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We present a study of the decay ^  J / ÿ  0. We obtain the CP-odd fraction in the final state 
at time zero, R± = 0.16 ±  0.10 (stat) ±  0.02 (syst), the average lifetime of the (B ° , B s) system, 
t (B°) = 1.39tg'i6 (stat) 02 (syst) Ps, and the relative width difference between the heavy and 
light mass eigenstates, Ar/r =  (IY — Vh )/T  = 0.241^38 (stat) Íq ’o4 (syst). W ith the additional 
constraint from the world average of the B° lifetime measurements using semileptonic decays, we 
find t (B°) = 1.39 ±  0.06 ps and A r /V  = 0.25tg'Jji. For the ratio of the B° and B° lifetimes we
obtain =  0.91 ±  0.09 (stat) ±  0.003 (syst).

PACS num bers: 13.25.Hw, 11.30.Er

W ithin  the framework of the stan d ard  model (SM), the mesons are expected to  mix in such a way th a t the
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mass and decay w idth  differences between the heavy and 
light eigenstates, A M  =  M H — M L and A r  =  r L — r H , 
are sizeable. The mixing phase S^ is small and to  a good 
approxim ation the two m ass eigenstates correspond to  
C P eigenstates. New phenom ena m ay alter Sfy, leading 
to  a reduction of the observed A r /T  com pared to  the 
SM prediction [1].

The decay B° ^  J / ÿ  j>, proceeding through the quark 
process b ^  ccs, gives rise to  bo th  CP-even and C P-odd 
final states. I t is possible to  separate the  two C P com­
ponents of the  decay B° ^  J / ÿ  4>, and thus to  m easure 
the lifetime difference, th rough a sim ultaneous study  of 
the tim e evolution and angular d istributions of the decay 
p roducts of the  J / ÿ  and ^  mesons. A ngular d istribu­
tion  of B ° ^  J / ÿ ( ^  m+M- ) ^ ( ^  K + K - ) involve three 
angles. C urren t sta tistics are such th a t the use of all 
three angles characterizing the final s ta te  is not yet ben­
eficial. We use a variable particu larly  sensitive to  sepa­
ra ting  the C P states, the  cosine of the transversity  polar 
angle (called ” tranversity” ), as defined below.

The analysis of d a ta  collected w ith the D 0  detector [2] 
a t the Ferm ilab Tevatron collider presented in this L etter 
is an extension of a recently published study  [3] done un­
der the  single B° lifetime hypothesis. We perform  an un­
binned m axim um  likelihood fit to  the  data , including the 
B° candidate mass, lifetime, and  transversity, in the  de­
cay sequence B° ^  J / ÿ  4>, J / ÿ  ^  M+M- , ^  ^  K + K - . 
We ex trac t th ree param eters characterizing the B ° sys­
tem  and its decay: r(B g ) =  1/T, where T =  ( r j j + r  l ) /2 ;  
A r / r ; and R ± , the relative ra te  of the  decay to  the CP- 
odd sta tes a t tim e zero. The average lifetimes of B° and 
B 0, as defined above, are expected to  be equal to  w ithin 
1% [4], and their ra tio  is determ ined by m easuring the 
lifetime of B 0 in the sim ilar decay topology of J / ÿ K *.

The d a ta  were collected between June 2002 and Au­
gust 2004. The sample is selected by requiring two recon­
structed  m uons w ith a transverse m om entum  p T > 1.5 
GeV. Each m uon is required to  be detected  as a track 
segment in a t least one layer of the  m uon system  and to  
be m atched to  a central track. One m uon is required to  
have segments bo th  inside and outside the toroid. We 
require the  events to  satisfy a m uon trigger th a t does not 
include any cuts on the im pact param eter. The sample 
corresponds to  an in tegrated  lum inosity of approxim ately 
450 p b - 1 .

