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B 0 –B 0 MIXING
Updated April 2010 by O. Schneider (Ecole Polytechnique
Fédérale de Lausanne).
There are two neutral B 0 –B 0 meson systems, B 0d –B 0d and
B 0s –B 0s (generically denoted B 0q –B 0q , q = s, d), which exhibit
particle-antiparticle mixing [1]. This mixing phenomenon is
described in Ref. 2. In the following, we adopt the notation
introduced in Ref. 2, and assume CP T conservation throughout.
In each system, the light (L) and heavy (H) mass eigenstates,
|BL,H  = p|B 0q  ± q|B 0q  ,

(1)

have a mass diﬀerence Δmq = mH − mL > 0, and a total
decay width diﬀerence ΔΓq = ΓL − ΓH . In the absence of CP
violation in the mixing, |q/p| = 1, these diﬀerences are given by
Δmq = 2|M12 | and |ΔΓq | = 2|Γ12 |, where M12 and Γ12 are the
oﬀ-diagonal elements of the mass and decay matrices [2]. The
evolution of a pure |B 0q  or |B 0q  state at t = 0 is given by
q
g− (t) |B 0q  ,
p
p
|B 0q (t) =g+ (t) |B 0q  + g− (t) |B 0q  ,
q
|B 0q (t) =g+ (t) |B 0q  +

(2)
(3)

which means that the ﬂavor states remain unchanged (+) or
oscillate into each other (−) with time-dependent probabilities
proportional to




ΔΓq
e−Γq t
2
t ± cos(Δmq t) ,
(4)
|g± (t)| =
cosh
2
2
where Γq = (ΓH + ΓL )/2. In the absence of CP violation, the


time-integrated mixing probability |g− (t)|2 dt/( |g− (t)|2 dt +

|g+ (t)|2 dt) is given by
χq =

x2q + yq2
,
2(x2q + 1)

where

xq =

Δmq
,
Γq

yq =

ΔΓq
. (5)
2Γq

CITATION: K. Nakamura et al. (Particle Data Group), JPG 37, 075021 (2010) (URL: http://pdg.lbl.gov)
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Figure 1: Dominant box diagrams for the B 0q →B 0q transitions
(q = d or s). Similar diagrams exist where one or both t quarks
are replaced with c or u quarks.
Standard Model predictions and phenomenology
In the Standard Model, the transitions B 0q →B 0q and B 0q →B 0q
are due to the weak interaction. They are described, at the
lowest order, by box diagrams involving two W bosons and two
up-type quarks (see Fig. 1), as is the case for K 0 –K 0 mixing.
However, the long range interactions arising from intermediate
virtual states are negligible for the neutral B meson systems,
because the large B mass is oﬀ the region of hadronic resonances.
The calculation of the dispersive and absorptive parts of the
box diagrams yields the following predictions for the oﬀ-diagonal
element of the mass and decay matrices [3],

M12 = −
Γ12 =

G2F m2W ηB mBq BBq fB2 q
12π 2

S0 (m2t /m2W ) (Vtq∗ Vtb )2 ,

(6)

 m B f2
G2F m2b ηB
Bq Bq Bq


×

8π



m2c
O
m2b
 4 
mc
∗
2
+ (Vcq Vcb ) O
,
m4b

(Vtq∗ Vtb )2

+ Vtq∗ Vtb Vcq∗ Vcb



(7)

where GF is the Fermi constant, mW the W boson mass,
and mi the mass of quark i; mBq , fBq and BBq are the B 0q
mass, weak decay constant and bag parameter, respectively.
The known function S0 (xt ) can be approximated very well by
[4], and Vij are the elements of the CKM matrix [5].
0.784 x0.76
t
 are of order unity. The only
The QCD corrections ηB and ηB
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non-negligible contributions to M12 are from box diagrams
involving two top quarks. The phases of M12 and Γ12 satisfy
 2
mc
φM − φΓ = π + O
,
(8)
m2b
implying that the mass eigenstates have mass and width diﬀerences of opposite signs. This means that, like in the K 0 –K 0 system, the heavy state is expected to have a smaller decay width
than that of the light state: ΓH < ΓL . Hence, ΔΓ = ΓL − ΓH is
expected to be positive in the Standard Model.
Furthermore, the quantity


