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Abstract This article reports world averages of mea-
surements of b-hadron, c-hadron, and t-lepton properties
obtained by the Heavy Flavor Averaging Group using results
available through summer 2016. For the averaging, common
input parameters used in the various analyses are adjusted
(rescaled) to common values, and known correlations are
taken into account. The averages include branching frac-
tions, lifetimes, neutral meson mixing parameters, CP vio-
lation parameters, parameters of semileptonic decays, and
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1 Introduction

Flavor dynamics plays an important role in elementary par-
ticle interactions. The accurate knowledge of properties of
heavy flavor hadrons, especially b hadrons, plays an essen-
tial role for determining the elements of the Cabibbo—
Kobayashi-Maskawa (CKM) quark-mixing matrix [1,2].
The operation of the Belle and BABAR e*e™ B factory exper-
iments led to a large increase in the size of available B-
meson, D-hadron and 7-lepton samples, enabling dramatic
improvement in the accuracies of related measurements. The
CDF and DO experiments at the Fermilab Tevatron have also
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provided important results in heavy flavour physics, most
notably in the B? sector. In the D-meson sector, the dedi-
cated eTe™ charm factory experiments CLEO-c and BESIII
have made significant contributions. Run I of the CERN
Large Hadron Collider delivered high luminosity, enabling
the collection of even larger samples of b and ¢ hadrons,
and thus a further leap in precision in many areas, at the
ATLAS, CMS, and (especially) LHCb experiments. With the
LHC Run II ongoing, further improvements are keenly antic-
ipated.

The Heavy Flavor Averaging Group (HFLAV)' was
formed in 2002 to continue the activities of the LEP Heavy
Flavor Steering Group [3]. This group was responsible for
calculating averages of measurements of b-flavor related
quantities. HFLAV has evolved since its inception and cur-
rently consists of seven subgroups:

e the “B Lifetime and Oscillations” subgroup provides
averages for b-hadron lifetimes, b-hadron fractions in
7 (4S) decay and pp or p p collisions, and various param-
eters governing BO—EO and B?—E? mixing;

e the “Unitarity Triangle Parameters” subgroup provides
averages for parameters associated with time-dependent
CP asymmetries and B — DK decays, and resulting
determinations of the angles of the CKM unitarity trian-
gle;

e the “Semileptonic B Decays” subgroup provides aver-
ages for inclusive and exclusive B-decay branching frac-
tions, and subsequent determinations of the CKM matrix
element magnitudes | V.| and | Vyp|;

e the “B to Charm Decays” subgroup provides averages of
branching fractions for B decays to final states involving
open charm or charmonium mesons;

o the “Rare Decays” subgroup provides averages of branch-
ing fractions and CP asymmetries for charmless, radia-
tive, leptonic, and baryonic B-meson and b-baryon
decays;

e the “Charm Physics” subgroup provides averages of
numerous quantities in the charm sector, including
branching fractions; properties of excited D** and D,

mesons; properties of charm baryons; DO—BO mixing,
CP, and T violation parameters; and D" and D decay
constants f}, and fDY.

e the “Tau Physics” subgroup provides averages for T
branching fractions using a global fit and elaborates the
results to test lepton universality and to determine the
CKM matrix element magnitude |V,|; furthermore, it
lists the t lepton-flavor-violating upper limits and com-
putes the combined upper limits.

! The group was originally known by the acronym “HFAG.” Following
feedback from the community, this was changed to HFLAV in 2017.

Subgroups consist of representatives from experiments
producing relevant results in that area, i.e., representatives
from BABAR, Belle, BESIII, CDF, CLEO(c), DO, and LHCb.

This article is an update of the last HFLAV preprint,
which used results available by summer 2014 [5]. Here
we report world averages using results available by sum-
mer 2016. In some cases, important new results made avail-
able in the latter part of 2016 have been included, or there
have been minor revisions in the averages since summer
2016. All plots carry a timestamp indicating when they
were produced. In general, we use all publicly available
results that are supported by written documentation, includ-
ing preliminary results presented at conferences or work-
shops. However, we do not use preliminary results that
remain unpublished for an extended period of time, or for
which no publication is planned. Close contacts have been
established between representatives from the experiments
and members of subgroups that perform averaging to ensure
that the data are prepared in a form suitable for combina-
tions.

Section 2 describes the methodology used for calculating
averages. In the averaging procedure, common input param-
eters used in the various analyses are adjusted (rescaled) to
common values, and, where possible, known correlations
are taken into account. Sections 3-9 present world aver-
age values from each of the subgroups listed above. A brief
summary of the averages presented is given in Sect. 10.
A complete listing of the averages and plots, including
updates since this document was prepared, are also avail-
able on the HFLAV web site: http://www.slac.stanford.edu/
xorg/hflav.

2 Averaging methodology

The main task of HFLAV is to combine independent but pos-
sibly correlated measurements of a parameter to obtain the
world’s best estimate of that parameter’s value and uncer-
tainty. These measurements are typically made by different
experiments, or by the same experiment using different data
sets, or sometimes by the same experiment using the same
data but using different analysis methods. In this section, the
general approach adopted by HFLAV is outlined. For some
cases, somewhat simplified or more complex algorithms are
used; these are noted in the corresponding sections.

Our methodology focuses on the problem of combin-
ing measurements obtained with different assumptions about
external (or “nuisance”) parameters and with potentially
correlated systematic uncertainties. It is important for any
averaging procedure that the quantities measured by exper-
iments be statistically well-behaved, which in this con-
text means having a (one- or multi-dimensional) Gaus-
sian likelihood function that is described by the central

@ Springer
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value(s) x; and covariance matrix V;. In what follows
we assume Xx does not contain redundant information,
i.e., if it contains n elements then n is the number of
parameters being determined. A x2 statistic is constructed
as

N
@)=Y xi-0TV ! (xi—x), (1)

where the sum is over the N independent determina-
tions of the quantities x. These are typically from dif-
ferent experiments; possible correlations of the system-
atic uncertainties are discussed below. The results of the
average are the central values X, which are the values
of x at the minimum of x2(x), and their covariance
matrix

N
v= > vl 2)

We report the covariance matrices or the correlation matrices
derived from the averages whenever possible. In some cases
where the matrices are large, it is inconvenient to report them
in this document; however, all results can be found on the
HFLAV web pages.

