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Lifetime and mixing: status and dependencies

first draft of lifetime part is complete, with

introduction
history
B-factory measurements (overview table and detailed description)
conclusion

mixing part has

complete introduction and outlook
all B-factory measurements are listed in overview table and in text
one or two measurements need their discussion revised

text frequently refers back to tools-and-methods chapters:

vertexing
B-flavor tagging
time-dependent analysis

without being hard to read (some amount of redundancy necessary)

text touches on {Vub,Vcb} and {Vtd ,Vts} sections

text forward references φ1, φ2 and global fits
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14.5 B meson lifetimes and B0B0 mixing

Editors:
Soeren Prell (BABAR)8145

Bruce Yabsley (Belle)

The charged and neutral B meson lifetimes, τB+ and
τB0 , and the B0B0 oscillation frequency ∆md are funda-

mental parameters of B meson decays. They provide im-8150

portant input for the determination of the CKM matrix
elements |Vcb| and |Vtd|. In addition, precise knowledge
of τB0 and ∆md is necessary for the extraction of CP
asymmetries from the neutral B decay-time distributions.
Here we describe the precision measurements of τB+ , τB08155

(section 14.5.1), ∆md (section 14.5.2) and a test of the
quantum-mechanical nature of B0B0 oscillations (section
14.5.3) by the B factories.

14.5.1 B meson lifetimes

In 1983, the MAC and MARK II Collaborations (Fernan-8160

dez et al., 1983; Lockyer et al., 1983) discovered in 29 GeV
center-of-mass energy e+e− collisions recorded at the PEP
storage ring at SLAC that the impact parameters of high-
momentum leptons in hadronic final states were largely
positive. Assuming these leptons originated mostly from8165

b hadron decays, the collaborations estimated a b hadron
lifetime of the order of one picosecond from the measured
lepton impact parameter distributions. Such a long life-
time was unexpected at the time. Phenomenological guid-
ance on the strength of weak b hadron decays then was the8170

quark mixing between the first and second quark genera-
tion characterized by the Cabibbo angle. If quark mixing
between the second and the third generation was similar,
a b lifetime of around 0.1 ps was expected (Barger, Long,
and Pakvasa, 1979). The long lifetime of b hadrons was the8175

first evidence that the magnitude of the CKM matrix ele-
ment Vcb is much smaller than the Cabibbo angle. Along
with first limits on the branching fractions of semileptonic
b → u transitions and thus |Vub/Vcb| from experiments at
Cornell around the same time (Chen et al., 1984; Klopfen-8180

stein et al., 1983) and unitarity constraints, the measure-
ment of |Vcb| led to the first complete picture of the mag-
nitudes of all the CKM matrix elements (Ginsparg and
Wise, 1983). Soon after, it was realized that due to its
long lifetime the B0 can oscillate into a B0 before it de-8185

cays allowing for measurements of B0B0 mixing and time-
dependent CP asymmetries.

At the time when the B factories started to record
their first data, the Particle Data Group listed in their
2000 Review of Particle Physics (Groom et al., 2000) the8190

averages of the B0 and B+ lifetimes and their ratio as
follows: τB0 = (1.548±0.032) ps, τB+ = (1.653±0.028) ps,
and τB+/τB0 = 1.062 ± 0.029 with relative uncertainties
of 2.1%, 1.7% and 2.7%, respectively.

While the first measurements of the magnitude of the8195

CKM matrix element Vcb were provided by the initial b
hadron lifetime measurements, based on advances in the
theoretical descriptions of B meson decays the current
most precise determination of |Vcb| comes from semilep-
tonic branching ratios (see section 14.1).8200

The main motivations for the B factories to measure
the B meson lifetimes even more precisely are two-fold.
One reason is theoretical and one is experimental. The
spectator quark model predicts that the two charge states
of the B meson, B+ and B0, have the same lifetime. De-8205

viations from this simple picture are expected to be of
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order 1/m3
b (Bigi, 1996; Neubert and Sachrajda, 1997),

where mb is the b quark mass. A recent calculation pre-
dicts the ratio of the B+ and B0 lifetimes to be τB+/τB0 =
1.067 ± 0.027 (Becirevic, 2001). While in agreement with8210

this prediction, the data at the time was not conclusive
on whether the charged or neutral B lifetime was longer
and a more precise measurement of τB+/τB0 would pro-
vide a stronger test of these calculations. Experimentally,
the B0 meson lifetime provides an essential input to the8215

measurements of the B0B0 oscillation frequency (see sec-
tion 14.5.2) and time-dependent CP asymmetries includ-
ing the angles φ1 and φ2 of the Unitarity Triangle (see
sections 14.6 and 14.7). Accurate values of τB0 and ∆md

reduce the systematic uncertainties in these analyses of8220

time-dependent CP asymmetries.

The most precise measurements of the B meson life-
times before the first results from the B factories be-
came available were from experiments at the Z0 reso-
nance and CDF. These experiments measured the dis-8225

tance l the B meson travels from its production point
to its decay vertex. The production point is, respectively,
the e+e− or pp̄ interaction point and the decay vertex
is determined from the B decay products. From this de-
cay distance l, the measured B momentum pB , and the8230

known B mass mB they determine the proper-time of the
B meson decay t = l/c(βγ)B = mBl/(pBc). The proper-
time distribution of the B meson candidates is given by
Γ (t) = 1

τB
exp(−t/τB) before accounting for detector res-

olution and backgrounds. The experiments extract the8235

B meson lifetimes from fits to the measured proper-time
spectra. While the ARGUS and CLEO experiments had
collected large samples of B mesons at the Υ (4S) reso-
nance, their B mesons were essentially produced at rest
in the laboratory frame rendering a proper-time method8240

through decay-length measurements impossible.

These earlier B lifetime measurements are character-
ized by high-precision proper-time measurements (σt ≈
xx), but typically suffered from a combination of rela-
tively small signal samples, large backgrounds, and in the8245

case of partially-reconstructed B mesons, a poor measure-
ment of the B momentum. In contrast, the measurements
from BABAR and Belle have worse proper-time resolution,
but their high-statistics B samples have little background
and excellent knowledge of the B momentum.8250

A principal difference between the B meson lifetime
measurements at previous experiments and at the asymmetric-
energy B factories is the knowledge of the B production
point. At all experiments the B mesons are produced in
the luminous region of the particle beams (beam spot).8255

The coordinates of the beam spot are well known. The
beam spot size is much smaller in the plane transverse to
the beam direction than along the beam direction. At the
LEP experiments, SLD and CDF most B mesons travel a
measureable distance in the transverse plane before they8260

decay and from this distance the B meson proper-time
is derived. In fits to the proper-time distributions, events
with measured t < 0 provide valuable information about
the proper-time resolution function. Since there are no
true negative proper-times, all events with measured t < 08265

are due to resolution effects. In contrast, at the B facto-
ries the B mesons are barely moving in the center-of-mass
frame. Thus their transverse momentum and transverse
flight distance are close to zero and cannot be used for a
precise proper-time measurement. The length of the beam8270

spot in the z direction is about a centimeter in BABAR and
Belle and there are no fragmentation tracks coming from
the B production point (as only a BB̄-pair is produced in
the decay of the Υ (4S)), which would allow one to recon-
struct the z coordinate. Therefore the z coordinate of the8275