To select the B° candidate sample, we apply the fol­
lowing kinem atic and quality  cuts. M inimum values of 
m om enta in the transverse plane for B °, 4>, and K  mesons 
are set a t 6.0 GeV, 1.5 GeV, and 0.7 GeV, respectively. 
J / ÿ  candidates are accepted if the invariant m ass is in 
the range 2.90 -  3.25 GeV. Successful candidates are con­
stra ined  to  the average reconstructed  J / ÿ  mass of 3.072 
GeV. Decay p roducts of the ^  candidates are required to  
satisfy a fit to  a common vertex and to  have an invari­
an t mass in the range 1.01 -  1.03 GeV. We require the 
( J / ÿ ,  4>) pair to  be consistent w ith coming from a com-

>  450a
s  400o
8  350

<5 300

ÍS 250
15
■o 200 

Ì 1 5 0
°  100 

50

05 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8
Mass (GeV)

FIG. 1: The invariant mass distribution of the ( J /^ ,0 )  sys­
tem for candidates. The curves are projections of the 
maximum likelihood fit (see text).

mon vertex, and to  have an invariant m ass in the range 
5.0 -  5.8 GeV. In case of m ultiple ^  meson candidates, 
we select the one w ith the highest transverse m om entum . 
M onte Carlo (MC) studies show th a t the  p T spectrum  of 
the ^  mesons coming from B° decay is harder th an  the 
spectrum  of a pair of random  tracks from the underlying 
event. We define the signed decay length of a B° meson 
L-^y as the vector pointing from the prim ary  vertex to  the 
decay vertex projected  on the B° transverse m om entum . 
To reconstruct the prim ary  vertex, we select tracks w ith 
p T >  0.3 GeV th a t are not used as decay products of the 
B s candidate and apply a constrain t to  the average beam  
spot position. The proper decay length, ct, is defined by 
the relation ct =  L ^  • M Bo/pT where M Bo is the  world 
average m ass of the B° meson [5]. The d istribu tion  of 
the proper decay length uncerta in ty  a(ct) of B° mesons 
peaks around 25 Mm. We accept events w ith a(ct) < 60 
Mm. There are 9699 events satisfying the  above cuts.

The resulting invariant mass d istribu tion  of the 
( J / ÿ ,  >̂) system  is shown in Fig. 1. The curves are pro­
jections of the m axim um  likelihood fit, described below. 
The fit assigns 513±33 events to  B ° decay.

Using the same d a ta  sam ple and analogous kinem atic 
and quality  cuts, we select a sample of 1913 events 
of the decay sequence B 0 ^  J / ÿ K *, J / ÿ  ^  M+M- , 
K * ^  K ± n T , and update  the  B 0 lifetime m easurem ent 
reported  in Ref. [3] w ith larger statistics.

We perform  a sim ultaneous unbinned m axim um  like­
lihood fit to  the proper decay length, transversity, and 
mass. The likelihood function L is given by:

N

L  =  Ü f - Ä  +  (1 — f sig) F ‘ J ,  (1)
i= 1

where N  is the to ta l num ber of events, F i ig (F ¿ck) is 
the product of the  mass, proper decay length, and the
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transversity  probability  density  functions for the  signal 
(background), and f sig is the fraction of signal in the  sam ­
ple. Background is divided into two categories, based on 
their origin and lifetime characteristics. “P ro m p t” back­
ground is due to  directly  produced J / ÿ  mesons accom pa­
nied by random  tracks arising from hadronization. This 
background is distinguished from “non-prom pt” back­
ground, where the J / ÿ  meson is a p roduct of a B -hadron 
decay while the  tracks forming the ^  candidate em anate 
from a m ultibody decay of the same B hadron  or from 
the underlying event. We allow for independent param e­
ters for the two background com ponents in mass, lifetime, 
and transversity. There are nineteen free param eters in 
the fit.

For the signal m ass distribution, we use a sum  of two 
G aussian functions w ith a fixed ra tio  of w idths and nor­
m alizations, obtained in a fit to  the  signal-dom inated

subset satisfying ct/<r(ct) >  5. We allow for two free 
param eters, the  common m ean value and the w idth of 
the narrow  com ponent. The lifetime d istribu tion  of the 
signal is param etrized by an exponential convoluted with 
a G aussian function w ith the w idth taken  from the event- 
by-event estim ate of <r(ct). To allow for the  possibility 
of the lifetime uncerta in ty  to  be system atically  underes­
tim ated , we introduce a free scale factor.