The value of x2(%) provides a measure of the consis-
tency of the independent measurements of x after account-
ing for the number of degrees of freedom (dof), which is
the difference between the number of measurements and
the number of fitted parameters: N - n — n. The values
of x2(#) and dof are typically converted to a confidence
level (C.L.) and reported together with the averages. In cases
where x2/dof > 1, we do not usually scale the resulting
uncertainty, in contrast to what is done by the Particle Data
Group [6]. Rather, we examine the systematic uncertainties
of each measurement to better understand them. Unless we
find systematic discrepancies among the measurements, we
do not apply any additional correction to the calculated error.
If special treatment is necessary to calculate an average, or
if an approximation used in the calculation might not be
sufficiently accurate (e.g., assuming Gaussian errors when
the likelihood function exhibits non-Gaussian behavior), we
include a warning message. Further modifications to the aver-
aging procedures for non-Gaussian situations are discussed
in Sect. 2.2.

For observables such as branching fractions, experiments
typically report upper limits when the signal is not signifi-
cant. Sometimes there is insufficient information available to
combine upper limits on a parameter obtained by different
experiments; in this case we usually report only the most
restrictive upper limit. For branching fractions of lepton-
flavor-violating decays of tau leptons, we calculate combined
upper limits as discussed in Sect. 9.6.

@ Springer

2.1 Treatment of correlated systematic uncertainties

Consider two hypothetical measurements of a parameter x,
which can be summarized as

X1 + 5)61 + Axl’l + Axl’z...
Xy £ 6xp £ Axp1 £ Axap.. .,

where the dx; are statistical uncertainties and the Axy ;
are contributions to the systematic uncertainty. The simplest
approach is to combine statistical and systematic uncertain-
ties in quadrature:

x|] (8x1 ® Axy EBAxl,zﬂa---)
xy £ (5x269AXZ,1 @AXMEB“-),

and then perform a weighted average of x; and x; using their
combined uncertainties, treating the measurements as inde-
pendent. This approach suffers from two potential problems
that we try to address. First, the values x; may have been
obtained using different assumptions for nuisance parame-
ters; e.g., different values of the BY lifetime may have been
used for different measurements of the oscillation frequency
Amg. The second potential problem is that some systematic
uncertainties may be correlated between measurements. For
example, different measurements of Am,; may depend on
the same branching fraction used to model a common back-
ground.

The above two problems are related, as any quantity y;
upon which x; depends gives a contribution Axy; to the
systematic error that reflects the uncertainty Ay; on y;. We
thus use the values of y; and Ay; assumed by each mea-
surement in our averaging (we refer to these values as yi ;
and Ayy ;). To properly treat correlated systematic uncertain-
ties among measurements requires decomposing the over-
all systematic uncertainties into correlated and uncorrelated
components. As different measurements often quote differ-
ent types of systematic uncertainties, achieving consistent
definitions in order to properly treat correlations requires
close coordination between HFLAV and the experiments.
In some cases, a group of systematic uncertainties must be
combined into a coarser description in order to obtain an
average that is consistent among measurements. Systematic
uncertainties that are uncorrelated with any other source of
uncertainty are combined together with the statistical error,
so that the only systematic uncertainties treated explicitly
are those that are correlated with at least one other mea-
surement via a consistently-defined external parameter y;.
When asymmetric statistical or systematic uncertainties are
quoted by experiments, we symmetrize them since our com-
bination method implicitly assumes Gaussian likelihoods (or
parabolic log likelihoods) for each measurement.
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(a)

Yi

Fig. 1 Illustration of the possible dependence of a measured quan-
tity x on a nuisance parameter y;. The left-hand plot a compares the
68% confidence level contours of a hypothetical measurement’s uncon-
strained (large ellipse) and constrained (filled ellipse) likelihoods, using
the Gaussian constraint on y; represented by the horizontal band. The
solid error bars represent the statistical uncertainties o (x) and o (y;)
of the unconstrained likelihood. The dashed error bar shows the sta-

The fact that a measurement of x is sensitive to y; indicates
that, in principle, the data used to measure x could also be
used for a simultaneous measurement of x and y;. This is
illustrated by the large contour in Fig. 1a. However, there
often exists an external constraint Ay; on y; (represented by
the horizontal band in Fig. 1a) that is more precise than the
constraint o (y;) from the x data alone. In this case one can
perform a simultaneous fit to x and y;, including the external
constraint, and obtain the filled (x, y) contour and dashed
one-dimensional estimate of x shown in Fig. la. For this
procedure one usually takes the external constraint Ay; to be
Gaussian.

When the external constraints Ay; are significantly more
precise than the sensitivity o (y;) of the data alone, the addi-
tional complexity of a constrained fit with extra free param-
eters may not be justified by the resulting increase in sensi-
tivity. In this case the usual procedure is to perform a base-
line fit with all y; fixed to nominal values y; o, obtaining
x = xo £ 8x. This baseline fit neglects the uncertainty due
to Ay;, but this error is subsequently recovered by repeat-
ing the fit separately for each external parameter y;, with
its value fixed to y; = y;0 £ Ay;. This gives the result
X = Xo,; £ 6x as illustrated in Fig. 1b. The shift in the
central value Ax; = Xg; — xo is usually quoted as the sys-
tematic uncertainty due to the unknown value of y;. If the
unconstrained data can be represented by a Gaussian likeli-
hood function, the shift will equal

Ax; :P(X,Yi)&

Ay, 3
o) ©)

tistical error on x from a constrained simultaneous fit to x and y;. The
right-hand plot b illustrates the method described in the text of perform-
ing fits to x with y; fixed at different values. The dashed diagonal line
between these fit results has the slope p (x, y;)o (y;)/o (x) in the limit of
an unconstrained parabolic log likelihood. The result of the constrained
simultaneous fit from a is shown as a dashed error bar on x

where o (x) and p(x, y;) are the statistical uncertainty on x
and the correlation between x and y; in the unconstrained
data, respectively. This procedure gives very similar results
to that of the constrained fit with extra parameters: the central
values xg agree to O(Ay; /o (y;))?, and the uncertainties 5x @
Ax; agree to O(Ay; /o (yi)*.

