
Measurement of the Angular and Lifetime Parameters of the Decays B0
d ! J=cK�0

and B0
s ! J=c�

V.M. Abazov,36 B. Abbott,75 M. Abolins,65 B. S. Acharya,29 M. Adams,51 T. Adams,49 E. Aguilo,6 M. Ahsan,59

G. D. Alexeev,36 G. Alkhazov,40 A. Alton,64,* G. Alverson,63 G.A. Alves,2 M. Anastasoaie,35 L. S. Ancu,35 T. Andeen,53

B. Andrieu,17 M. S. Anzelc,53 M. Aoki,50 Y. Arnoud,14 M. Arov,60 M. Arthaud,18 A. Askew,49 B. Åsman,41
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G. Gutierrez,50 P. Gutierrez,75 A. Haas,70 N. J. Hadley,61 P. Haefner,25 S. Hagopian,49 J. Haley,68 I. Hall,65 R. E. Hall,47

L. Han,7 K. Harder,44 A. Harel,71 J.M. Hauptman,57 J. Hays,43 T. Hebbeker,21 D. Hedin,52 J. G. Hegeman,34

A. P. Heinson,48 U. Heintz,62 C. Hensel,22,x K. Herner,72 G. Hesketh,63 M.D. Hildreth,55 R. Hirosky,81 J. D. Hobbs,72

B. Hoeneisen,12 M. Hohlfeld,22 S. Hossain,75 P. Houben,34 Y. Hu,72 Z. Hubacek,10 V. Hynek,9 I. Iashvili,69
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M.A. Strang,69 E. Strauss,72 M. Strauss,75 R. Ströhmer,25 D. Strom,53 L. Stutte,50 S. Sumowidagdo,49 P. Svoisky,35

A. Sznajder,3 A. Tanasijczuk,1 W. Taylor,6 B. Tiller,25 F. Tissandier,13 M. Titov,18 V.V. Tokmenin,36 I. Torchiani,23

D. Tsybychev,72 B. Tuchming,18 C. Tully,68 P.M. Tuts,70 R. Unalan,65 L. Uvarov,40 S. Uvarov,40 S. Uzunyan,52 B. Vachon,6

P. J. van den Berg,34 R. Van Kooten,54 W.M. van Leeuwen,34 N. Varelas,51 E.W. Varnes,45 I. A. Vasilyev,39 P. Verdier,20

L. S. Vertogradov,36 M. Verzocchi,50 D. Vilanova,18 F. Villeneuve-Seguier,43 P. Vint,43 P. Vokac,10 M. Voutilainen,67,**

R. Wagner,68 H.D. Wahl,49 M.H. L. S. Wang,50 J. Warchol,55 G. Watts,82 M. Wayne,55 G. Weber,24 M. Weber,50,††

L. Welty-Rieger,54 A. Wenger,23,‡‡ N. Wermes,22 M. Wetstein,61 A. White,78 D. Wicke,26 M. Williams,42 G.W. Wilson,58

S. J. Wimpenny,48 M.Wobisch,60 D. R. Wood,63 T. R. Wyatt,44 Y. Xie,77 C. Xu,64 S. Yacoob,53 R. Yamada,50 W.-C. Yang,44

T. Yasuda,50 Y.A. Yatsunenko,36 H. Yin,7 K. Yip,73 H. D. Yoo,77 S.W. Youn,53 J. Yu,78 C. Zeitnitz,26 S. Zelitch,81

T. Zhao,82 B. Zhou,64 J. Zhu,72 M. Zielinski,71 D. Zieminska,54 A. Zieminski,54,xx L. Zivkovic,70

V. Zutshi,52 and E.G. Zverev38

(D0 Collaboration)

1Universidad de Buenos Aires, Buenos Aires, Argentina
2LAFEX, Centro Brasileiro de Pesquisas Fı́sicas, Rio de Janeiro, Brazil

3Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
4Universidade Federal do ABC, Santo André, Brazil
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15CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France
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19IPHC, Université Louis Pasteur, CNRS/IN2P3, Strasbourg, France
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We present measurements of the linear polarization amplitudes and the strong relative phases that

describe the flavor-untagged decays B0
d ! J=cK�0 and B0

s ! J=c� in the transversity basis. We also

measure the mean lifetime ��s of the B0
s mass eigenstates and the lifetime ratio ��s=�d. The analyses are

based on approximately 2:8 fb�1 of data recorded with the D0 detector. From our measurements of the

angular parameters we conclude that there is no evidence for a deviation from flavor SU(3) symmetry for

these decays and that the factorization assumption is not valid for the B0
d ! J=cK�0 decay.
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B mesons are fertile ground to study CP violation and
search for evidence of new physics. There are elements, in
addition to CP violation, involved in the theoretical de-
scription of B meson decays, such as flavor SU(3) symme-
try, factorization, and final-state strong interactions. To
understand the role CP violation plays in these decays, it
is essential to understand and isolate the effect of each of
these elements in the B meson decays.

Factorization states that the decay amplitude of Bmeson
decays can be expressed as the product of two single
current matrix elements [1] and this implies that the rela-
tive strong phases are 0 (mod �) [2]. A different measured
value for the strong phases would indicate the presence of
final-state strong interactions. The B0

d meson can be

formed by replacing the s quark with the d quark in the
B0
s meson. From flavor SU(3) symmetry applied to the

B0
d � B0

s system one expects that the theoretical descrip-

tion is similar; in particular, the B0
d ! J=cK�0 and B0

s !
J=c� [3] decays, can be described in the transversity basis
[2] by the relative strong phases �1 and �2, and by the three
independent components A0, Ak, and A?. The components

A0 and Ak represent the CP-even and A? the CP-odd
contributions to the decay amplitude.

Other observables of these decays are the lifetimes of
both mesons, which allow us to compare with theoretical
predictions of the lifetime ratio. Phenomenological models
predict differences of about 1% [4,5] between the B0

d and

B0
s lifetimes. Previous B meson lifetime measurements [6]

are consistent with these predictions.
In this Letter we report the measurements of the parame-

ters that describe the time-dependent angular distributions
of the decays B0

d ! J=cK�0 and B0
s ! J=c� in the trans-

versity basis, where the initial B meson flavor is not
determined (‘‘untagged’’). We study the B0

d and B
0
s mesons

to verify the validity of the factorization assumption [2]
and to check if flavor SU(3) symmetry [2] holds for these
decays. We also report the lifetime ratio ��s=�d for these
mesons and the width difference��s between the light and
heavy B0

s mass eigenstates. The analyses were performed
using data collected with the D0 detector [7] in Run II of
the Fermilab Tevatron Collider during 2003–2007 with an
integrated luminosity of approximately 2:8 fb�1 of p �p
collisions at a center-of-mass energy of 1.96 TeV. In con-
trast with the flavor-tagged analysis reported in Ref. [8], in
this Letter we report a simultaneous analysis of both the B0

d

and B0
s meson decays, carried out in such a way that a

straightforward comparison between their angular and life-
time parameters can be performed.

We use the B0
s ! J=c�, J=c ! �þ��, � ! KþK�

selection described in Ref. [9]. The decay B0
d ! J=cK�0,

J=c ! �þ��,K�0 ! K��� is reconstructed using simi-
lar selection criteria and algorithms as the B0

s channel
because they have the same four-track topology in the final
state. The differences are the requirement that the trans-
verse momentum of the pion be greater than 0:7 GeV=c,

the invariant mass for the ðJ=c ; K�0ð892ÞÞ pair be in the
range 4:93–5:61 GeV=c2, and the selection of theK�0ð892Þ
candidates by demanding the two-particle invariant mass
between 850 and 930 MeV=c2. Because of the lack of
charged particle identification, we assign the mass of the
pion and kaon to the latter two tracks and use the combi-
nation with invariant mass closest to the K�0 mass.
The proper decay length (PDL), defined as in

Refs. [10,11], for a given B0
d or B

0
s candidate is determined

by measuring the distance traveled by each b-hadron can-
didate in a plane transverse to the beam direction, and then
applying a Lorentz boost correction. In the B0

d and B
0
s final

selection, we require a PDL uncertainty of less than
60 �m. We find 334199 and 41691 candidates that pass
the B0

d and B0
s selection criteria, respectively (see Fig. 1).