T he transversity  d istribu tion  of the signal is deter­
mined in the following way. The tim e-dependent three- 
angle d istribu tion  for the  decay of untagged B ° mesons,
i.e., sum m ed over B ° and  B s , expressed in term s of the 
linear polarization am plitudes |Ax(t)| and  their relative 
phases Si is [6]:

d3r ( t )
d cos 0 dip d cos ÿ

«  2|A 0(0)|2 e Lt cos2 ÿ(1  — sin2 0 cos2 p) +  sin2 ÿ{ |A ii(0 )|2e iL t(1 — sin2 0 sin2 p)

+  |A ^ (0 ) |2e r í í í sin2 0} H— -= sin |^4o(0) | |A|| (0)| cos((52 — 5\)e TLt sin2 6 s \n 2 p
2

+  I  -^= |Ao(0)| |A ^(0)| cos ¿2 sin 2-0 sin 29 cos p  — |A|| (0)| |A ^(0)| cos ¿i sin2 ip sin 20 sin p |  — (e~Tllt — e~r i ,i ) S(p . (2)

In the coordinate system  of the  J / ÿ  rest frame (where the 
^  meson moves in the x direction, the z axis is perpendic­
u lar to  the  decay plane of ̂  ^  K + K - , and p y (K  +) >  0), 
the transversity  polar and azim uthal angles (0, p) de­
scribe the  direction of the  M+ , and ÿ  is the  angle between 
p (K  +) and —p ( J /ÿ )  in the  ^  rest frame.

We model the  acceptance in the  three angles by poly­
nomials, w ith param eters determ ined using M onte Carlo 
sim ulations. We have used the SV V -H E L A M P  model 
in the E v tG e n  generator [7], interfaced to  the  P y t h i a  
program  [8]. R econstructed events were reweighted to  
m atch the  kinem atic d istribu tions w ith the data .

To ob tain  the one-angle (transversity) d istribution , we 
in tegrate  the  three-angle d istribu tion  over the angles ÿ  
and p. The resulting d istribu tion  depends on one free 
param eter, R ±  =  |A ^ (0 ) |2. There is a small correction 
term  due to  the  nonuniform ity of the acceptance in the 
angle p , which is proportional to  |A0(0)|2 — |A | (0)|2. We 
use the  CDF C ollaboration m easurem ent [9] of this dif­
ference, 0.355±0.066.

The lifetime shape of the  background is described as 
a sum  of a prom pt com ponent, sim ulated as a G aus­
sian function centered a t zero, and a non-prom pt com­

ponent, sim ulated as a superposition of one exponen­
tia l for the negative ct region and two exponentials for 
the positive ct region, w ith free slopes and norm aliza­
tion. The mass d istributions of the  backgrounds are 
param etrized by first-order polynomials. The transver- 
sity  distributions of backgrounds are param etrized as 
(1 +  a 2 cos2 0 +  a4 cos4 0).

R esults of the fit are presented in Figs. 1 -  4 . The 
proper decay length d istribution, and the transversity  
distribution, bo th  w ith the fit results overlaid are shown 
in Figs. 2 and 3 . Figure 4 shows the one stan d ard  devia­
tion  ( one-a) contour for ct(£>°) versus A r / r .  I t provides 
the best display of the  uncertain ty  range for these cor­
related  param eters. O ur best fit re tu rns f i^  =  0.16±0.10 
and A r / f  =  0.24±g;|| a t t (B ° ) =  1.39±g;^ ps.

We do a series of alternative fits, a t discrete values 
of r(B¡?). The results for A T /T , its one stan d ard  de­
viation range, and the corresponding value of the  like­
lihood, are listed in Table I . We verify the procedure 
by perform ing fits on a sam ple of approxim ately 50,000 
MC events passed through the full chain of detector sim­
ulation, event reconstruction, and m axim um  likelihood 
fitting. We see no bias in the event reconstruction or
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FIG. 2: The proper decay length ct of the candidates in 
the signal mass region. The curves show the signal contribu­
tion, dashed (red); the background, lower solid line (green); 
and total, upper solid line (black) in the signal mass region.
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FIG. 3: The distribution of the cosine of the transversity 
angle in the signal mass region, for “non-prompt” events, with 
the results of the maximum likelihood fit overlaid.