B production vertex cannot be reconstructed with good
precision. Instead at the B factories the distance ∆z be-
tween the decay vertices of the two B mesons is measured.
A proper-time difference is then given to good approxima-
tion by8280

∆t = ∆z/(c(βγ)B), (14.5.1)

where (βγ)B is the Lorentz boost factor of the B meson
in the lab frame (see section 4.5). The ∆t distribution is
given by

Γ (∆t) =
1

2τB
exp (−|∆t|/τB). (14.5.2)

It is symmetric around ∆t = 0. Detector resolution effects
will smear this distribution, but there is no region in ∆t8285

that allows a similarly clean access to the ∆t resolution
function as in the experiments at the Z0 and CDF (see
Fig. 63). One of the challenges of the B lifetime measure-
ments at the B factories is to disentangle the underlying
true ∆t distribution from the resolution function.8290

Both BABAR and Belle use multiple samples of B me-
sons to determine the B0 and B+ lifetimes and their ratio.
One of the B mesons, Brec is typically reconstructed in an
exclusive final state. The various samples differ in their
B meson yield per inverse femtobarn and in their signal8295

purity. More exclusive samples have less background, but
also a smaller yield. In the lifetime analyses, the z posi-
tion of the Brec decay vertex zrec is determined from its
decay products. The z position, zoth of the decay vertex of
the other B meson, Both is reconstructed from the tracks8300

not belonging to Brec. The proper-time difference ∆t is
then calculated from ∆z = zrec − zoth using Eq. 14.5.1. It
turns out that the uncertainty in ∆t is dominated by the
uncertainty in zoth and almost the same for all lifetime
analyses at the B factories. The B lifetimes are extracted8305

from a fit to the ∆t distributions of the selected candi-
dates after accounting for detector resolution effects and
background. In the following, we will briefly describe the
various measurements of the B meson lifetimes by the B
factories. The results of these analyses are summarized in8310

Table 24.

Fully-reconstructed final states

The B lifetime measurements with samples in which one
B decays to an exclusive hadronic final states have the
lowest background. BABAR measures the B0 and B+ life-8315

times with the hadronic decays B0 → D(∗)−π+, D(∗)−ρ+,
D(∗)−a+

1 , J/ψK∗0 and B+ → D̄(∗)0π+, J/ψK+, ψ(2S)K+
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Table 24. B factory measurements of τB0 , τB+ and τB0/τB+ along with the journal paper, selected final state, signal purity,
B meson signal yield, ∆z resolution, and integrated luminosity for each measurement.

Neutral B meson lifetime τB0

Experiment Method fsig. Yield [B/ fb−1] ∆z RMS
�

L dt τB0 [ps]

BABAR (Aubert, 2001c) Excl. hadronic modes 90% 291 190 µm 21 fb−1 1.546 ± 0.032 ± 0.022

BABAR (Aubert, 2003b) Incl. D∗π, D∗ρ 603 21 fb−1 1.533 ± 0.034 ± 0.038

BABAR (Aubert, 2003g) Excl. D∗lν 76% 680 175 µm 21 fb−1 1.523+0.024
−0.023 ± 0.022

BABAR (Aubert, 2002d) Incl. D∗lν 53% 4430 ? µm 21 fb−1 1.529 ± 0.012 ± 0.029

BABAR (Aubert, 2006l) Incl. D∗lν 64% 605 182 µm 81 fb−1 1.504 ± 0.013+0.018
−0.013

Belle (Abe, 2002e) Excl. hadronic modes ?% ? ? µm 29 fb−1 1.554 ± 0.030 ± 0.019

Belle (Abe, 2005c) Excl. had. modes + D∗lν 81% 707 190 µm 140 fb−1 1.534 ± 0.008 ± 0.010

Charged B meson lifetime τB+

Experiment Method fsig. Yield [B/ fb−1] ∆z RMS
�

L dt τB+ [ps]

BABAR (Aubert, 2001c) Excl. hadronic modes 93% 304 190 µm 21 fb−1 1.673 ± 0.032 ± 0.023

Belle (Abe, 2002e) Excl. hadronic modes ?% ? ? µm 29 fb−1 1.695 ± 0.026 ± 0.015

Belle (Abe, 2005c) Excl. hadronic modes 81% 319 190 µm 140 fb−1 1.635 ± 0.011 ± 0.011

τB+/τB0

Experiment Method fsig. Yield [B/ fb−1] ∆z RMS
�

L dt τB+/τB0

BABAR (Aubert, 2001c) Excl. hadronic modes 93%, 90% 304, 291 190 µm 21 fb−1 1.082 ± 0.026 ± 0.012

Belle (Abe, 2002e) Excl. hadronic modes ?% ? ? µm 29 fb−1 1.091 ± 0.023 ± 0.014

Belle (Abe, 2005c) Excl. had. modes + D∗lν 81%, 81% 319, 707 190 µm 140 fb−1 1.066 ± 0.008 ± 0.008

in a data sample of 20.6 fb−1 (Aubert, 2001c). Belle per-
forms an analysis combining the exclusive hadronic final
states B0 → D(∗)−π+, D∗−ρ+, J/ψK0

S , J/ψK∗0 to mea-8320

sure the B0 lifetime and the modes B+ → D̄0π+, J/ψK+

to measure the B+ lifetime in a sample of 29.1 fb−1 (Abe,
2002e). The decay channels K+π−, K+π−π0, K+π−π+π−,
and K0

Sπ
+π− are used to reconstruct D0 candidates, while

the modes K+π−π+ and K0
Sπ

− are used for D− candi-8325

dates (Belle does not use the D decay modes involving a
K0

S). Charged D∗− candidates are formed by combining
a D0 with a soft π−. The B0 candidates are formed by
combining a D∗− or D− with a π+, ρ+ (ρ+ → π+π0)
or a+

1 (a+
1 → π+π−π+). The B0 → J/ψK∗0 and B0 →8330

ψ(2S)K∗0 candidates are reconstructed from combinations
of a J/ψ or a ψ(2S) candidate, in the decay modes e+e−

and µ+µ−, with a K∗0 (K∗0 → K+π−). The ψ(2S) can-
didates are reconstructed in their decays to J/ψπ+π−.
In these measurements, the collaborations impose con-8335

straints on the B candidates requiring them to be com-
patible with one of the final states mentioned above. The
corresponding branching fractions for the B and D decays
to these final states are at most a few percent. There-
fore, the selected signal samples have relatively small B0

8340

(B+) yields of 291 (304) and ? (?) B/ fb−1 for BABAR and
Belle, respectively. Due to the tight selection criteria, a
main background in other analyses that arises from incor-
rect combinations of tracks is highly suppressed leading to
event samples with high average signal purities of 80–90%.8345

The z position of the decay vertex, zrec, of the fully-
reconstructed B meson, Brec, is measured with high preci-
sion, typically of the order of σ(zrec) ∼ 50 µm. The decay
vertex position of the other B, zoth, is determined from
all tracks not belonging to Brec as described in section 4.8350