We denote the set of the angular variables defined in the
transversity basis, where the decays B0

d ! J=cK�0 and

B0
s ! J=c� are studied, as ! ¼ f’; cos�; cosc g. The

description of these decays in this basis gives us access
to the three linear polarization amplitudes at production
time, t ¼ 0, jA0ð0Þj, jAkð0Þj, and jA?ð0Þj, satisfying

)2Mass (GeV/c
5 5.1 5.2 5.3 5.4 5.5 5.6

2
E

ve
nt

s 
pe

r 
9 

M
eV

/c

0

1000

2000

3000

4000

5000

)2Mass (GeV/c
5 5.1 5.2 5.3 5.4 5.5 5.6

2
E

ve
nt

s 
pe

r 
9 

M
eV

/c

0

1000

2000

3000

4000

5000

Total fit
Prompt background
Non prompt background

-1D0, 2.8 fb(a)

)2Mass (GeV/c
5.1 5.2 5.3 5.4 5.5 5.6 5.7

2
E

ve
nt

s 
pe

r 
9 

M
eV

/c

0

100

200

300

400

500

600

700

800

)2Mass (GeV/c
5.1 5.2 5.3 5.4 5.5 5.6 5.7

2
E

ve
nt

s 
pe

r 
9 

M
eV

/c

0

100

200

300

400

500

600

700

800 -1D0, 2.8 fb

Total Fit
Prompt background
Non prompt background

(b)

FIG. 1 (color online). Invariant mass distribution for selected
(a) B0

d and (b) B0
s candidate events. The points with error bars

represent the data, and the curves represent the fit projections for
the total and the background components.
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jA0j2 þ jAkj2 þ jA?j2 ¼ 1 [12]; and the CP conserving

strong phases �1 � arg½A�
kA?�, and �2 � arg½A�

0A?�.
Since only the relative phases of the amplitudes can enter
physics observables, we are free to fix the phase of one of
them, and we choose to fix �0 � argðA0Þ ¼ 0.

According to the standard model,CP-violation effects in
the B0

s system are very small [13]. In this analysis, we
assume CP conservation and express the differential decay
rate for the untagged decay B0

s ! J=c� as [2]:

d4P=ðd!dtÞ / e��Lt½jA0j2f1ð!Þ þ ReðA�
0AkÞf5ð!Þ

þ jAkj2f2ð!Þ� þ e��HtjA?j2f3ð!Þ; (1)

where �LðHÞ � 1=�LðHÞ is the inverse of the lifetime corre-

sponding to the light (heavy) mass eigenstate. The mea-
sured parameters, the width difference ��s � �L � �H

and the mean lifetime ��s � 1= �� ¼ 2=ð�L þ �HÞ, are given
in terms of these inverse lifetimes. The angular functions
fið!Þ are defined in Ref. [2]. In this decay, we have access
to the phase �k ¼ argðA�

0AkÞ, which is related to �1 and �2

by �k ¼ �2 � �1.

In the B0
d system, there is evidence of interference

between the P- and S-wave K� amplitudes [14], which
is taken into account in this analysis. The differential decay
rate for the untagged decay B0

d ! J=cK�0 is given by

[2,14]:

d4P=ðd!dtÞ / e��dtfcos2�½jA0j2f1ð!Þ
þ jAkj2f2ð!Þ þ jA?j2f3ð!Þ
� �ImðA�

kA?Þf4ð!Þ þ ReðA�
0AkÞf5ð!Þ

þ �ImðA�
0A?Þf6ð!Þ� þ sin2� � f7ð!Þ

þ 1
2 sin2�½f8ð!Þ cosð�k � �sÞjAkj

þ f9ð!Þ sinð�? � �sÞjA?j
þ f10ð!Þ cosð�sÞjA0j�g; (2)

where �d � 1=�d is the inverse of the B0
d lifetime, � ¼

þ1ð� ¼ �1Þ for KþðK�Þ; �, �s, and fið!Þ are defined in
Refs. [2,14]. For the B0

d, ��d is expected to be zero [13].