To combine two or more measurements that share system-
atic uncertainty due to the same external parameter(s) y;, we
try to perform a constrained simultaneous fit of all measure-
ments to obtain values of x and y;. When this is not practical,
e.g.if we do not have sufficient information to reconstruct the
likelihoods corresponding to each measurement, we perform
the two-step approximate procedure described below.

Consider two statistically-independent measurements,
x1 £ (6x1 @ Axy ;) and xa £ (8x2 @ Axa;), of the quantity
x as shown in Fig. 2a, b. For simplicity we consider only one
correlated systematic uncertainty for each external parameter
vi. As our knowledge of the y; improves, the measurements
of x will shift to different central values and uncertainties.
The first step of our procedure is to adjust the values of each
measurement to reflect the current best knowledge of the
external parameters y; and their ranges Ay, as illustrated in
Fig. 2c, d. We adjust the central values x; and correlated sys-
tematic uncertainties Axy ; linearly for each measurement
(indexed by k) and each external parameter (indexed by i):

AXxp < )
/ 5 /
X, =Xk + Vi — Vi 4
k Xl: Ayri ' '
AV
Ax) ;= Axpi—t. 5)
' Ay, i
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Fig. 2 Illustration of the
HFLAV combination procedure
for correlated systematic
uncertainties. Upper plots a, b
show examples of two individual
measurements to be combined.
The large (filled) ellipses
represent their unconstrained
(constrained) likelihoods, while

horizontal bands indicate the
different assumptions about the

value and uncertainty of y; used
by each measurement. The error

bars show the results of the
method described in the text for
obtaining x by performing fits
with y; fixed to different values.
Lower plots ¢, d illustrate the
adjustments to accommodate
updated and consistent
knowledge of y;. Open circles
mark the central values of the )
unadjusted fits to x with y fixed; Yi

(b)

these determine the dashed line

used to obtain the adjusted
values

This procedure is exact in the limit that the unconstrained
likelihood of each measurement is Gaussian.
The second step is to combine the adjusted measurements,
X, £ (Sxk ® Axp @ Axj, @ ---) by constructing the
2
Xcomb(xy )’17 y21 o ')

goodness-of-fit statistic
2L &l
= — X | X — | x+ i — Y ;
> i ( S0

L y/\2
2 (57

We minimize this x 2 to obtain the best values of x and y; and
their uncertainties, as shown in Fig. 3. Although this method
determines new values for the y;, we typically do not report
them.

For comparison, the exact method we perform if the
unconstrained likelihoods L (x, yi, y2, ...) are available is
to minimize the simultaneous likelihood

Leomb(, y1,y2, .- = [ Lex,yis y2, 0 T Lo,
k i

@)

@ Springer

T

N

(@)

Yi

N = N/

T

Fig. 3 TIllustration of the combination of two hypothetical measure-
ments of x using the method described in the text. The ellipses represent
the unconstrained likelihoods of each measurement, and the horizontal
band represents the latest knowledge about y; that is used to adjust the
individual measurements. The filled small ellipse shows the result of the
exact method using Lcomb, and the hollow small ellipse and dot show
the result of the approximate method using Xczomb
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with an independent Gaussian constraint for each y;:

1 i =y 2
z:i(yf):exp[—z(yAy{y’) } ®)

The results of this exact method agree with those of the
approximate method when the £ are Gaussian and Ay; <
o (y;). If the likelihoods are non-Gaussian,, experiments
need to provide Ly in order to perform a combination. If
o(y;) ~ Ay], experiments are encouraged to perform a
simultaneous measurement of x and y; so that their data will
improve the world knowledge of y;.

For averages where common sources of systematic uncer-
tainty are important, central values and uncertainties are
rescaled to a common set of input parameters following the
prescription above. We use the most up-to-date values for
common inputs, consistently across subgroups, taking val-
ues from within HFLAV or from the Particle Data Group
when possible. The parameters and values used are listed in
each subgroup section.

2.2 Treatment of non-Gaussian likelihood functions

For measurements with Gaussian errors, the usual estima-
tor for the average of a set of measurements is obtained by
minimizing

2
(o)
K=y ~——~ ©)
X Ok

where x; is the kth measured value of x and O'kz is the vari-
ance of the distribution from which x; was drawn. The value
% at minimum x? is the estimate for the parameter x. The
true oy are unknown but typically the error as assigned by
the experiment Ulgaw is used as an estimator for it. However,
caution is advised when o™ depends on the measured value
xi. Examples of this are multiplicative systematic uncertain-
ties such as those due to acceptance, or the ~/N dependence
of Poisson statistics for which x; o N and o}, & +/N. Fail-
ing to account for this type of dependence when averaging
leads to a biased average. Such biases can be avoided by
minimizing

Y G —x)?
) _
X (x) = Ek —akz()E) , (10)

where oy (X) is the uncertainty on x; that includes the depen-
dence of the uncertainty on the value measured. As an
example, consider the error due to acceptance for which
or(X) = (X/xx) x op*™. Inserting this into Eq. (10) leads
to

SV X}/ (of)?

.XA -
N Z’
2 i x2/(0raW)

which is the correct behavior, i.e., weighting by the inverse
square of the fractional uncertainty o;*" /xy. It is sometimes
difficult to assess the dependence of o;*" on X from the errors
quoted by the experiments.

Another issue that needs careful treatment is that of cor-
relations among measurements, e.g., due to using the same
decay model for intermediate states to calculate acceptances.
A common practice is to set the correlation coefficient to
unity to indicate full correlation. However, this is not neces-
sarily conservative and can result in underestimated uncer-
tainty on the average. The most conservative choice of cor-
relation coefficient between two measurements i and j is
that which maximizes the uncertainty on x due to the pair of
measurements,

2 24 2
5 o; gj (1 p,’j)

o = i 11
x(,j) O,i2 +0_12 _ 2[011 o; UJ ( )
namely
. o; 0j
pij =mmy{ —, — |J. (12)
o; Oj

This corresponds to setting a)g(i’j) = min(al.z, 012). Setting
pij = 1 wheno; # o canlead to a significant underestimate
of the uncertainty on X, as can be seen from Eq. (11).