For these samples, the zrec resolution is 100–200 µm with

an RMS value of about 170 µm. Thus, the ∆z resolution
is dominated by the resolution of zoth. It is similar for all
decay modes (σ(∆z) = 180− 190 µm). Belle converts the
measured ∆z is into a ∆t value according to Eq. 14.5.1,8355

whereas in fully-reconstructed decays BABAR uses a more
precise approximation by exploiting the precise knowledge
of the B flight direction to correct for the B momentum
in the Υ (4S) frame (Eq. 4.5.3). The ∆t distributions of
the selected B0 and B+ candidates are then fit to a like-8360

lihood function that describes the true ∆t distribution of
the signal events (Eq. 14.5.2) convolved with a ∆t signal
resolution function Rsig to account for the uncertainty in
the ∆t measurements and an empirical ∆t distribution of
the background events. BABAR uses a signal ∆t resolution8365

function Rsig consisting of the sum of a Gaussian distribu-
tion with zero mean and its convolution with a exponential
decay that models the bias of zoth due to tracks originating
from a displaced decay vertex of a charm meson. Charged
and neutral B decays are described with the same ∆t res-8370

olution function. Belle’s signal ∆t resolution function Rsig

is formed by the convolution of four components: the de-
tector resolutions for zrec and zoth, the bias in zoth due
to tracks originating from the decay of a charm meson
and the kinematic approximation that the B mesons are8375

at rest in the center-of-mass frame (Tajima et al., 2004).
Both resolution functions have a term accounting for a
small number of poorly reconstructed vertices, so-called
∆t outliers. Both experiments describe the background
∆t distribution with a prompt term and a term with an8380

effective background lifetime. The background ∆t resolu-
tion functions are of the same form as the signal resolution
functions, but with separate parameters in order to mini-
mize correlations with the signal resolution parameters.

BABAR and Belle determine the values of τB0 and τB+8385

from a simultaenous fit to the samples of B0 and B+ can-
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Fig. 63. The ∆t distributions of B0 (top) and B− (bottom)
candidates for fully-reconstructed B decays to hadronic final
states. The dashed lines represent the sum of the background
and outlier components, and the dotted lines represent the out-
lier component (Abe, 2002e).

didates. BABAR measures τB0 = (1.546±0.0032±0.022) ps
and τB+ = (1.673 ± 0.0032 ± 0.023) ps while Belle mea-
sures τB0 = (1.554±0.0030±0.019) ps and τB+ = (1.695±
0.0026 ± 0.015) ps. The measurements of the B0 and the8390

B+ lifetimes share the same sources of systematic uncer-
tainty. Some of these uncertainites cancel in the ratio of
the lifetimes rτ ≡ τB+/τB0 . In a separate fit the param-
eter τB+ is replaced with rτ · τB0 to estimate the statis-
tical error of the lifetime ratio. BABAR and Belle mea-8395

sure, respectively, τB+/τB0 = 1.082 ± 0.026 ± 0.012 and
τB+/τB0 = 1.091 ± 0.023 ± 0.014. The largest contribu-
tions to the systematic uncertainties in the measured life-
times come from the modeling of the signal ∆t resolution
function (0.009 – 0.014 ps) and the background ∆t dis-8400

tribution (0.005 – 0.012 ps), the alignment of the vertex
detector (0.008 ps), the knowledge of the z scale of the
detector (0.008 ps), and MC statistics (0.007 – 0.009 ps).
The dominant contributions to the systematic error in rτ
come from MC statistics (0.005 – 0.006) and uncertainties8405

in the background ∆t distributions (0.005 – 0.011) and
the signal ∆t resolution function (0.006 – 0.008).

In another analysis BABAR uses events reconstructed
in the semileptonic decay B0 → D∗−l+ν (l = e, µ) to
determine the B0 lifetime (Aubert, 2003g). The B yield8410

is larger than for the hadronic final state analysis due

to the large B semileptonic branching fraction. They re-
construct 680 B/ fb−1. Due to the missing neutrino the
background level is higher than in the sample of fully-
reconstructed hadronic B decays. The combinatorial D∗−

8415

background is about 18% and the sum of the backgrounds
from events where the D∗− and the lepton come from dif-
ferent Bs, events with a fake lepton candidate and events
from continuum cc → D∗−X processes add up to 5 − 8%
depending on the lepton flavor. In this analysis, BABAR si-8420

multaneously fits for τB0 and the B0B0 mixing frequency
∆md (see also section 14.5.2). Because of the different
∆t distributions for mixed events (B0 B0 or B0 B0) and
unmixed (B0B0) events, separately fitting the two ∆t dis-
tributions enhances the sensitivity to the signal ∆t resolu-8425

tion function. As a result the uncertainty of τB0 is reduced
by approximately 15%. BABAR measures the B0 lifetime
to be τB0 = (1.523+0.024

0.023 ± 0.022) ps. The dominant sys-
tematic error sources are the same as for the analyses of
the hadronic final states and similar in size. A large ad-8430

ditional systematic uncertainty in the τB0 measurement
comes from the limited statistical precision in determin-
ing the bias due to the background modeling. By compar-
ing the fitted τB0 in simulated events BABAR observes a
shift of (0.022 ± 0.009) ps between a signal-only sample8435

and a signal-plus-background sample. The measured B0

lifetime is corrected for the observed bias from the fit to
the MC sample with background and the full statistical
uncertainty of ±0.018 ps is assigned a systematic uncer-
tainty.8440

Belle performs a measurement of the B lifetimes and
their ratio also in a larger sample of 140 fb−1 (Abe, 2005c).
In this analysis they reconstruct B0 and B+ candidates
in the same hadronic decay modes as in their previous
analysis. In addition they reconstruct B0 candidates in8445

the semileptonic decay B0 → D∗−l+ν. Using a fit to the
∆t distributions of the signal candidates they determine
the B0 and B+ lifetimes and the B0B0 mixing frequency
∆md simultaneously. The analysis is described in more
detail in section 14.5.2. Belle measures τB0 = (1.534 ±8450

0.008 ± 0.010) ps, τB+ = (1.635 ± 0.011 ± 0.011) ps and
τB+/τB0 = 1.066±0.008±0.008. The largest contributions
to the systematic uncertainties in the measured lifetimes
come from unceertainites in the the vertex reconstruction
(0.005 – 0.007 ps) and the modeling of the background8455

(0.007 ps). The dominant contributions to the systematic
error in rτ come from uncertainties in the background ∆t
distributions (0.005) and the signal ∆t resolution function
(0.004).

Partially-reconstructed final states8460

BABAR also measures the B0 meson lifetime in a sample
of 21 fb−1 using the decay modes B0 → D∗−l+ν (Aubert,
2002d) and B0 → D∗−π+, B0 → D∗−ρ+ (Aubert, 2003b)
with a partially-reconstructed D∗− in the final state. These
measurements serve as a proof-of-principle for the analyses8465

of the time-dependent CP asymmetries in B → D(∗)∓π±

to extract sin(2φ1 + φ3) (see section 14.8.5).
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In the measurement of τB0 with B0 → D∗−l+ν de-
cays they require a high-momentum lepton (1.4 < p∗l <
2.3 GeV/c) and an opposite-charge soft pion (πs)consistent8470

with coming from the decay D∗− → D0π− (p∗πs
< 0.19 GeV/c).