in the fitting procedure. The fits reproduce the inputs 
( c t  =  439 ¿tin, A r /Y  =  0, and a range of R ±  between 0 
and 1) correctly w ithin the sta tistical precision of 2 Mm 
for c t ,  0.01 for R ± , and 0.025 for A r / r .  We test the 
sensitivity of the results to  the param etrization  of the 
signal and background mass d istributions by varying the 
param eters of the two-Gaussian function. To test the 
sensitivity of the results to  the background model, we 
add a quadratic  term  in the background mass d istribu­
tion. We find a non-negligible effect from the ex tra  term  
in the non-prom pt background on c t  and A r /Y .  We have 
also tested  the sensitivity of the results to  the assump­
tion th a t the lifetime and the transversity  distributions 
of background are independent of mass. The effect of 
the uncertain ty  of the detector alignment on the lifetime 
m easurem ent was estim ated in Ref. [3]. The effects of 
system atic uncertainties are listed in Table II.

l u 1-2
Ù 10  
^  0.8h

with WA constraint (1c stat.)
D 0 default 1 c  stat. ^  q 0

CDF

0.037 0.0397 0.0425 0.0452 0.048
ct (cm)

..................................................................
1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6

t  (ps)

FIG. 4: The D 0 default one-a (stat.) contour (5 ln(L) =  0.5) 
compared to a one-a band for the world average (WA) mea­
surement based on flavor-specific decays, Tfs =  1.442 ±  0.066 
ps. A simultaneous fit to our data and the WA gives a one-cr 
range t ( B ° )  = 1.39±0.06 ps and Ar/f = 0.25Ío.Íb- The SM 
theoretical prediction is shown as the horizontal band.

TABLE I: Fit results for Ar/r at fixed values of t ( B ° ) .  For 
each assumed value of r (ß ° ) , the likelihood as function of 
Ar/r is symmetric and parabolic.

r ( ß su) (ps) A r / r A hi(£)
1.23 — 0.13 ±  0.15 0.51
1.27 -0.03 ±  0.17 0.32
1.31 0.07 ±  0.19 0.17
1.35 0.16 ±  0.21 0.04
1.39 0.24±0.20 0.0
1.43 0.31 ±  0.19 0.06
1.47 0.37 ±  0.18 0.20
1.51 0.43 ±  0.18 0.42
1.55 0.48 ±0.18 0.69

We also conduct a test w ith an ensemble of 1000 
pseudo-experim ents w ith similar sta tistical sensitivity, 
chosen from the d istribution described by Eq. 1, with 
the same param eters as obtained in th is analysis. Both 
the spread of uncertainties and of the central values of 
the fit param eters are in good agreement w ith the results 
reported  here. Our results are consistent w ith the CDF 
Collaboration results [9], also shown in Fig. 4 .

Bs0 lifetime m easurem ents from semileptonic (flavor- 
specific) d a ta  provide an independent constrain t on the 
average lifetime and lifetime difference in the B s0 sys­
tem . The world average [5] B° lifetime is Tfs =  
1 / r f s =  1.442 ±  0.066 ps. This result is based on single­
exponential fits in the flavor-specific decay channels, 
which determ ine the following relation [10] (shown in Fig._ _ _ _ _ _ _o
4 ) of r  and AY'/T: Y fs = Y -  ( A r ) 2/ 2 r  +  C>(Ar)3/ r “ . 
Applying the above constrain t to  our m easurem ent, we 
ob tain  t (B®) =  1.39 ±  0.06 ps and A r / r  =  0 . 2 5 + q ' . 
This result is consistent w ith the SM expectation [11] of



7

TABLE II: Sources of systematic uncertainty. The numbers 
reflect the variation of the fitted central values associated with 
the one-a variation of the corresponding external input pa­
rameters. The second item includes contributions from the 
variation of the acceptance as a function of p  and ÿ , as well 
as from a one-a variation of the quantity | A0(0)|2 — |Ay (0)|2.