Finally, we carefully consider the various errors contribut-
ing to the overall uncertainty of an average. The covari-
ance matrix describing the uncertainties of different mea-
surements and their correlations is constructed, i.e., V =
Vtat + Vsys + Vineory. If the measurements are from inde-
pendent data samples, then Vg, is diagonal, but Vs and
V theory may contain correlations. The variance on the aver-
age X can be written

Zi,j (V_l |:Vstat + Vsys + Vtheory] V_1>
2

2= (Zi’j V;/1>2

=02, + ofys + . (13)

ij

This breakdown of uncertainties is used in certain cases, but
usually only a single, total uncertainty is quoted for an aver-
age.

3 Production fractions, lifetimes and mixing
parameters of b hadrons

Quantities such as b-hadron production fractions, b-hadron
lifetimes, and neutral B-meson oscillation frequencies have
been studied in the nineties at LEP and SLC (et e~ colliders at
/s = mz) as well as at the first version of the Tevatron (p p
collider at /s = 1.8 TeV). This was followed by precise
measurements of the B and B+ mesons performed at the

@ Springer
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asymmetric B factories, KEKB and PEPII (eTe~colliders
at /s = my4s)), as well as measurements related to the
other b hadrons, in particular B_?, Bj‘ and Ag, performed at
the upgraded Tevatron (4/s = 1.96 TeV). Since a few years,
the most precise measurements are coming from the LHC
(pp collider at /s = 7 and 8 TeV), in particular the LHCb
experiment.

In most cases, these basic quantities, although interesting
by themselves, became necessary ingredients for the more
refined measurements, such as those of decay-time dependent
CP-violating asymmetries. It is therefore important that the
best experimental values of these quantities continue to be
kept up-to-date and improved.

In several cases, the averages presented in this section
are needed and used as input for the results given in the
subsequent sections. Within this section, some averages
need the knowledge of other averages in a circular way.
This coupling, which appears through the b-hadron frac-
tions whenever inclusive or semi-exclusive measurements
have to be considered, has been reduced drastically in the
past several years with increasingly precise exclusive mea-
surements becoming available and dominating practically all
averages.

In addition to b-hadron fractions, lifetimes and oscillation
frequencies, this section also deals with CP violation in the
B and B? mixing amplitudes, as well as the CP-violating
phase ¢>§55 ~ —2f,, which is the phase difference between
the BS mixing amplitude and the b — ccs decay amplitude.
The angle 8, which is the equivalent of g for the B? system,
is discussed in Sect. 4.

Throughout this section published results that have been
superseded by subsequent publications are ignored (i.e.,
excluded from the averages) and are only referred to if nec-
essary.

3.1 b-hadron production fractions

We consider here the relative fractions of the different b-
hadron species found in an unbiased sample of weakly decay-
ing b hadrons produced under some specific conditions. The
knowledge of these fractions is useful to characterize the
signal composition in inclusive b-hadron analyses, to predict
the background composition in exclusive analyses, or to con-
vert (relative) observed rates into (relative) branching frac-
tion measurements. We distinguish here the following three
conditions: 7" (4S) decays, 7' (55) decays, and high-energy
collisions (including Z° decays).

3.1.1 b-hadron production fractions in T (4S) decays

Only pairs of the two lightest (charged and neutral) B mesons
can be produced in 7" (45) decays. Therefore only the follow-

@ Springer

ing two branching fractions must be considered:

[T =T(r@s) — B"B7)/Tia(Y (49)), (14)
P =r@ds) — BB/ T (T (45)). (15)
In practice, most analyses measure their ratio
R+—/00 — f+—/f00
=T(Y(4S) - BTB™)/T(Y(4S) — B"BY),
(16)

which is easier to access experimentally. Since an inclusive
(but separate) reconstruction of B+ and BY is difficult, exclu-
sive decay modes to specific final states f, BT — f* and
BY — £9, are usually considered to perform a measurement
of RT7/% whenever they can be related by isospin sym-
metry (for example Bt — J/¢ K+ and B® — J/¢KO).
Under the assumption that (BT — 1) = I'(B® — f9),
i.e., that isospin invariance holds in these B decays, the ratio
of the number of reconstructed Bt — f+ and B — f©
mesons, after correcting for efficiency, is proportional to

fYTBBY > Y [TTIB > ) TBY)
FOBBY— f0 ~ fOTB > f0)7(B8Y)
TARRICA
AEICON

a7

where 7(B*) and 7(B°) are the BT and B lifetimes respec-
tively. Hence the primary quantity measured in these analy-
ses is RT7/90 ¢(BT)/7(BY), and the extraction of R~/
with this method therefore requires the knowledge of the
7(BT)/7(B) lifetime ratio.

The published measurements of RT/% are listed in
Table 12 together with the corresponding assumed values
of 7(B1)/t(BY). All measurements are based on the above-
mentioned method, except the one from Belle, which is a
by-product of the B® mixing frequency analysis using dilep-
ton events (but note that it also assumes isospin invariance,
namely I'(BT — ¢+X) = I'(B® — ¢*X)). The latter is
therefore treated in a slightly different manner in the follow-
ing procedure used to combine these measurements:

e cach published value of RT~/% from CLEO and BABAR
is first converted back to the original measurement of
Rt/ ¢(BT)/7(BY), using the value of the lifetime
ratio assumed in the corresponding analysis;

e a simple weighted average of these original measure-
ments of RT~/% ¢ (B+)/7(B°) from CLEO and BABAR
is then computed, assuming no statistical or systematic
correlations between them;

e the weighted average of RT—/% ¢(B*)/t(B") is con-
verted into a value of RT~/%_ using the latest average of

2 Anold and imprecise measurement from CLEO [11] is not included
in Table 1 nor in the average.



Eur. Phys. J. C (2017) 77:895

Page 11 of 335 895

Table 1 Published measurements of the BT /B production ratio in 7" (45) decays, together with their average (see text). Systematic uncertainties

due to the imperfect knowledge of T(BT)/7(B) are included

Experiment, year References Decay modes Published value of Assumed value
or method RH=/00 — pt= /700 of t(B1)/t(B%)
CLEO, 2001 [7] J/YK® 1.04 £ 0.07 £ 0.04 1.066 £ 0.024
CLEO, 2002 [8] D*¢v 1.058 £ 0.084 £ 0.136 1.074 £ 0.028
Belle, 2003 [9] Dilepton events 1.01 £ 0.03 + 0.09 1.083 + 0.017
BABAR, 2005 [10] (cOK® 1.06 £ 0.02 £+ 0.03 1.086 + 0.017
Average 1.059 +0.027 (tot) 1.076 +0.004

the lifetime ratios, T(BT)/7(B%) = 1.076 4+ 0.004 (see
Sect. 3.2.3);

e the Belle measurement of RT~/% is adjusted to the
current values of t(B%) = 1.520+0.004 ps and
(BT)/t(B%) = 1.076 40.004 (see Sect. 3.2.3), using
the quoted systematic uncertainties due to these parame-
ters;

e the combined value of R*~/% from CLEO and BABAR
is averaged with the adjusted value of RT~/% from Belle,
assuming a 100% correlation of the systematic uncer-
tainty due to the limited knowledge on t(B™)/ 7(BY);
no other correlation is considered.