The D∗− momentum is inferred from the πs momentum
without reconstructing the D0. The analysis of this inclu-
sive final state does not suffer from the small D0 branching
fractions to exclusive final states and consequently has a8475

large B yield (4430 B/ fb−1). However, without the addi-
tional constraints from the D0 reconstruction the signal
fraction of the selected B cabdidates is only 53%. The
Brec decay vertex is calculated from the lepton and πs

tracks and the beam spot. The decay point of the Both8480

is determined from the remaining tracks in the event. In
events that have another high-momentum lepton (p∗l >
1.1 GeV/c) the B vertex is calculated from this lepton
track constrained to the beam spot in the transverse plane.
Otherwise, all tracks with a center-of-mass angle greater8485

than 90◦ with respect to the πs direction are considered.
This requirement removes most of the tracks from the de-
cay of the D0 daughter of the D∗−, which would otherwise
bias the reconstruction of the Both vertex position. Tracks
are removed if they contribute more than 6 to the vertex8490

χ2. BABAR measures the B0 lifetime with a binned max-
imum likelihood fit to the ∆t and σ∆t distributions of
the selected B candidates to be τB0 = (1.529 ± 0.012 ±
0.029) ps. For this result, the fitted B0 lifetime is multi-
plied by a correction factor RD0 = 1.032 ± 0.007 ± 0.0078495

to account for daughter tracks of the D0 included in the
calculation of the Both decay vertex. The largest system-
atic uncertainties in τB0 are due to the knowledge of the
fractions and parametrizations of the background types
(0.015 ps), the ∆t resolution model (0.017 ps) and RD08500

(0.015 ps).

In a more recent analysis with 81 fb−1, BABAR uses
B0 → D∗−l+ν decays with a partially-reconstructed D∗−

BABAR to measure τB0 and the B0B0 oscillation frequency
∆md (Aubert, 2006l). They require the other B0 in the8505

event Both also to decay semileptonically and determine
its decay vertex by constraining the high-energy lepton to
the beam spot. After correcting for a small bias (−0.006 ps)
observed in MC-simulated events they measure τB0 =
(1.504 ± 0.013+0.018

−0.013) ps. The dominant contributions to8510

the systematic error in τB0 come from uncertainties in the
alignment (+0.013

−0.004 ps) and z scale (0.007 ps) of the SVT
and MC statistics (0.007 ps).

BABAR also measures the B0 lifetime with a partially-
reconstructed D∗− in the decays B0 → D∗−h+, where8515

h+ is either a π+ or a ρ+. Similarly to the partial recon-
struction of the semi-leptonic final state, they reconstruct
only the soft pion πs from the decay D∗− → D0π−

s and
the D∗− momentum is inferred from the πs momentum.
The main variable to suppress background in this anal-8520

ysis is the missing D0 mass mmiss, which peaks at the
nominal D0 mass with a spread of 3 MeV/c2 for B0 →
D∗−π+ and 3.5 MeV/c2 for B0 → D∗−ρ+. Additional
variables to suppress backgrounds include the angle be-
tween h and the B0, the D∗− and ρ+ helicity angles and8525

event shape variables. After all selection requirements are

applied, the signal purity is approximately ? %. The dom-
inant background comes continuum events. The remain-
ing background from BB̄ events is due to random h and
πs combinations and feed-down from B → D∗∗π events8530

and respectively, from B0 → D∗−ρ+ to B0 → D∗−π+

and B0 → D∗−a+
1 to B0 → D∗−ρ+. The z position

of the B0 decay vertex is determined from the h and
πs track constrained to the nominal beam spot. The de-
cay vertex of Both is determined in the same way as in8535

the BABAR’s early analysis of B0 → D∗−l+ν (Aubert,
2002d). For the mode B0 → D∗−π+ they calculate an
event-by-event ∆z correction to account for tracks from
the D0 included in the vertex of Both. In both modes
a small additional correction to the fitted B0 lifetime is8540

applied. BABAR uses several data control samples to de-
termine the different background fractions in the signal
sample and their PDF parameters. These parameters are
fixed in the fit to the signal sample. The fitted lifetimes
are τB0 = (1.510 ± 0.040 ± 0.041) ps in B0 → D∗−π+

8545

and τB0 = (1.616 ± 0.064 ± 0.075) ps in B0 → D∗−ρ+.
The combined result accounting for correlated errors is
τB0 = (1.533 ± 0.034 ± 0.038) ps. BABAR quotes only
the systematic uncertainties for the individual τB0 mea-
surements. The dominant uncertainties in the measure-8550

ments with the modes B0 → D∗−π+ and B0 → D∗−ρ+

come from the knowledge of the composition of the back-
ground and its PDF parameters (0.024 ps, 0.050 ps), lim-
ited MC statistics (0.021 ps, 0.042 ps) and the D0 track
bias (0.017 ps, 0.026 ps).8555

Averages of τB0 , τB+ and τB+/τB0

The world averages of the B0 and B+ lifetimes and their
ratio are calculated by HFAG from the BABAR measure-
ments in (Aubert, 2001c, 2002d, 2003b,g, 2006l), the Belle
measurements in (Abe, 2005c) and measurements from8560

ALEPH, DELPHI, L3, OPAL, SLD, CDF and DØ (Asner
et al., 2010) to be, respectively, τB0 = (1.518 ± 0.007) ps,
τB+ = (1.641±0.008) ps and τB+/τB0 = (1.081±0.006) ps.
The most precise measurements contributing to these av-
erages come from the B Factories and a recent set of8565

measurements from CDF using fully-reconstructed B →
J/ψK(∗) events (Aaltonen et al., 2011a). DØ provides a
precise measurement of τB+/τB0 from samples of B →
D∗+µ and B → D0µ (Abazov et al., 2005). From using
only the B Factories measurements, one obtains the av-8570

erages τB0 = (?±?) ps, τB+ = (?±?) ps and τB+/τB0 =
(?±?) ps.

The measurements of the charged and neutral B life-
times and their ratio now have errors of about half a per-
cent and the B+ lifetime is now measured to be larger8575

than the B0 lifetime by many standard deviations. The
precision in these measurements exceedes that of existing
theoretical calculations. Thus, with the original motiva-
tions fully addressed by the current set of measurements
and the multitude of relevant systematic error sources that8580

come with sub-percent precision measurements, it is un-
likley that there will be improved measurements using the
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full data set of the B factories or the even larger data sets
of future Super B factories.