 2
 Γ12  3π m2b
mb
1


(9)
 M12   2 m2 S (m2 /m2 ) ∼ O m2
0
t
t
W
W
is small, and a power expansion of |q/p|2 yields




 2
 Γ12 
 Γ12 2
q 



  =1+
 M12  sin(φM − φΓ ) + O  M12 
p

.

(10)

Therefore, considering both Eqs. (8) and (9), the CP -violating
parameter
 2


q 
Γ
12
(11)
1 −    Im
p
M12
is expected to be very small: ∼ O(10−3) for the B 0d –B 0d system
and  O(10−4 ) for the B 0s –B 0s system [6].
In the approximation of negligible CP violation in mixing,
the ratio ΔΓq /Δmq is equal to the small quantity |Γ12 /M12 | of
Eq. (9); it is hence independent of CKM matrix elements, i.e.,
the same for the B 0d –B 0d and B 0s –B 0s systems. Calculations [7]
yield ∼ 5 × 10−3 with a ∼ 20% uncertainty. Given the current
experimental knowledge on the mixing parameter xq
xd = 0.774 ± 0.008 (B 0d –B 0d system)
,
(B 0s –B 0s system)
xs = 26.2 ± 0.5

(12)

the Standard Model thus predicts that ΔΓd /Γd is very small
(below 1%), but ΔΓs /Γs considerably larger (∼ 10%). These
width diﬀerences are caused by the existence of ﬁnal states
to which both the B 0q and B 0q mesons can decay. Such decays
involve b → ccq quark-level transitions, which are Cabibbosuppressed if q = d and Cabibbo-allowed if q = s.
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A complete set of Standard Model predictions for all mixing
parameters in both the B 0d –B 0d and B 0s –B 0s systems can be
found in Ref. 7.
Experimental issues and methods for oscillation analyses
Time-integrated measurements of B 0 –B 0 mixing were published for the ﬁrst time in 1987 by UA1 [8] and ARGUS [9], and
since then by many other experiments. These measurements are
typically based on counting same-sign and opposite-sign lepton
pairs from the semileptonic decay of the produced bb pairs.
Such analyses cannot easily separate the contributions from the
diﬀerent b-hadron species, therefore, the clean environment of
Υ(4S) machines (where only B 0d and charged Bu mesons are
produced) is in principle best suited to measure χd .
However, better sensitivity is obtained from time-dependent
analyses aiming at the direct measurement of the oscillation
frequencies Δmd and Δms , from the proper time distributions of
B 0d or B 0s candidates identiﬁed through their decay in (mostly)
ﬂavor-speciﬁc modes, and suitably tagged as mixed or unmixed.
This is particularly true for the B 0s –B 0s system, where the large
value of xs implies maximal mixing, i.e., χs  1/2. In such
analyses, the B 0d or B 0s mesons are either fully reconstructed,
partially reconstructed from a charm meson, selected from a
lepton with the characteristics of a b → − decay, or selected
from a reconstructed displaced vertex. At high-energy colliders
mB
L is measured
(LEP, SLC, Tevatron), the proper time t =
p
from the distance L between the production vertex and the B
decay vertex, and from an estimate of the B momentum p. At
asymmetric B factories (KEKB, PEP-II), producing e+ e− →
Υ(4S) → B 0d B 0d events with a boost βγ (= 0.425, 0.55),
the proper time diﬀerence between the two B candidates is
Δz
, where Δz is the spatial separation
estimated as Δt 
βγc
between the two B decay vertices along the boost direction. In
all cases, the good resolution needed on the vertex positions is
obtained with silicon detectors.
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The average statistical signiﬁcance S of a B 0d or B 0s oscillation signal can be approximated as [10]
S≈