The resulting global average,

R L oso £0.027, (18)
fOO

is consistent with equal production rate of charged and neu-

tral B mesons, although only at the 2.2 o level.

On the other hand, the BABAR collaboration has per-
formed a direct measurement of the f% fraction using an
original method, which neither relies on isospin symmetry
nor requires the knowledge of 7(B™¥)/ 7(BY). Its analysis,
based on a comparison between the number of events where
a single B — D* ¢+ decay could be reconstructed and
the number of events where two such decays could be recon-
structed, yields [12]

99 =0.487 + 0.010 (stat) + 0.008 (syst). (19)

The two results of Egs. (18) and (19) are of very differ-
ent natures and completely independent of each other. Their
product is equal to fT~ = 0.51640.019, while another
combination of them gives f+~ + % = 1.003 4 0.029,
compatible with unity. Assuming® £~ + % = 1, also con-
sistent with CLEQO’s observation that the fraction of 7°(4.5)

3 A few non-BB decay modes of the T (4S) (Y(1S)m*tx~,
T (28)n 7, T(1S)n) have been observed with branching fractions
of the order of 10™* [13-15], corresponding to a partial width several
times larger than that in the e*e~channel. However, this can still be
neglected and the assumption f+~ 4+ f% = 1 remains valid in the
present context of the determination of f+~ and £%.

decays to BB pairs is larger than 0.96 at 95% CL [16], the
results of Egs. (18) and (19) can be averaged (first converting
Eq. (18) into a value of % = 1/(RT~/% 4 1)) to yield the
following more precise estimates:

£ =0.486 £0.006, " =1— % =0.514 +£0.006,

ft
—— = 1.058 £0.024.

700 (20)

The latter ratio differs from one by 2.4 0.

3.1.2 b-hadron production fractions in T (55) decays

Hadronic events produced in e™e™ collisions at the 7" (55)
(also known as 7" (10860)) energy can be classified into three
categories: light-quark (u, d, s, ¢) continuum events, bb con-
tinuum events, and 7" (5S5) events. The latter two cannot be
distinguished and will be called bb events in the following.
These bb events, which also include bl;y events because of
possible initial-state radiation, can hadronize in different final

states. We define fqu(SS) as the fraction of bb events with a

pair of non-strange bottom mesons (BB, BB*, B*B, B* B*,
BB, BB*m, B*Brm, B*B*7,and B Br  final states, where
B denotes a B” or BT meson and B denotes a B® or B~
meson), fsr(ss) as the fraction of bb events with a pair of
strange bottom mesons (BYBY, BB, B:BY, and B} B;*
final states), and f g (35 as the fraction of bb events without
any bottom meson in the final state. Note that the excited
bottom-meson states decay via B* — By and B} — Bly.

These fractions satisfy

(58 (58
f(ﬁ )+fST(SS)+fﬁ( ) 1.

u,

2y

The CLEO and Belle collaborations have published mea-
surements of several inclusive 7°(5S) branching fractions,
B(r(5S) — D;X), B(Y(5S) — ¢X) and B(Y'(5S) —
DYX), from which they extracted the model-dependent esti-
mates of fST(SS) reported in Table 2. This extraction was
performed under the implicit assumption f g 55) — 0, using
the relation
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Table 2 Published measurements of f;

T(5S)

Tp

2010 Belle measurement, which is quoted as 1 — f

, obtained assuming
= 0 and quoted as in the original publications, except for the

from Ref. [17]. Our average of fST(SS) assuming f
on the penultimate line, does not include the most recent Belle result

with fI;SS) quoted on the last line (see footnote 4)

TS — o, given

Experiment, year, dataset

Decay mode or method

Value of fST(SS)

CLEO, 2006, 0.42fb~! [18]

Belle, 2006, 1.86fb~! [19]

Belle, 2010, 23.6fb~! [17]

Average of all above after adjustments to inputs of Table 3

Belle, 2012, 121.4fb! [20]

T(55) —> DyX

T(5S) — ¢X

T(58) - BBX

CLEO average of above 3
T(5S) > DX

T(58) - DX

Belle average of above 2
T (58) - BBX

Y (55) — Dy X, D°X

+0.067
0.168 + 0.02675:957

+0.110
0.246 + 00297919
0.411 + 0.100 + 0.092

+0.06
0.21%) 03

0.179 £ 0.014 £ 0.041
0.181 £ 0.036 £ 0.075
0.180 £ 0.013 £ 0.032
0.263 + 0.032 + 0.051*
0.2154+0.031

0.172 £ 0.030

Table 3 External inputs on which the fXT(SS) averages are based

Branching fraction Value Explanation and reference

B(B — DsX) x B(Dy; — ¢m) 0.00374 + 0.00014 Derived from [6]

B(B? — D X) 0.92 £+ 0.11 Model-dependent estimate [21]
B(Dsy — ¢m) 0.045 £+ 0.004 [6]

B(B — D°X) x B(D* - K) 0.0243 + 0.0011 Derived from [6]

B(B? — D) 0.08 £ 0.07 Model-dependent estimate [19,21]
B(D® - Kx) 0.0393 £ 0.0004 [6]

B(B — ¢X) 0.0343 £+ 0.0012 [6]

B(B? — ¢X) 0.161 £ 0.024 Model-dependent estimate [18]

%B(T(SS) — DyX) = fI9 % B(BY - DsX)
+<1 — 1TV~ 1y (”)) x B(B — D,X). (22)

and similarrelations for B(Y (5S) — D°X)and B(Y' (5S) —

¢ X).In Table 2 we list also the values of fST 9 derived from
T(55)

measurements of fu’d = B(r(5S) —» BBX) [17,18], as
well as our average value of fST(SS), all obtained under the

assumption f g G5 —o.