14.5.2 B0B0 mixing8585

14.5.2.1 Measurements of ∆md

Neutral meson-antimeson oscillations were predicted in
1955 by Gell-Mann and Pais (Gell-Mann and Pais, 1955)
and first observed in 1956 in the K0K0 system (Lande,
Booth, Impeduglia, Lederman, and Chinowsky, 1956). Mix-8590

ing in the B0B0 system was discovered in 1987 by the
ARGUS collaboration (Albrecht et al., 1987) and in the
B0

sB0
s system in 2006 by the CDF collaboration (Abulen-

cia et al., 2006).
Meson-antimeson oscillations proceed through a sec-8595

ond order weak interaction as described by a box dia-
gram. The time-evolution of the B0B0 system is given by
a phenomenology-based 2×2 Hamiltonian matrix (for de-
tails see section 7). Solving this system of equations gives
the time-dependent probabilities for B0B0 oscillations. For8600

a B0 decay to a flavor eigenstate that is not accessible from
a B0 decay (e.g. the semileptonic decay B0 → D∗+l−νl)
the λ in Eqs 7.2.2-7.2.3 is zero. Thus the probability that
a B0 produced at time t = 0 decays as B0 at time t is
given by8605

Prob(B0 → B0) =
e−t/τB0

2τB0

× (1 − cos∆mdt), (14.5.3)

where ∆md is the B0B0 oscillation frequency and τB0 is
the neutral B lifetime. The probability that a produced
B0 decays as B0 (for example through B0 → D∗−l+ν̄l) is
given by

Prob(B0 → B0) =
e−t/τB0

2τB0

× (1 + cos∆mdt). (14.5.4)

Likewise the probabilities for a produced B0 to decay as8610

a B0 or a B0 are given, respectively, by

Prob(B0 → B0) =
e−t/τB0

2τB0

× (1 − cos∆mdt). (14.5.5)

and

Prob(B0 → B0) =
e−t/τB0

2τB0

× (1 + cos∆mdt), (14.5.6)

The first measurements of B0B0 oscillations were time-
integrated measurements by ARGUS (Albrecht et al., 1987)
and CLEO (Artuso et al., 1989). They measured the time-8615

integrated probability χd that a B0 (B0) produced in
Υ (4S) → B0B0 decays as a B0 (B0),

χd =
x2

d

2 (1 + x2
d)

, (14.5.7)

where xd = ∆md/Γd = ∆mdτB0 . In 1993 the LEP exper-
iments started to provide the first time-dependent mea-
surements of ∆md made possible by their precision ver-8620

tex detectors and highly-boosted B0 mesons from Z0 de-
cays (Abreu et al., 1994; Acciarri et al., 1996; Akers et al.,
1994; Buskulic et al., 1993b). The CDF collaboration pub-
lished their first ∆md measurement in 1998 (Abe et al.,
1998). In the 2000 Review of Particle Physics (Groom8625

et al., 2000) the PDG calculates an average B0B0 oscilla-
tion frequency from time-dependent measurements by the
LEP experiments and CDF of ∆md = (0.478±0.018) ps−1.
If they include measurements of the time-integrated B0B0

mixing probability χd from CLEO and ARGUS the PDG8630

obtains a value of ∆md = (0.472 ± 0.017) ps−1.

The experimental strengths and weaknesses in the mea-
surements of ∆md between the B factories on one side
and the LEP experiments and CDF on the other side are
the same as for the measurements of the B meson life-8635

times. The former benefitted from high-precision proper-
time measurements, whereas the latter have the advantage
of low-background, high-statistics B samples and excellent
B momentum resolution.

One of the first measurements from the B factories was8640

the precise time-dependent measurement of ∆md. The ex-
perimental aspects of this analysis are almost identical to
the measurement of time-dependent CP -asymmetries (see
the measurement of sin 2φ1 in section 14.6) in B decays
to CP eigenstates. In particular, fully-reconstructed B de-8645

cays to flavor final states, Bflav, such as B0 → D(∗)+π−

have the same B vertex resolutions and thus ∆t resolu-
tion function as B decays to (cc̄)s CP eigenstates, BCP

(see sections 4 and 14.6). The same B flavor-tagging al-
gorithms are used to determine the flavors of Bflav and8650

BCP at the time of their production (see section 5.3). In
both cases, maximum likelihood fits are used to extract
the parameters of the time-dependent asymmetries from
the measured ∆t distributions. A by-product of the ∆md

measurement with fully-reconstructed final states are the8655

B flavor-tagging mistag rates, which cannot be determined
with CP eigenstates. In additon, a confirmation of the
∆md results of previous experiments served as a convinc-
ing proof-of-principle of this novel technique for measuring
time-dependent CP asymmetries at the asymmetric beam-8660

energy B factories. On the other hand, improving the
knowledge of ∆md has been and still is interesting in its
own right. The oscillation frequency ∆md is proportional
to |Vtd|2 and a precise ∆md measurement along with a
measurement of the BsBs oscillation frequency ∆ms from8665

hadron colliders and lattice QCD calculations of the decay
constants and QCD bag parameters of B0 and Bs mesons
(for details see section 14.2) provide strong constraints on
the Unitarity Triangle (see section 22.1).

The time-dependent ∆md measurements by the B fac-8670

tories all follow the same basic idea. In the Υ (4S) → B0B0

decay the two neutral B mesons are produced in a coher-
ent P -wave state. If one of the B mesons, referred to as
Btag, can be ascertained to decay to a state of known

flavor, i.e. B0 or B0, at a certain time ttag the other B8675

referred to as Brec, at that time must be of the opposite
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flavor as a consequence of Bose symmetry. Consequently,
the probabilities to observe unmixed (+), B0B0, or mixed
(−), B0B0 and B0B0, events are functions of the proper-
time difference ∆t = trec − ttag and of ∆md:8680

Prob(B0B0 → B0B0) ≡ P+(∆t) =

e−|∆t|/τB0

4τB0

× (1 + cos∆md∆t),

Prob(B0B0 → B0B0 or B0B0) ≡ P−(∆t) =

e−|∆t|/τB0

4τB0

× (1 − cos∆md∆t).(14.5.8)

The B factories have measured the B0B0 oscillation
frequency with various final states and B recontruction
techniques. In all ∆md measurements one B is recon-
structed in a specific flavor final state, Brec, while the re-
maining charged particles in the event are used to identify,8685

or “tag” the flavor of the other B, referred to as Btag, as a

B0 or B0. In the analyses of dilepton final states, both B
mesons are identified only through high-momentum lep-
tons from semileptonic decays. The proper-time difference
∆t = ∆z/�βγ�c is determined from the z positions of the8690

B decay vertices ∆z = zrec − ztag and the average boost
of the Υ (4S) frame in the lab frame �βγ�. The boost is
known to good precision from the e+ and e− beam ener-
gies and the ∆z measurement dominates the ∆t resolu-
tion (see section 4). The value of ∆md is then extracted8695

from a simultaneous fit to the ∆t distributions of the un-
mixed and mixed events. There are two principal exper-
imental complications to the probability distributions in
Eq. 14.5.8. First, the flavor tagging algorithm sometimes
incorrectly identifies the Btag flavor. The probability to8700

incorrectly identify the flavor of Btag, w reduces the ob-
served amplitude for the oscillation by a factor (1 − 2w).
Second, the resolution of ∆t is comparable to the oscilla-
tion period and must be accounted for. The PDFs for the
unmixed and mixed signal events H±,sig can be expressed8705

as the convolution of the underlying ∆t distribution

h±,sig(∆t;∆md, w) =
e−|∆t|/τB0

4τB0

[1 ± (1 − 2w) cos∆md∆t] ,

(14.5.9)
with a signal ∆t resolution function Rsig containing pa-
rameters âj . A fit is then performed to extract simultane-
ously mistag rates w, the resolution function parameters
âj , and the mixing frequency ∆md. In the remainder of8710

this section we give brief descriptions of the various ∆md

measurements by the B factories. The results are summa-
rized in Table 25.