N/2 fsig (1 − 2η) e−(Δm σt )

2

/2

,

(13)

where N is the number of selected and tagged candidates, fsig
is the fraction of signal in that sample, η is the total mistag
probability, and σt is the resolution on proper time (or proper
time diﬀerence). The quantity S decreases very quickly as Δm
increases; this dependence is controlled by σt , which is therefore
a critical parameter for Δms analyses. At high-energy colliders,
σp
mB
the proper time resolution σt ∼
σL ⊕t includes a constant
p
p
contribution due to the decay length resolution σL (typically
0.05–0.3 ps), and a term due to the relative momentum resolution σp /p (typically 10–20% for partially reconstructed decays),
which increases with proper time. At B factories, the boost
of the B mesons is estimated from the known beam energies,
and the term due to the spatial resolution dominates (typically
1–1.5 ps because of the much smaller B boost).
In order to tag a B candidate as mixed or unmixed, it is necessary to determine its ﬂavor both in the initial state and in the
ﬁnal state. The initial and ﬁnal state mistag probabilities, ηi
and ηf , degrade S by a total factor (1−2η) = (1 −2ηi )(1 −2ηf ).
In lepton-based analyses, the ﬁnal state is tagged by the charge
of the lepton from b → − decays; the largest contribution
to ηf is then due to b → c → − decays. Alternatively, the
charge of a reconstructed charm meson (D∗− from B 0d or Ds−
from B 0s ), or that of a kaon hypothesized to come from a
b → c → s decay [11], can be used. For fully-inclusive analyses
based on topological vertexing, ﬁnal-state tagging techniques
include jet-charge [12] and charge-dipole [13,14] methods. At
high-energy colliders, the methods to tag the initial state (i.e.,
the state at production), can be divided into two groups: the
ones that tag the initial charge of the b quark contained in
the B candidate itself (same-side tag), and the ones that tag
the initial charge of the other b quark produced in the event
(opposite-side tag). On the same side, the charge of a track
from the primary vertex is correlated with the production state
of the B if that track is a decay product of a B ∗∗ state or
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the ﬁrst particle in the fragmentation chain [15,16]. Jet- and
vertex-charge techniques work on both sides and on the opposite
side, respectively. Finally, the charge of a lepton from b → −
or of a kaon from b → c → s can be used as opposite side
tags, keeping in mind that their performance is degraded due
to integrated mixing. At SLC, the beam polarization produced
a sizeable forward-backward asymmetry in the Z → bb decays,
and provided another very interesting and eﬀective initial state
tag based on the polar angle of the B candidate [13]. Initial state tags have also been combined to reach ηi ∼ 26% at
LEP [16,17], or even 22% at SLD [13] with full eﬃciency. In the
case ηf = 0, this corresponds to an eﬀective tagging eﬃciency
Q = D2 = (1 − 2η)2 , where is the tagging eﬃciency, in the
range 23 − 31%. The equivalent ﬁgure achieved by CDF during
Tevatron Run I was ∼ 3.5% [18], reﬂecting the fact that tagging
is more diﬃcult at hadron colliders. The current CDF and DØ
analyses of Tevatron Run II data reach D2 = (1.8 ± 0.1)% [19]
and (2.5 ± 0.2)% [20] for opposite-side tagging, while same-side
kaon tagging (for B 0s oscillation analyses) is contributing an
additional 3.7 − 4.8% at CDF [19], and pushes the combined
performance to (4.5 ± 0.9)% at DØ [21].
At B factories, the ﬂavor of a B 0d meson at production
cannot be determined, since the two neutral B mesons produced
in a Υ(4S) decay evolve in a coherent P -wave state where they
keep opposite ﬂavors at any time. However, as soon as one
of them decays, the other follows a time-evolution given by
Eqs. (2) or (3), where t is replaced with Δt (which will take
negative values half of the time). Hence, the “initial state” tag
of a B can be taken as the ﬁnal-state tag of the other B.
Eﬀective tagging eﬃciencies Q of 30% are achieved by BaBar