However, the assumption f TGS — 0 is known to be

invalid since the observation of the following final states
in ete™ collisions at the Y'(55) energy: Y (1S)w 7™,
TRS)7 e, YGRS)rTn~ and TY(AS)KTK~ [22,23],
hy(1P)n+m~ and hy(2P)m T~ [24], and more recently
Y1770, v (28)7%7° and T (38)7%70 [25]. The sum
of the measurements of the corresponding visible cross-
sections, adding also the contributions of the unmeasured
TUSKKO, hpy(1P)7°7° and hp(2P)7%70 final states
assuming isospin conservation, amounts to

oV(eTe™ — (bb)hh) = 13.2 &+ 1.4 pb,
for (bb) = Y (18,28,3S), hy(1P,2P) and hh = 77, KK.

@ Springer

We divide this by the bb production cross section, o (ete™ —
bbX) = 337 £ 15 pb, obtained as the average of the
CLEO [21] and Belle [20]* measurements, to obtain

B(Y(55) — (bb)hh) = 0.039 + 0.004,
for (bb) = T (18,25, 3S), hy(1P,2P) and hh = nw, KK,

which is to be considered as a lower bound for f TG5,

Following the method described in Ref. [26], we perform
a 2 fit of the original measurements of the 7" (55) branching
fractions of Refs. [17—19],4 using the inputs of Table 3, the
relations of Egs. (21) and (22) and the one-sided Gaussian

constraint f pT 55) > B(TY(5S) — (bl;)hh), to simultane-
ously extract f:;gss), ST(SS) and f IZ ), Taking all known
correlations into account, the best fit values are

7(55) 0.027
fud = 076110504, (23)

u

4 Belle updated the analysis of Ref. [19] with the full 7'(5S) dataset.
The resulting measurements of o (ete™ — bbX) and fsT(SS>, which
supersede those of Ref. [19], are quoted and used in Ref. [20]. However,
no details are given. Because of the lack of relevant information, this
measurement of fsT(SS> cannot be included in the averages presented

here.
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TS 0.030
£FO% =0.20075 03, (24)

N

fp % = 0039100, (25)

where the strongly asymmetric uncertainty on f ; G s due
to the one-sided constraint from the observed (bb)hh decays.

These results, together with their correlation, imply
FIO0 ALY = 02631003, (26)

in fair agreement with the results of a BABAR analysis [27],
performed as a function of centre-of-mass energy.’

The production of Bf,’ mesons at the 7°(55) is observed
to be dominated by the BB channel, with o (ete™ —
BB /o (ete™ — BYBMY) = (87.0 + 1.7)% [28,
29]. The proportions of the various production channels for
non-strange B mesons have also been measured [17].

3.1.3 b-hadron production fractions at high energy

At high energy, all species of weakly decaying b hadrons
may be produced, either directly or in strong and electro-
magnetic decays of excited b hadrons. It is often assumed that
the fractions of these different species are the same in unbi-
ased samples of high-pr b jets originating from Z° decays,
from pp collisions at the Tevatron, or from pp collisions
at the LHC. This hypothesis is plausible under the condi-
tion that the square of the momentum transfer to the pro-
duced b quarks, Q2 is large compared with the square of
the hadronization energy scale, Q% > A(chn On the other
hand, there is no strong argument that the fractions at dif-
ferent machines should be strictly equal, so this assumption
should be checked experimentally. The available data show
that the fractions depend on the kinematics of the produced b
hadron. A simple phenomenological model appears to agree
with all data and indicates that the fractions are constant if
the b hadron is produced with sufficiently high transverse
momentum from any collider. Unless otherwise indicated,
these fractions are assumed to be equal at all high-energy
colliders until demonstrated otherwise by experiment. Both
CDF and LHCD report a pt dependence for Ag production
relative to Bt and B?; the number of Ag baryons observed at
low pr is enhanced with respect to that seen at LEP’s higher
prt. Therefore we present three sets of complete averages: one
set including only measurements performed at LEP, a second
set including only measurements performed at the Tevatron,
a third set including measurements performed at LEP, Teva-
tron and LHC. The LHCb production fractions results by
themselves are still incomplete, lacking measurements of the
production of weakly-decaying baryons heavier than Ag.

5 The results of Ref. [27] are not included in the average since no

numerical value is given for f;T(SS) / f:_ﬁfs).

Contrary to what happens in the charm sector where the
fractions of D and DO are different, the relative amount
of BT and B is not affected by the electromagnetic decays
of excited B*t and B*? states and strong decays of excited
B*** and B**" states. Decays of the type B*0 — B™K
also contribute to the B+ and B rates, but with the same
magnitude if mass effects can be neglected. We therefore
assume equal production of Bt and B® mesons. We also
neglect the production of weakly decaying states made of
several heavy quarks (like B' and doubly heavy baryons)
which is known to be very small. Hence, for the purpose of
determining the b-hadron fractions, we use the constraints

Ju=fa and  f, + fa+ fs + Sfoaryon = 1, 27

where fy, fi, fs and fparyon are the unbiased fractions of
B*. BY, BA? and b baryons, respectively.

We note that there are many measurements of the pro-
duction cross-sections of different species of b hadrons. In
principle these could be included in a global fit to determine
the production fractions. We do not perform such a fit at the
current time, and instead average only the explicit measure-
ments of the production fractions.