Dilepton final states

Belle published their first measurement of ∆md using dilep-8715

ton events in a sample of 5.9 fb−1 (Abe, 2001b). In a
later ananlysis of the same final state, they used a sample
of 29 fb−1 (Hastings, 2003). BABAR published one mea-
surement of ∆md with dilepton events using a sample of
21 fb−1 (Aubert, 2002c).8720

The inclusive nature of the dilepton final state pro-
vides large event samples. The measurements are based on
the identification of events containing lepton pairs (e+e−,
µ+µ− and e±µ∓) from semileptonic decays of B mesons.
The flavors of the B mesons when they decay are deter-8725

mined or “tagged” by the charges of the leptons in the
final state. For Υ (4S) resonance decays into B0B0 pairs,
opposite-sign charge (OS) and same-sign charge (SS) lep-
ton pairs correspond to unmixed and mixed events, re-
spectively. Both experiments apply selection criteria en-8730

sure a well-measured ∆t and to suppress backgrounds
from fake leptons, continuum events, J/ψ decays and so-
called B cascade decays, where a lepton originates from
the semileptonic decay of a charm meson, which can come
from the same or the opposite B as the other lepton. An8735

irreducible background comes from charged B pairs.
Belle determines the z coordinates of the B decay ver-

tices from the intersections of the lepton tracks with the
profile of the beam interaction point (IP) convolved with
the average B0 flight length (∼20 µm in the Υ (4S) rest8740

frame). The mean position and width are determined on
a run-by-run basis using hadronic events (see section 4).
They find σIP

x = (100 − 200) µm, σIP
y ∼ 5 µm, and

σIP
z = (2 − 3) mm. The proper-time difference is cal-

culated from the z positions of the two lepton vertices8745

using Eq. 14.5.1, where ∆z = z1 − z2 is the difference
between the two z vertices. For OS events, the positively
charged lepton is taken as the first lepton (z1). For SS
events Belle uses the absolute value of ∆z. BABAR applies
a beam spot constraint to the two lepton tracks to find8750

the primary vertex of the event in the transverse plane.
The positions of closest approach of the two tracks to this
vertex in the transverse plane are computed and their z co-
ordinates are denoted z1 and z2, where the subscripts refer
to the highest and second highest momentum leptons in8755

the Υ (4S) rest frame. The vertex fit constrains the lepton
tracks to originate from the same point in the transverse
plane, thereby neglecting the nonzero flight length for B0

mesons. As a consequence, the ∆z resolution function is
∆z dependent, becoming worse at higher |∆z|. Neglect-8760

ing this dependence introduces a small bias that BABAR
accounts for in the systematic uncertainty.

The signal from the neutral B meson pairs originates
either from B0B0 (unm) or from B0B0 and B0B0 (mix).
The signal ∆t distributions are expressed by8765

P unm(∆t) = NΥ (4S)f0b
2
0�

unm
ll

e−|∆t|/τB0

4τB0

(1 + cos(∆md∆t)) ,(14.5.10)

Pmix(∆t) = NΥ (4S)f0b
2
0�

mix
ll

e−|∆t|/τB0

4τB0

(1 − cos(∆md∆t)) ,(14.5.11)

where NΥ (4S) is the total number of Υ (4S) events, f0 and
f+ are the branching fractions of the Υ (4S) to neutral
and charged B pairs (f0 + f+ = 1), b0 and b+ are the
semileptonic branching fractions for neutral and charged
B mesons, �ll with superscript are the efficiencies for se-8770

lecting dilepton events of charged, unmixed and mixed
origins. Belle determines the ratio �chd

ll : �unm
ll : �mix

ll from
MC simulation and fixes it in the fit, because detector
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Table 25. Measurements of ∆md. The ∆md measurements in (Hara, 2002; Tomura, 2002b) have been superseded by (Abe,
2005c) and are not separately included in the B factories average (Asner et al., 2010).

Experiment Method fsig. Yield [B/ fb−1]
�

L dt ∆md [ps−1]

BABAR (Aubert, 2002b) Excl. hadronic modes 86% 214 30 fb−1 0.516 ± 0.016 ± 0.010

BABAR (Aubert, 2002c) Incl. di-lepton 21 fb−1 0.493 ± 0.012 ± 0.009

BABAR (Aubert, 2006l) D∗lν (partial) 64% 605 81 fb−1 0.511 ± 0.007 ± 0.007

BABAR (Aubert, 2003g) Excl. D∗lν 76% 680 21 fb−1 0.492 ± 0.018 ± 0.014

Belle (Abe, 2001b) Incl. di-lepton 6 fb−1 0.463 ± 0.008 ± 0.016

Belle (Hastings, 2003) Incl. di-lepton 29 fb−1 0.503 ± 0.008 ± 0.010

Belle (Zheng, 2003) D∗π (partial) 29 fb−1 0.509 ± 0.017 ± 0.020

Belle (Hara, 2002) Excl. D∗lν 29 fb−1 0.494 ± 0.012 ± 0.015

Belle (Tomura, 2002b) Excl. hadronic modes 29 fb−1 0.528 ± 0.017 ± 0.011

Belle (Abe, 2005c) Excl. hadronic modes, D∗lν 81% 707 140 fb−1 0.511 ± 0.005 ± 0.006

B factories average 0.508 ± 0.003 ± 0.003

effects that are not simulated correctly are expected to
affect events with these origins equally. The ∆z distribu-8775

tions are obtained for these distributions by conversion
from ∆t and convolution with ∆z resolution function.

Belle determines the signal ∆z resolution function from
J/ψ decays in data, for which the true ∆z is equal to
zero and whose measured ∆z distribution, after the con-8780

tributions of backgrounds are subtracted, yields the ∆z
resolution function. A detailed comparison between data
and MC simulation shows that after convolving the MC
∆z distribution of J/ψ decays with a Gaussian of width
σ = (50 ± 18)µm, the MC distribution agrees with data.8785

They smear the MC background ∆t distributions in the
same way to account for this discrepancy.

Likelihood fit description (incl. backgrounds)

From di-lepton events BABAR measures in a sample8790

of 21 fb−1 ∆md = (0.493 ± 0.012 ± 0.009) ps−1 (Aubert,
2002c) while Belle measures in a sample of 29 fb−1 ∆md =
(0.503 ± 0.008 ± 0.010) ps−1 (Hastings, 2003), where the
first errors are statistical and the second are systematic.
The largest contributions to the systematic errors come8795

from the uncertainties in the B0 and B+ lifetimes (∼
0.006 ps−1), in the ∆z and in the ∆t resolution functions
(∼ 0.006 ps−1).

Partially-reconstructed final states

BABAR measures ∆md with a sample of partially-recon-8800

structed B0 → D∗+l−ν̄l events in 81 fb−1 (Aubert, 2006l).
They select B0 → D∗+l−ν̄l (l = e or µ) events with partial
reconstruction of the decay D∗+ → D0π+

s , using only the
charged lepton from the B0 decay (lrec and the soft pion
(π+

s ) from the D∗+ decay. This mode has a large selection8805

efficiency since the D0 decay is not reconstructed and the
branching fraction of B0 → D∗+l−ν̄l about half of the
semileptonic branching ration of the B0. The other B in
the event is identified through a second high-momentum
lepton ltag.8810

Events are required to have at least four charged tracks.
The normalized second Fox-Wolfram moment must be less
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Fig. 64. The ∆t distributions for (a) opposite sign and (b)
same-sign dilepton events; (c) asymmetry between opposite-
sign and same-sign dilepton events. The points are the data and
lines correspond to the likelihood fit result (Aubert, 2002c).

than 0.5 to reduce background from light quark produc-
tion in continuum events. The lepton from the B de-
cay must have a momentum in the range 1.3–2.4 GeV/c8815

and the soft pion momentum must be between 60 and
200 MeV/c. By approximating the D∗+ momentum from
the π+

s momentum, they calculate the square of the miss-
ing neutrino mass M2

ν . The M2
ν distribution peaks at zero

for signal events, while it is spread over a wide range of8820

negative values for background events.