and Belle [22], using diﬀerent techniques including b → − and
b → c → s tags. It is worth noting that, in this case, mixing of
the other B (i.e., the coherent mixing occurring before the ﬁrst
B decay) does not contribute to the mistag probability.
In the absence of experimental observation of a decaywidth diﬀerence, oscillation analyses typically neglect ΔΓ in
Eq. (4), and describe the data with the physics functions
Γe−Γt (1 ± cos(Δmt))/2 (high-energy colliders) or Γe−Γ|Δt| (1 ±
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cos(ΔmΔt))/4 (asymmetric Υ(4S) machines). As can be seen
from Eq. (4), a non-zero value of ΔΓ would eﬀectively reduce
the oscillation amplitude with a small time-dependent factor
that would be very diﬃcult to distinguish from time resolution
eﬀects. Measurements of Δmd are usually extracted from the
data using a maximum likelihood ﬁt. To extract information
useful for the interpretation of B 0s oscillation searches and for
the combination of their results, a method [10] is followed in
which a B 0s oscillation amplitude A is measured as a function
of a ﬁxed test value of Δms , using a maximum likelihood ﬁt
based on the functions Γs e−Γs t (1 ± A cos(Δms t))/2. To a good
approximation, the statistical uncertainty on A is Gaussian and
equal to 1/S from Eq. (13). If Δms is equal to its true value,
one expects A = 1 within the total uncertainty σA ; in case a
signal is seen, its observed (or expected) signiﬁcance will be
deﬁned as A/σA (or 1/σA ). However, if Δms is (far) below its
true value, a measurement consistent with A = 0 is expected.
A value of Δms can be excluded at 95% CL if A + 1.645 σA ≤ 1
(since the integral of a normal distribution from −∞ to 1.645
is equal to 0.95). Because of the proper time resolution, the
quantity σA (Δms ) is a steadily increasing function of Δms . We
deﬁne the sensitivity for 95% CL exclusion of Δms values (or
for a 3 σ or 5 σ observation of B 0s oscillations) as the value of
Δms for which 1/σA = 1.645 (or 1/σA = 3 or 5).
B 0d mixing studies
Many B 0d –B 0d oscillations analyses have been published [23]
by the ALEPH [24], BaBar [25], Belle [26], CDF [15],
DØ [20], DELPHI [14,27], L3 [28], and OPAL [29,30]
collaborations. Although a variety of diﬀerent techniques have
been used, the individual Δmd results obtained at high-energy
colliders have remarkably similar precision. Their average is
compatible with the recent and more precise measurements
from asymmetric B factories. The systematic uncertainties are
not negligible; they are often dominated by sample composition, mistag probability, or b-hadron lifetime contributions.
Before being combined, the measurements are adjusted on the
basis of a common set of input values, including the b-hadron
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lifetimes and fractions published in this Review. Some measurements are statistically correlated. Systematic correlations arise
both from common physics sources (fragmentation fractions,
lifetimes, branching ratios of b hadrons), and from purely experimental or algorithmic eﬀects (eﬃciency, resolution, tagging,
background description). Combining all published measurements [14,15,20,24–30] and accounting for all identiﬁed correlations yields Δmd = 0.508 ± 0.003(stat) ± 0.003(syst) ps−1 [31],
a result dominated by the B factories.
On the other hand, ARGUS and CLEO have published
time-integrated measurements [32–34], which average to χd =
0.182 ±0.015. Following Ref. 34, the width diﬀerence ΔΓd could
in principle be extracted from the measured value of Γd and the
above averages for Δmd and χd (see Eq. (5)), provided that ΔΓd
has a negligible impact on the Δmd measurements. However,
direct time-dependent studies published by DELPHI [14] and
BaBar [35] provide stronger constraints, which can be combined
to yield sign(ReλCP )ΔΓd /Γd = 0.010 ± 0.037 [31].
Assuming ΔΓd = 0 and no CP violation in mixing, and
using the measured B 0d lifetime of 1.525 ± 0.009 ps, the Δmd
and χd results are combined to yield the world average
Δmd = 0.507 ± 0.005 ps−1