The LEP experiments have measured f; x B(B? —
Dy €TveX) [30-32], B(b — AY) x B(A) — AT¢™5,X)
[33,34] and B(b — &) x B(E, — E7£ vgX) [35,36]
from partially reconstructed final states including a lepton,
Soaryon from protons identified in b events [37], and the pro-
duction rate of charged b hadrons [38]. Ratios of b-hadron
fractions have been measured by CDF using lepton+charm
final states [39—41]° and double semileptonic decays with
K*pp and ¢ final states [42]. Measurements of the pro-
duction of other heavy flavour baryons at the Tevatron are
included in the determination of fparyon [43-45]7 using the
constraint

fbaryon = ng +f5,9 +fE}: +f§21;

fz=  Jfor
= 42— 4 2 > 28
fm;( ng ng (28)

where isospin invariance is assumed in the production of Eg
and &, . Other b baryons are expected to decay strongly
or electromagnetically to those baryons listed. For the pro-
duction measurements, both CDF and DO reconstruct their
b baryons exclusively to final states which include a J /v
and a hyperon (Ag = J/vA B — J/YET and Q) —
J/¥Q7). We assume that the partial decay width of a b

% CDF updated their measurement of f A?/ fa [39] to account for a

measured pt dependence between exclusively reconstructed Ag and
BY [41].

7 DO reports fQ; /f ot We use the CDF+DO0 average of f 5 /f A9 to
obtain fQ; /ng and then combine it with the CDF result.
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Fig. 4 Ratio of production fractions f A9 /fa as a function of pr of the

b hadron from LHCb data for b hadrons decaying semileptonically [46]
and fully reconstructed in hadronic decays [48]. The curve represents a
fit to the LHCb hadronic data [48]. The computed LEP ratio is included
at an approximate pr in Z decays, but does not participate in any fit

baryon to a J/y and the corresponding hyperon is equal
to the partial width of any other b baryon to a J/¢ and the
corresponding hyperon. LHCb has also measured ratios of b-
hadron fractions in charm+lepton final states [46] and in fully
reconstructed hadronic two-body decays B — D~ ™,
B — Dyt and AY) — Afn~ [47,48].

Both CDF and LHCb observe that the ratio f 49 /fd
depends on the pr of the charm+lepton system [41,46].8
CDF chose to correct an older result to account for the pt
dependence. In a second result, CDF binned their data in pt
of the charm+electron system [40]. The more recent LHCb
measurement using hadronic decays [48] obtains the scale for
R A9 = f A9 / fa from their previous charm + lepton data [46].
The LHCb measurement using hadronic data also bins the
same data in pseudorapidity (1) and sees a linear dependence
of R A9+ Since 7 is not entirely independent of pr it is impos-
sible to tell at this time whether this dependence is just an
artifact of the pt dependence. Figure 4 shows the ratio R 4o
as a function of pr for the b hadron, as measured by LHCb.
LHCD fits their scaled hadronic data to obtain

R, = (0.151 =+ 0.030) +exp{ —(0.57 £ 0.11)
—(0.095 £ 0.016)[GeV/c]™" x pT}. (29)

A value of R A9 is also calculated for LEP and placed at the
approximate pr for the charm+lepton system, but this value

8 CDF compares the pr distribution of fully reconstructed A2 —
A~ with B > DY, which gives ng/fd up to a scale fac-

tor. LHCb compares the pr in the charm+lepton system between Ag
and B and B, giving RA0/2= fp0/(fu+ fa) = fao/2fa-
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Fig. 5 Ratio of production fractions fs/fy as a function of pr of the
reconstructed b hadrons for the LHCb [47] and ATLAS [49] data. Note
the suppressed zero for the vertical axis. The curves represent fits to
the data: a linear fit (solid), and an exponential fit described in the text
(dotted). The pr independent value average of R, (dashed) is shown
for comparison. The computed LEP ratio is included at an approximate
pr in Z decays, but does not participate in any fit

does not participate in any fit.” Because the two LHCb results
for R A9 are not independent, we use only their semileptonic
data for the averages. Note that the pt dependence of R A9
combined with the constraint from Eq. (27) implies a com-
pensating pt dependence in one or more of the production
fractions, fy, fa4,or fs.

LHCb and ATLAS have investigated the pt dependence
of fs/fa using fully reconstructed B? and B decays. LHCb
reported 30 evidence that the ratio Ry = f;/fs decreases
with pr using fully reconstructed B‘? and B decays and the-
oretical predictions for branching ratios [47]. Data from the
ATLAS experiment [49] using decays of B? and B® to J /v
final states and using theoretical predictions for branching
ratios [50] indicates that R; is consistent with no pr depen-
dence. Figure 5 shows the ratio R as a function of pt mea-
sured by LHCb and ATLAS. Two fits are performed. The first
fit, using a linear parameterization, yields R; = (0.2701 £
0.0058) — (0.00139 + 0.00044)[GeV/c]~! x pr. A second
fit, using a simple exponential, yields Ry = exp {(—1.304 +
0.024) — (0.0058 + 0.0019)[GeV/c]~! x pT}. The two fits
are nearly indistinguishable over the pr range of the results,
but the second gives a physical value for all pr. R; is also
calculated for LEP and placed at the approximate pt for the
b hadron, though the LEP result doesn’t participate in the fit.
Our world average for Ry is also included in the figure for
reference.

In order to combine or compare LHCb results with other
experiments, the pr-dependent f 49 /(fu+ fa) is weighted by

9 The CDF semileptonic data would require significant corrections to
obtain the p of the b hadron and be included on the same plot with the
LHCb data. We do not have these corrections at this time.
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Table 4 Comparison of average production fraction ratios from
CDF [40,41] and LHCb [46]. The kinematic regime of the charm-+lepton
system reconstructed in each experiment is also shown

Quantity CDF LHCb

Ss/(fu + fa) 0.224 £ 0.057 0.134 £ 0.009
F a9/ (fu+ fa) 0.229 + 0.062 0.240 + 0.022
Average charm+lepton pt ~13GeV/c ~T7GeV/c
Pseudorapidity range —l<n<l1 2<np<5

the pr spectrum.'® Table 4 compares the pr-weighted LHCb
data with comparable averages from CDF. The average CDF
and LHCD data are in agreement despite the b hadrons being
produced in different kinematic regimes.

Ignoring pt dependence, all these published results have
been adjusted to the latest branching fraction averages [6]
and combined following the procedure and assumptions
described in Ref. [3], to yield f, = f; = 0.404 £0.006,
fs =0.102£0.005 and fparyon = 0.090 +0.012 under the
constraints of Eq. (27). Repeating the combinations for LEP
and the Tevatron, we obtain f, = f; = 0.412+£0.008,
fs = 0.088£0.013 and fparyon = 0.089£0.012 when
using the LEP data only, and f, = f; = 0.340£0.021,
fs = 0.101£0.015 and fparyon = 0.218 £0.047 when
using the Tevatron data only. As noted previously, the LHCb
data are insufficient to determine a complete set of b-hadron
production fractions. The world averages (LEP, Tevatron and
LHC) for the various fractions are presented here for com-
parison with previous averages. Significant differences exist
between the LEP and Tevatron fractions, therefore use of
the world averages should be taken with some care. For
these combinations other external inputs are used, e.g., the
branching ratios of B mesons to final states with a D or
D* in semileptonic decays, which are needed to evaluate the
fraction of semileptonic B? decays with a D in the final
state.