BABAR determines the Brec decay vertex from a vertex
fit of the l−rec and the π+

s tracks, constrained to the beam
spot position in the transverse plane, but accounting for
the B0 flight distance. The decay point of Btag is deter-8825
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mind from l−tag and the beam spot similar to the procedure
to determine the Brec decay vertex. The flavor of Brec is
determined from the lepton and soft pion charges. The
flavor of the other B in the event is determined from the
charge of l−tag.8830

After all selection criteria BABAR finds 49,000 signal
events over a background of 28,000 events in the data sam-
ple in the region M2

ν > −2.5 GeV2/c4. Backgrounds stud-
ies are done with events in the region M2

ν < −2.5 GeV2/c4

if no signal candidate is found in the event.8835

BABAR simultaneously fits the distributions of M2
ν ,

∆t and σ∆t of the mixed and unmixed events with a
binned maximum-likelihood method. Probabilities for a
given event to belong to any of the identified background
sources (e+e− → qq continuum, BB̄ combinatorial and8840

B+ peaking background) are calculated based on the sig-
nal and background M2

ν distributions. Signal is consid-
ered to be any combination of a lepton and a charged
D∗+ produced in the decay of a single B0 meson. They
further divide their signal events according to the origin of8845

the tag lepton into primary, cascade, and decay-side lepton
tags. A primary lepton tag is produced in the direct decay
B0 → Xl+ν̄l, a cascade lepton tag is produced in the pro-
cess B0 → DX, D → lY , and a decay-side tag is produced
by the semi-leptonic decay of the unreconstructed D0. The8850

relative normalization between mixed and unmixed signal
events is constrained based on the time-integrated mixing
rate χd. The ∆t signal PDF for both umixed and mixed
events consists of the sum of PDFs for primary, cascade,
and decay-side tags each convoluted with its own resolu-8855

tion function. They use the standard three Gaussian res-
olution function with event-by-event ∆t uncertainties.

From the fit they get τB0 = (1.504±0.013+0.018
−0.013) ps and

∆md = (0.511 ± 0.007+0.007
−0.006) ps−1, where the first error

is statistical and the second is systematic. The statistical8860

correlation between τB0 and ∆md is 0.7%. The results in-
clude corrections of −0.006 ps on τB0 and +0.007 ps−1

on ∆md due to biases from event selection, boost approx-
imation, B− peaking background, and combinatorial BB̄
background based on MC studies. The systematic error8865

in ∆md is dominated by uncertainties in the SVT align-
ment (+0.0038

−0.0033 ps−1), the selected range of ∆t and σ∆t

(0.0033 ps−1), and the analysis bias (0.0035 ps−1) whereas
the largest systematic error sources in the τB0 measure-
ment are the SVT alignment (+0.0132

−0.0038 ps), the z scale of8870

the detector (0.0070 ps), and the analysis bias (0.0070 ps).
Belle measures ∆md with a sample of partially-recon-

structed B0 → D∗+π− events in 29.1 fb−1 (Zheng, 2003).
They select B0 → D∗+π−

h events with partial reconstruc-
tion of the decay D∗+ → D0π+

s , using only the hard8875

pion (π−
h ) from the B0 decay and the soft pion (π+

s ) from
the D∗+ decay. Using this partial reconstruction method,
Belle obtains an order of magnitude more events com-
pared to the full reconstruction of the D∗+. The flavor
of the other B in the event is identified through a high-8880

momentum lepton ltag from semileptonic decay.
Hadronic events are selected by track multiplicty and

total energy variables. The hard pion from the B decay
must have a momentum in the range 2.05–2.45 GeV/c and

the soft pion momentum must be below 450 MeV/c. Belle8885

applies impact parameter requirements on π−
h and π+

s to
suppress backgrounds from interactions of beam particles
with residual gas in the beam pipe or the beam pipe wall.
They require both tracks to have SVD information and be
not identified as leptons.8890

The event kinematics are fully constrained by the 4-
momentum conservation of the decays B0 → D∗+π−

h and
D∗+ → D0π+

s , the masses of all particles in these de-
cays, the B0 energy and the π−

h and π+
s momenta. Belle

use two variables, the missing D0 mass MDmiss
and the8895

angle between the soft pion in the D∗+ rest frame and
the momentum of the D∗+ in the center-of-mass frame.
The MDmiss

distribution for signal events peaks sharply
at the nominal D0 mass, while background events spread
towards smaller values. Signal events are required to have8900

MDmiss > 1.85 GeV/c and 0.3 < | cos θ∗πs
| < 1.05.

The flavor of Brec is determined from the π−
h charge.

The flavor of the other B in the event is determined from
the charge of l−tag. The tag lepton is required to have mo-
mentum greater than 1.1 GeV/c and to pass similar re-8905

quirements on SVD hits and impact parameter as the Brec

pions. Leptons that when combined with any other lepton
in the event are close to the J/ψ mass are rejected. Belle
determines the Brec (Btag) decay vertex from the intersec-
tion of the π−

h (l−tag) track with the beam spot accounting8910

for the B meson flight distance.

After all selection criteria Belle finds 3,433 signal events
over a background of 1,466 events which are used in the
∆md measurement. Studies of MC-simulated events show
that a significant fraction of the selected events come from8915

B0 → D∗+ρ− decays.

Belle simultaneously fits the ∆t distributions of the
mixed and unmixed events with a unbinned maximum-
likelihood method. The B0B0 mixing frequency ∆md is
the only free parameter in the fit. The signal ∆t resolu-8920

tion function uses a standard triple-Gaussian PDF in the
∆t residuals. The resolution function parameters are de-
termined from J/ψ to e+e− and µ+µ− final states. Back-
grounds are divided into peaking and non-peaking cate-
gories. Non-peaking background is dominated by random8925

combinations of π−
h and π+

s with primary leptons from
B0 and B± decays, and combinatorial background from
continuum. Peaking background is dominated by the fol-
lowing sources: B0 → D∗+π− and B0 → D∗+ρ− with
secondary-lepton tags or fake lepton tags; B0 → D∗∗−π+,8930

B+ → D̄∗∗0π+ and B0 → D∗−π+π0 decays with primary-
lepton tags, secondary-lepton tags or fake lepton tags.
Peaking and non-peaking background PDFs are convolved
with their own resolution functions.

