 ~ 0.21(stat) o'o4(syst), in the
decay 8, ~ J/P P is also presented.
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