An unbinned likelihood fit is performed to extract all the
B0
d and B0

s parameters. For the jth B meson candidate, the

inputs for the fit are the massmj, PDL ctj, PDL uncertainty

	ctj , and the angular variables!j. The likelihood function

L for the untagged decays B0
d ! J=cK�0 and B0

s !
J=c�, is defined by

L ¼ YN

j¼1

½fsF j
s þ ð1� fsÞF j

b�; (3)

where N is the total number of selected events and fs is the
fraction of signal events in the sample, a free parameter in
the fit.

F s is the product of the signal probability distribution
functions (PDF) of mass, PDL, and transversity angles, and

the angular acceptances, which are determined via
Monte Carlo simulations. The mass and PDL signal dis-
tributions are modeled for both decays in the same way.
The mass distribution is modeled by a Gaussian function
with free mean and width. The PDL distribution is de-
scribed [10] by the convolution of an exponential, whose
decay constant is one of the fit parameters with a resolution
function represented by two weighted Gaussian functions
centered at zero. The widths si	ctj of each Gaussian with

scale factors si (i ¼ 1, 2) are free parameters in the fit to
allow for a possible misestimate of the PDL uncertainty.
The transversity angular distributions are modeled by the
corresponding normalized equations (1) and (2). The con-
tribution where the mass of the K and � are misassigned in
our data is estimated by using Monte Carlo studies to be
about 13% and is taken into account.
F b is the product of the background PDF of the same

variables and the angular acceptance as in the signal. We
separate the background contributions into two types. The
prompt background accounts for directly produced J=c
mesons combined with random tracks. Nonprompt back-
ground is due to J=c mesons produced by a b hadron
decay combined with tracks that come from either a multi-
body decay of the same b hadron or from hadronization.
The mass distribution for the background is modeled by
two independent normalized negative-slope exponentials,
one for the prompt and one for the nonprompt contribu-
tions. The PDL distribution for the prompt background is
parametrized by the resolution function described above.
The PDL distribution for the nonprompt background is
modeled by a sum of two exponential components for
positive ct and one for negative ct that account for a mix
of heavy flavor meson decays and their possible misrecon-
struction. The angular distributions for the background
components are modeled by a shape similar to that of the
signal, but with an independent set of amplitudes and
phases.
The results of our measurements are summarized in

Table I. Figures 1 and 2 show the mass and the PDL
distributions for the B0

d and B0
s candidates, respectively,

with the projected results of the fits. The parameters with

TABLE I. Summary of measurements for the decays B0
d !

J=cK�0 and B0
s ! J=c�. The uncertainties are only statistical.

Parameter B0
d B0

s Units

jA0j2 0:587� 0:011 0:555� 0:027 � � �
jAkj2 0:230� 0:013 0:244� 0:032 � � �
�1 �0:38� 0:06 � � � rad

�2 3:21� 0:06 � � � rad

�k � � � 2:72þ1:12�0:27 rad

� 1:414� 0:018 1:487� 0:060 ps

��s � � � 0:085þ0:072
�0:078 ps�1

Nsig 11195� 167 1926� 62 � � �
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the strongest correlations are the linear amplitudes for the
B0
d, and the width difference and the mean lifetime for the