(14)

χd = 0.1873 ± 0.0024 .

(15)

or, equivalently,
Evidence for CP violation in B 0d mixing has been searched
for, both with ﬂavor-speciﬁc and inclusive B 0d decays, in samples
where the initial ﬂavor state is tagged. In the case of semileptonic (or other ﬂavor-speciﬁc) decays, where the ﬁnal-state tag
is also available, the following asymmetry [2]
N (B 0d (t) → + ν X) − N (B 0d (t) → − ν  X)
 1 − |q/p|2d
N (B 0d (t) → + ν X) + N (B 0d (t) → − ν  X)
(16)
has been measured, either in time-integrated analyses at
CLEO [34,36], CDF [37,38] and DØ [39], or in time-dependent
analyses at LEP [30,40,41], BaBar [35,42,43] and Belle [44].
AdSL =
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In the inclusive case, also investigated at LEP [40,41,45], no
ﬁnal-state tag is used, and the asymmetry [46]
N (B 0d (t) → all) − N (B 0d (t) → all)
N (B 0d (t) → all) + N (B 0d (t) → all)



xd
d
2 Δmd t
sin(Δmd t) − sin
 ASL
2
2

(17)

must be measured as a function of the proper time to extract information on CP violation. In all cases, asymmetries compatible with zero have been found, with a precision limited by the available statistics. A simple average of all
published results for the B 0d meson [30,34–36,39,41,42,44,45]
yields AdSL = −0.0049 ± 0.0038, under the assumption of no
CP violation in B 0s mixing. Published results at B factories
only [34–36,42,44], where no B 0s is produced, average to
AdSL = −0.0005 ± 0.0056 , or |q/p|d = 1.0002 ± 0.0028 , (18)
a result which does not yet constrain the Standard Model.
The Δmd result of Eq. (14) provides an estimate of 2|M12 |,
and can be used, together with Eq. (6), to extract the magnitude
of the CKM matrix element Vtd within the Standard Model [47].
The main experimental uncertainties on the resulting estimate
of |Vtd | come from mt and Δmd ; however, the extraction is
at present completely dominated by the uncertainty on the
hadronic matrix element fBd BBd = 244 ± 26 MeV obtained
from lattice QCD calculations [48].
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Figure 2: Combined measurements of the B 0s oscillation amplitude as a function of Δms . Top: CDF result based on Run
II data, published in 2006 [19]. Middle: Average of all preliminary DØ results available at the end of 2007 [21]. Bottom:
Average of all other results (mainly from LEP and SLD) published between 1997 and 2004. All measurements are dominated
by statistical uncertainties. Neighboring points are statistically
correlated. Color version at end of book.
Interesting Tevatron Run II results based on 1 fb−1 of data
became available in 2006: after DØ [49] reported 17 < Δms <
21 ps−1 (90% CL) and a most probable value of 19 ps−1 with an
observed (expected) signiﬁcance of 2.5 σ (0.9 σ), CDF published
the ﬁrst direct evidence of B 0s oscillations shortly followed by a
> 5 σ observation (shown at the top of Fig. 2). The measured
value of Δms is [19]
Δms = 17.77 ± 0.10(stat) ± 0.07(syst) ps−1 ,
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based on samples of ﬂavour-tagged hadronic and semileptonic
B 0s decays, partially or fully reconstructed in ﬂavour-speciﬁc ﬁnal states. More recently, DØ [21] obtained with 2.4 fb−1 an independent 2.9 σ preliminary evidence for B 0s oscillations (middle
of Fig. 2) at Δms = 18.53 ± 0.93(stat) ± 0.30(syst) ps−1 [50],
consistent with the CDF measurement.
In the decade before the Tevatron Run II results became
available, B 0s –B 0s oscillations had been the subject of many
studies from ALEPH [51], CDF [52], DELPHI [14,17,53],
OPAL [54] and SLD [13,55,56], which only lead to lower
limits on Δms due to the limited statistics. For comparison
with the Tevatron Run II measurements, the B 0s oscillation
amplitude obtained [31] by combining all earlier published results [13,14,17,51–55] is also shown in Fig. 2 (bottom) as a
function of Δms . The Δms values between 14.6 and 21.7 ps−1
could not be excluded at 95% CL, because the data was compatible with a signal in this region. However, the largest deviation
from A = 0 in this range is a 1.9 σ eﬀect only, so no signal could
be claimed.
The information on |Vts | obtained in the framework of the
Standard Model is hampered by the hadronic uncertainty, as
in the B 0d case. However, several uncertainties cancel in the
frequency ratio