From the fit Belle obtains ∆md = 0.509 ± 0.017 ±8935

20 ps−1, where the first error is statistical and the second
is systemtatic. The systematic error in ∆md is dominated
by uncertainties in the background fractions (0.014 ps−1)
and the signal ∆t resolution function (0.012 ps−1).
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Fully-reconstructed final states8940

BABAR reconstructs neutral B mesons in the decay modes
B0 → D(∗)−π+, D(∗)−ρ+, D(∗)−a+

1 , J/ψK∗0 in a data

sample of 20.6 fb−1 (Aubert, 2001c, 2002a). Belle uses the
B decays to the hadronic final states D−π+, D∗−π+, and
D∗−ρ+ in a data sample of 29.2 fb−1 (Tomura, 2002b).8945

The decay channels K+π−, K+π−π0, K+π−π+π−, and
K0

Sπ
+π− are used to reconstruct D0 candidates, while

the modes K+π−π+ and K0
Sπ

− are used for D− candi-
dates (Belle does not use the D decay modes involving a
K0

S). Charged D∗− candidates are formed by combining8950

a D0 with a soft π−. The B0 candidates are formed by
combining a D∗− or D− with a π+, ρ+ (ρ+ → π+π0)
or a+

1 (a+
1 → π+π−π+). BABAR also reconstructs candi-

dates of B0 → J/ψK∗0 from combinations of J/ψ candi-
dates, in the decay modes e+e− and µ+µ−, with a K∗0

8955

(K∗0 → K+π−). Both experiments reduce background
from continuum events by applying requirements on the
normalized second Fox-Wolfram moment and the angle
between the thrust axis of the particles that form the re-
constructed B candidate and the thrust axis of the re-8960

maining tracks and unmatched calorimeter clusters in the
event, computed in the Υ (4S) frame. Neutral B candidates
are identified by their ∆E and mES values. BABAR selects
events with mES > 5.2 GeV/c2 and |∆E| within ±2.5σ of
zero. They use the events in the background-dominated8965

region mES < 5.27 GeV/c2 to determine the background
parameters. Belle requires mES and ∆E to be within ±3σ
around their expected means. They use candidates from a
sideband region in the mES −∆E plane to determine the
background parameters.8970

Events with a reconstructed B0 are then analyzed to
determine the flavor of the other B using the B flavor
tagging algorithms described in detail in section 5.3. Belle
assigns 99.5% of the events to a flavor tag category, while
BABAR rejects the 30% of events with marginal flavor dis-8975

crimination.
The decay time difference ∆t between B decays is de-

termined from the measured separation ∆z = zrec − ztag

along the z axis between the vertices of the reconstructed
Brec and the flavor-tagging Btag. The measured ∆z is then8980

converted into ∆t according to Eq. ??. BABAR applies an
event-by-event correction for the directions of the B me-
son momenta with respect to the z direction in the Υ (4S)
frame. Details of the calculation of zrec and ztag and their
respective resolutions are given in section 4.8985

After all selection criteria are applied BABAR (Belle)
finds 6300 (5300) signal events with an average purity of
86% (80%).

Fit and PDFs
Describe resolution function here, check how much is cov-8990

ered in section 7.
Background events, which are dominated by contin-

uum and BB̄ combinatorial sources, are accounted for
by additional terms in the PDFs, where the background
PDFs provide an empirical description for the possible8995

∆t behavior of the background events. BABAR uses sep-
arate parameters for each tagging category, while Belle

uses a common parameterization. The background types
considered are a zero lifetime component and a nonoscilla-
tory component with an empirical nonzero lifetime. Both9000

experiments describe the background resolution function
with the same function as the signal resolution function,
but with separate parameters to minimize correlations.

BABAR determines the signal probability for each event
from fits to the mES distribution9005

In fully-reconstructed B decays to hadronic final states
BABAR measures in a sample of 30 fb−1 ∆md = (0.516 ±
0.016 ± 0.010) ps−1 (Aubert, 2001c) where the first er-
ror is statistical and the second is systematic. The cen-
tral value has been corrected by −0.002 ± 0.002 ps−1 to9010

account for a small variation of the background compo-
sition as a function of mES. An additional correction of
−0.007 ± 0.003 ps−1 has been applied to account for a
bias observed in fully-simulated MC events due to cor-
relations between the mistag rate and the ∆t resolution9015

that are not explicitly included in the likelihood func-
tion. The largest contributions to the systematic errors
in the BABAR measurement come from the uncertainties
in the B0 lifetime (0.006 ps−1) and in the alignment of the
SVT (0.005 ps−1). Belle measures in a sample of 29 fb−1

9020

∆md = (0.528 ± 0.017 ± 0.011) ps−1 (Tomura, 2002b).
in the ∆z and in the ∆t resolution functions (∼ 0.006 ps−1).

Add Belle systematic error.
Event selection (D∗lν)
∆t measurement9025

Flavor tagging
Fit and PDFs
Result and dominant systematic errors

Belle performs an analysis combining the exclusive hadronic9030

final states B0 → D(∗)−π+, D∗ρ+, J/ψK0
S , J/ψK∗0 with

B0 → D∗−lν to measure ∆md in a sample of 140 fb−1 (Abe,
2005c). Dominant systematic errors

The various measurements of ∆md by the B factories
listed in Table 25 have been averaged by the Heavy Fla-
vor Averaging Group (HFAG), where results superseded
by more recent ones have been omitted from the average.
Before being combined, the ∆md measurements have been
adjusted to a common set of input values, including the B
meson lifetimes. The total systematic uncertainity is not
negligible; they are dominated by ... Systematic correla-
tions arise from common physics sources (e.g. B lifetimes
and branching fractions) and common experimental tech-
niques and algorithms (e.g. flavor tagging, ∆t resolution,
and background description). Combining the B factories
∆md measurements and accounting for all identified cor-
relations, HFAG quotes

∆md = (0.508 ± 0.003 ± 0.003) ps−1,

where the first error is statistical and the second is sys-9035

tematic. Combining the B factories ∆md average with
time-dependent measurements from the LEP and Teva-
tron experiments and time-integrated measurements from
CLEO and ARGUS gives the same value. The values of
∆md as measured by different experiments along with the9040

Prell/Yabsley (Iowa State; Sydney) lifetimes/mixing/EPR/CPT/Lorentz PBF 2011/11/21 3 / 5



Lifetime and mixing: status and dependencies

two figures and two tables (one each for lifetimes and mixing)

current B-mixing plot is from di-lepton analysis:

due to large background ∆t distn for mixed events peaks at zero
plan to add another figure where ”dip” at ∆t = 0 becomes visible
(lepton tagged fully hadronic final state or so)

received first full set of comments from Adrian:
almost all addressed, will post a response in HN in the next week

averages:

HFAG has a B-factories-only ∆md average;
will be quoted in the book along with the world average
6 ∃ B-factories-only average for the B-lifetimes and their ratio
Sören will contact HFAG (O. Schneider) to make these averages for us

∆Γ details still to be integrated / settled
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EPR correlations, CPT and Lorentz violation

remaining sections still to be written

each deals with one, or a handful of analyses

Bruce’s responsibility: for December (other side of deadlines)

EPR: one paper; I was closely involved in the paper
CPT: handful of results, including a pending Belle update

Lorentz: dominated by a single, large BaBar paper

these have other common features:

rely on an extension of the basic lifetimes / mixing machinery
have theoretical and analysis apparatus built over the top
e.g. Lorentz violation: SM Extension formalism . . .

integration of introduction / theory still to be done

current Section 14.9 will disappear this week,
bringing all these topics into one section

situation not satisfactory, but we have a plan . . .

comments?
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