B0
s .
Table II summarizes the systematic uncertainties in our

measurements for B0
d and B0

s decays. To study the system-

atic uncertainty due to the model for the mass distributions,
we vary the shapes of the mass distributions for back-
ground by using two normalized first-order polynomials
instead of the nominal two negative exponentials. We

estimate the systematic uncertainty due to the resolution
on the PDL by using one Gaussian function for the reso-
lution model. The fitting code is tested for the presence of
biases by generating 1300 pseudoexperiments for B0

d and

1000 for B0
s , each with the same statistics as our data

samples. We generated the events following the PDL,
mass, and transversity angular distributions described
above. The differences between the input and output values
are quoted as the systematic uncertainty due to the fitting.
The systematic uncertainty for �k reported for this source

is due to an intrinsic ambiguity for this parameter in
Eq. (1). The pseudoexperiments produced also cover the
other solution for �k. The contribution from the detector

alignment uncertainty is taken from Ref. [11]. Other po-
tential sources of systematic uncertainties have been in-
vestigated and found to give negligible variations in the
measured parameters. The systematic uncertainties for the
ratio ��s=�d are obtained by finding the ratio of the lifetimes
for each systematic variation on Table II and taking the
difference between this value and the nominal ratio.
In conclusion, we have measured the angular and life-

time parameters for the time-dependent angular untagged
decays B0

d ! J=cK�0 and B0
s ! J=c�, the lifetime ratio

of both B mesons, and the width difference ��s for the B
0
s

meson. From the measured lifetime parameters ��s and �d
we obtain the ratio ��s=�d ¼ 1:052� 0:061ðstatÞ �
0:015ðsystÞ which is consistent with the theoretical predic-
tion [5] and previous measurements [6]. The measurement
of the width difference ��s ¼ 0:085þ0:072

�0:078ðstatÞ �
0:006ðsystÞ ps�1 is consistent with the theoretical predic-
tion [5,13] and with the value reported in Refs. [6,15]. D0
also has a measurement of ��s in a flavor-tagged analysis
of B0

s ! J=c� in Ref. [8].
Our measurements for the linear polarization ampli-

tudes for the B0
d, taking into account the interference

between the K� S wave and P wave, are jA0j2 ¼ 0:587�
0:011ðstatÞ � 0:013ðsystÞ and jAkj2 ¼ 0:230�
0:013ðstatÞ � 0:025ðsystÞ; and for B0

s : jA0j2 ¼ 0:555�
0:027ðstatÞ � 0:006ðsystÞ, and jAkj2 ¼ 0:244�
0:032ðstatÞ � 0:014ðsystÞ are consistent and competi-
tive with those reported in the literature [6,14,16].
Our measurement of the strong phases �1 and �2 indi-
cates the presence of final-state interactions for the decay

TABLE II. Summary of systematic uncertainties in the measurement of angular and lifetime parameters. The total uncertainties are
given combining individual uncertainties in quadrature.

B0
d B0

s

Source jA0j2 jAkj2 �1 (rad) �2 (rad) �d (ps) jA0j2 jAkj2 �k (rad) ��s (ps
�1) ��s (ps) ��s=�d

Mass background � � � 0.024 0.09 0.05 0.030 0.004 0.002 0.02 � � � 0.021 0.009

PDL resolution 0.013 0.008 0.02 0.03 0.013 0.005 0.003 � � � � � � 0.016 0.012

Fitting code 0.001 � � � � � � � � � 0.004 0.004 0.014 0.26 0.001 0.008 0.003

Alignment � � � � � � � � � � � � 0.007 � � � � � � � � � � � � 0.007 � � �
Total 0.013 0.025 0.09 0.06 0.034 0.006 0.014 0.26 0.001 0.028 0.015
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FIG. 2 (color online). PDL distribution for selected (a) B0
d and

(b) B0
s candidate events. The points with error bars represent the

data, and the curves represent the fit projections for the total,
signal, and background components.
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B0
d ! J=cK�0 [2] since �1 ¼ �0:38� 0:06ðstatÞ �

0:09ðsystÞ rad is 3:5	 away from zero, where 	 is the total
uncertainty. From the comparison of the measured ampli-
tudes and strong phases [17] for both decays we conclude
that they are consistent with being equal for B0

d and B
0
s and

hence there is no evidence for a deviation from flavor
SU(3) symmetry. In our sample we find that the K�
S-wave intensity, as described in Ref. [14], is ð4:0�
1:0Þ%.
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