2
mBs 2  Vts 
Δms
=
ξ
,
(20)
Δmd
mBd  Vtd 
+0.047
is an SU(3)
where ξ = (fBs BBs )/(fBd BBd ) = 1.210 −0.035
ﬂavor-symmetry breaking factor obtained from lattice QCD
calculations [48]. Using the measurements of Eqs. (14) and
(19), one can extract


 Vtd 
+0.0080


(21)
 Vts  = 0.2061 ± 0.0012(exp) −0.0060 (lattice) ,

in good agreement with (but much more precise than) the
recent results obtained by the Belle [57] and BaBar [58] collaborations based on the observation of the b → dγ transition.
The CKM matrix can be constrained using experimental results on observables such as Δmd , Δms , |Vub /Vcb |, K , and
sin(2β) together with theoretical inputs and unitarity conditions [47,59,60]. The constraint from our knowledge on the
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ratio Δms /Δmd is presently more eﬀective in limiting the
position of the apex of the CKM unitarity triangle than the
one obtained from the Δmd measurements alone, due to the
reduced hadronic uncertainty in Eq. (20). We also note that
the measured value of Δms is consistent with the Standard
Model prediction obtained from CKM ﬁts where no experimental information on Δms is used, e.g., 16.8 ± 1.6 ps−1 [59] or
+1.7
ps−1 [60].
17.6 −1.8
Information on ΔΓs can be obtained by studying the proper
time distribution of untagged B 0s samples [61]. In the case of
an inclusive B 0s selection [62], or a semileptonic (or ﬂavourspeciﬁc) B 0s decay selection [17,63,64], both the short- and
long-lived components are present, and the proper time distribution is a superposition of two exponentials with decay
constants ΓL,H = Γs ± ΔΓs /2. In principle, this provides sensitivity to both Γs and (ΔΓs /Γs )2 . Ignoring ΔΓs and ﬁtting for a
single exponential leads to an estimate of Γs with a relative bias
proportional to (ΔΓs /Γs )2 . An alternative approach, which is
directly sensitive to ﬁrst order in ΔΓs /Γs , is to determine the
lifetime of B 0s candidates decaying to CP eigenstates; measurements exist for B 0s → K + K − [65], B 0s → J/ψφ [66,67], and
(∗)+ (∗)−
[68], which are mostly CP -even states [69].
B 0s → Ds Ds
However, in the case of B 0s → J/ψφ, this technique has now
been replaced by more sensitive time-dependent angular analyses that allow the simultaneous extraction of ΔΓs /Γs and the
CP -even and CP -odd amplitudes [70,71]. Applying the combination procedure of Ref. 31 (including the constraint from the
ﬂavour-speciﬁc lifetime measurements) on the published results
of Refs. [17,63,66,70,71] yields
+0.051
ΔΓs /Γs = +0.092 −0.054

and

+0.024
1/Γs = 1.472 −0.026
ps ,
(22)

or equivalently
+0.033
ps
1/ΓL = 1.408 −0.030

+0.058
1/ΓH = 1.543 −0.060
ps ,
(23)
0
under the assumption of no CP violation in B s mixing.