Source ct(Bs ), pm Ar/r R±
Acceptance vs. cos 6 ±0.6 ±0.001 ±0.005
Integration over p, ÿ ±0.2 ±0.001 ±0.02

Procedure test ±2.0 ±0.025 ±0.01
Momentum scale — 3.0 - -

Signal mass model ±1.0 +0.009,-0.017 ±0.007
Background mass —3.5 +0.02 — 0.002

Detector alignment ±2.0 - -
Background model ±0.5 ±0.016 ±0.005

Total -5.6,+3.1 -0.04, +0.03 ±0.02

0.12 ±  0.05.
All the  results presented above are obtained under a 

tac it assum ption th a t the CP-violating phase is negli­
gible, as predicted by the SM (S^ =  ^ ckm  =  —0.03). 
Future im provem ents on the m easurem ent of A r /T  may 
exclude models predicting large deviations of S^ from the 
SM value.

In summary, we have m easured the C P-odd fraction for 
the  decay B ° ^  J / ÿ  ^, and the correlated param eters of 
the  average lifetime of the  (B¡?, B s ) system  t (B®) =  1 /F , 
and the relative w idth difference A r /T , or, equivalently, 
the  m ean lifetimes of the  light and heavy B s0 eigenstates, 
respectively. We obtain

Rj_ =  0.16 ±  0.10 (sta t) ±  0.02 (syst),
Ar/r =  0 .2 4 t° j !  (sta t) (syst),

T(B°S) =  1 .3 9 t° ;í3 (sta t) (syst) ps, 
t l  =  1.24—0.11 (sta t) +0;œ (syst) ps,
t h  =  1.58—0.42 (sta t) —0:02 (syst) ps.

We have updated  the m easurem ent of the m ean life­
tim e of the  B 0 meson w ith doubled statistics. W ith  the 
system atic uncertain ty  estim ated in Ref. [3], the  updated  
m easurem ent is

t (B 0) =  1.530 ±  0.043 (sta t) ±  0.023 (syst) ps.

For the ra tio  of the  average B ° lifetime to  the B 0 life-

time, we obtain
=  0.91 ±  0.09 (sta t) ±  0.003 (syst).

We th an k  the staffs a t Ferm ilab and collaborating in­
stitu tions, and acknowledge support from the DOE and 
NSF (USA); CEA and C N R S/IN 2P3 (France); FASI, 
R osatom  and R FB R  (Russia); C A PES, CNPq, FA PER J, 
FA PESP and FU N D U N ESP (Brazil); DAE and DST 
(India); Colciencias (Colombia); CON A CyT (Mexico); 
K R F (Korea); C O N IC ET and UBACyT (A rgentina); 
FOM  (The N etherlands); PPA RC (U nited Kingdom); 
MSM T (Czech Republic); CRC Program , CFI, NSERC 
and W estG rid P ro jec t (C anada); BM BF and DFG  (Ger­
m any); SFI (Ireland); Research Corporation, Alexander 
von H um boldt Foundation, and the M arie Curie P ro ­
gram.

[*] Visitor from University of Zurich, Zurich, Switzerland.

[1] I. Dunietz, R. Fleischer, and U. Nierste, Phys. Rev. D 
63, 114015 (2001).

[2] D 0 Collaboration, V. Abazov et al., “The Upgraded D 0 
Detector” , submitted to Nucl. Instrum. Methods Phys. 
Res. A.

[3] D 0  Collaboration, V. M. Abazov et al., Phys. Rev. Lett. 
94, 042001 (2005).

[4] I. I. Bigi and N. G. Uraltsev, Phys. Lett. B280, 271 
(1992).

[5] S. Eidelman et al. (Particle Data Group), Phys. Lett. B 
592, 1 (2004) and 2005 partial update for edition 2006; 
http://pdg.lbl.gov 2005.

[6] A. S. Dighe, I. Dunietz, and R. Fleischer, Eur. Phys. J. 
C 6, 647 (1999).

[7] A. Ryd and D. Lange, 
http://www.slac.stanford.edu/ lange/EvtGen 2000.

[8] T. Sjostrand et al., Comp. Phys. Comm. 135, 238 (2001).
[9] CDF Collaboration, D. Acosta et al., Phys. Rev. Lett., 

94, 101803 (2005).
[10] K. Anikeev et al., FERMILAB-Pub-01/197, 

hep-ph/0201071, p. 360.
[11] A. Lenz, hep-ph/0412007.

http://pdg.lbl.gov
http://www.slac.stanford.edu/
http://arXiv.org/abs/hep-ph/0201071
http://arXiv.org/abs/hep-ph/0412007