and
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Independent estimates of ΔΓs /Γs , leading to the average
ΔΓs /Γs = +0.092 ± 0.032 [31], have also been obtained di(∗)+ (∗)−
branching
rectly from measurements of the B 0s → Ds Ds
ratio [68,72], under the assumption that these decays account
for all CP -even ﬁnal states (however, no systematic uncertainty
due to this assumption is included in the above average).
Recent untagged or tagged analyses [70,73,74,71] also consider CP violation in B 0s → J/ψφ decays, and start to constrain
the phase diﬀerence −2βs between the B 0s mixing diagram and
the b → cc̄s tree decay diagram. In the Standard Model (SM),
βs = arg(−(Vts Vtb∗ )/(Vcs Vcb∗ )) is expected to be approximately
0.02 [7,59,60]. A two-dimensional combination of the published
results [70,73,71] yields βs ∈ [+0.14; +0.73] ∪ [+0.82; +1.43] and
ΔΓs ∈ [+0.036; +0.264]∪[−0.264; −0.036] ps−1 at 90% CL [31].
Another combination including preliminary results [74], treating all analyses on the same footing, and allowing the strong
phases to vary freely in the ﬁt, gives βs ∈ [+0.10; +1.42] at
95% CL [75]. The probability to obtain a result less consistent
with the SM prediction if the SM is correct is estimated to be
2% (p-value).
On the other hand CP violation in B 0s mixing has been
investigated through the asymmetry between positive and negative same-sign muon pairs from semi-leptonic decays of bb̄
pairs [37–39], and directly through the charge asymmetry
of B 0s → Ds μνX decays [76,77]. Combining all published results [37,39,76] with the knowledge of CP violation in B 0d
mixing from Eq. (18) leads to
AsSL = −0.0036 ± 0.0094 , or |q/p|s = 1.0018 ± 0.0047 . (24)
A large New Physics phase could possibly contribute to both
CP violation in B 0s → J/ψφ, and to the mixing phase diﬀerence
of Eq. (8) on which AsSL depends. Combined ﬁts [78,79] based on
βs and AsSL measurements already yield interesting constraints
on this New Physics phase.
Average b-hadron mixing probability and b-hadron production fractions at high energy
Mixing measurements can signiﬁcantly improve our knowledge on the fractions fu , fd , fs , and fbaryon , deﬁned as the
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fractions of Bu , B 0d , B 0s and b-baryon in an unbiased sample of
weakly decaying b hadrons produced in high-energy collisions.
Indeed, time-integrated mixing analyses performed with lepton
pairs from bb events at high energy measure the quantity
χ = fd χd + fs χs ,

(25)

where fd and fs are the fractions of B 0d and B 0s hadrons in
a sample of semileptonic b-hadron decays. Assuming that all
b hadrons have the same semileptonic decay width implies
fq = fq /(Γq τb ) (q = s, d), where τb is the average b-hadron
lifetime. Hence χ measurements, together with the χd average
of Eq. (15) and the very good approximation χs = 1/2 (in fact
χs = 0.49927 ± 0.00003 from Eqs. (5), (19) and (22)), provide
constraints on the fractions fd and fs .
The LEP experiments have measured fs × BR(Bs0 →
−
Ds− + ν X) [80], BR(b → Λ0b ) × BR(Λ0b → Λ+
c  ν  X) [81],
−
− −
and BR(b → Ξ−
b ) × BR(Ξb → Ξ  ν  X) [82] from partially
reconstructed ﬁnal states including a lepton, fbaryon from protons identiﬁed in b events [83], and the production rate of
charged b hadrons [84]. The b-hadron fractions measured at
CDF using double semileptonic K ∗ μμ and φμμ ﬁnal states [85]
and lepton-charm ﬁnal states [86] are at slight discrepancy with
the ones measured at LEP. Furthermore the averages of the χ
values measured at LEP, 0.1259 ± 0.0042 [87], and at Tevatron,
0.147 ± 0.011 [39,88], show a 1.8 σ deviation with respect to
each other. This is a hint that the fractions at the Tevatron
might be diﬀerent from the ones in Z decays, and calls for separate averages of the LEP and Tevatron results. A combination
of all the available information under the constraints fu = fd
and fu + fd + fs + fbaryon = 1, including the recent strange
b-baryon measurements at the Tevatron [89], yields the three
set of averages shown in Table 1 [31]. The third set, obtained
using both LEP and Tevatron results, has larger errors than the
ﬁrst set, obtained using LEP results only, because scale factors
have been applied as advocated by the PDG for the treatment
of marginally consistent data.
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Table 1: χ and b-hadron fractions (see text).

χ
fu = fd
fs
fbaryon

in Z decays

at Tevatron

combined

0.1259 ± 0.0042
0.402 ± 0.009
0.105 ± 0.009
0.090 ± 0.015

0.147 ± 0.011
0.332 ± 0.030
0.122 ± 0.014
0.214 ± 0.068

0.1284 ± 0.0069
0.400 ± 0.012
0.115 ± 0.013
0.085 ± 0.021

Summary and prospects
B 0 –B 0 mixing has been and still is a ﬁeld of intense study.
While fairly little experimental progress was achieved in the
B 0d sector during the past few years, impressive new B 0s results
became available from Run II of the Tevatron. B 0s oscillations
are established and the mass diﬀerence in the B 0s –B 0s system
is measured very accurately, with a central value compatible
with the Standard Model (SM) expectation and a relative
precision (0.7%) matching that in the B 0d –B 0d system (0.9%).
However, the extraction of |Vtd /Vts | from these measurements
in the SM framework is limited by the hadronic uncertainty,
which will be an important challenge to reduce in the future.
New time-dependent angular analyses of B 0s → J/ψφ decays
and measurements of time-integrated B 0s asymmetries at CDF
and DØ are improving our knowledge of the other B 0s mixing
parameters: while CP violation in B 0s –B 0s mixing is consistent
with zero, with an uncertainty still large compared to the SM
prediction, the relative decay width diﬀerence ΔΓs /Γs is now
determined to an absolute precision of ∼ 5%, smaller than the
central value of the SM prediction. The data prefer ΓL > ΓH as
predicted in the SM.
Improved B 0s results are still to come, with very promising
short-term prospects, both for ΔΓs and CP -violating phases
induced by mixing such as βs and arg(−M12 /Γ12 ). Although
ﬁrst interesting experimental constraints have been published,
very little is known yet about these phases, which are predicted
to be very small in the SM. A full search for New Physics eﬀects
in these observables will require statistics beyond that of the
Tevatron. These will eventually become available at CERN’s
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Large Hadron Collider, which started physics operation in 2010
and where LHCb expects to be able to measure βs down to the
SM value after many years of operations [90].
B mixing may still reveal a surprize, but much eﬀort is
needed for this, both on the experimental and theoretical sides,
in particular to further reduce the hadronic uncertainties of lattice QCD calculations. In the long term, a stringent check of the
consistency of the B 0d and B 0s mixing amplitudes (magnitudes
and phases) with all other measured ﬂavour-physics observables
will be possible within the SM, leading to very tight limits (or
otherwise new interesting knowledge !) on New Physics.
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