Time-integrated mixing analyses performed with lepton
pairs from bb events produced at high-energy colliders mea-
sure the quantity

X = fixd+ fi Xss (30)

where f) and f] are the fractions of B® and B? hadrons
in a sample of semileptonic b-hadron decays, and where yg4
and y; are the B and B time-integrated mixing probabili-
ties. Assuming that all » hadrons have the same semileptonic
decay width implies f/ = f;R;, where R; = 1;/7, is the
ratio of the lifetime 7; of species i to the average b-hadron

10 In practice the LHCb data are given in 14 bins in pr and n with
a full covariance matrix [46]. The weighted average is calculated as
DTC™'M /o, where 0 = DT C~'D, M is a vector of measurements,
C~!is the inverse covariance matrix and D7 is the transpose of the
design matrix (vector of 1’s).

lifetime 1, = )", fit;. Hence measurements of the mixing
probabilities X, x4 and x;s can be used to improve our knowl-
edge of fi, fa, fs and foaryon. In practice, the above relations
yield another determination of f; obtained from fparyon and
mixing information,

L (I+7r)X — (I = foaryon Rbaryon) Xd
Ry (I +7)xs — xa ’

where r = R, /Rq = 1(B1)/7(B?).

The published measurements of ¥ performed by the LEP
experiments have been combined by the LEP Electroweak
Working Group to yield ¥ = 0.1259+0.0042 [51].'!
This can be compared with the Tevatron average, ¥ =
0.147 £0.011, obtained from DO [52] and CDF [53]. The
two averages deviate from each other by 1.8 o; this could be
an indication that the production fractions of » hadrons at
the Z peak or at the Tevatron are not the same. We choose
to combine these two results in a simple weighted aver-
age, assuming no correlations, and, following the PDG pre-
scription, we multiply the combined uncertainty by 1.8to
account for the discrepancy. Our world average is then
x = 0.1284 £ 0.0069.

Introducing the ¥ average in Eq. (31), together with
our world average x4 = 0.1860£0.0011 [see Eq. (67) of
Sect. 3.3.1], the assumption y; = 1/2 [justified by Eq.
(76) in Sect. 3.3.2], the best knowledge of the lifetimes
(see Sect. 3.2) and the estimate of fparyon given above,
yields f; = 0.118 £0.018 (or fi = 0.111£0.011 using
only LEP data, or f; = 0.16640.029 using only Teva-
tron data), an estimate dominated by the mixing informa-
tion. Taking into account all known correlations (includ-
ing that introduced by fharyon), this result is then combined
with the set of fractions obtained from direct measurements
(given above), to yield the improved estimates of Table 5,
still under the constraints of Eq. (27). As can be seen, our
knowledge on the mixing parameters reduces the uncer-
tainty on fs, quite substantially in the case of LEP data. It
should be noted that the results are correlated, as indicated in
Table 5.

fs =

€19

3.2 b-hadron lifetimes

In the spectator model the decay of b hadrons Hj, is gov-
erned entirely by the flavour changing b — Wygq transi-
tion (g = c,u). For this very reason, lifetimes of all b
hadrons are the same in the spectator approximation regard-
less of the (spectator) quark content of the Hj. In the early
1990’s experiments became sophisticated enough to start
seeing the differences of the lifetimes among various Hj

1T We use the x average of Eq. 5.39 in Ref. [51], obtained from a
10-parameter global fit of all electroweak data where the asymmetry
measurements have been excluded.
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Table 5 Time-integrated mixing probability x (defined in Eq. (30)),
and fractions of the different b-hadron species in an unbiased sample
of weakly decaying b hadrons, obtained from both direct and mixing

measurements. The correlation coefficients between the fractions are
also given. The last column includes measurements performed at LEP,
Tevatron and LHC

Quantity Z decays Tevatron LHCb [47] All

Mixing probability x 0.1259 £ 0.0042 0.1474+0.011 0.1284 £ 0.0069
Bt or B fraction Ju=Ja 0.407 £0.007 0.344 +0.021 0.404 £ 0.006
B fraction fs 0.101 £0.008 0.115+£0.013 0.103 £0.005
b-baryon fraction Soaryon 0.084 £0.011 0.196 £0.046 0.088 £0.012
B9/ BY ratio fs/fa 0.249 £0.023 0.333+£0.041 0.256 £+ 0.020* 0.256+£0.013
o(fs, fu) = p(fs, fa) —0.629 +0.153 —0.143
p(foaryons fu) = p(foaryon, fa) —0.822 —0.959 —0.921

2 (foaryon» fs) +0.074 —0.426 —0.254

2 This value has been updated with new inputs by LHCb to yield 0.259 + 0.015 [54]

species. The first theoretical calculations of the spectator
quark effects on H), lifetime emerged only few years ear-
lier [55].

Since then, such calculations are performed in the frame-
work of the Heavy Quark Expansion (HQE) [55-57], using
as most important assumption that of quark-hadron dual-
ity [58,59]. Since a few years, possible quark-hadron dual-
ity violating effects are severely constrained by experi-
ments [60]. In these calculations, the total decay rate of an
Hj is expressed as the sum of a series of expectation val-
ues of operators of increasing dimension, multiplied by the
correspondingly higher powers of Aqgcp/mp:

Aocp \”
s, =|CKM|Zch< n‘ff) (Hp| O, Hy), (32)

n

where |CKM|? is the relevant combination of CKM matrix
elements. The coefficients ¢, of this expansion, known as
the Operator Product Expansion [61], can be calculated per-
turbatively. Hence, the HQE predicts I'y, in the form of an
expansion in both Agcp/mp and as(myp). The precision of
current experiments requires an expansion up to the next-to-
leading order in QCD, i.e., the inclusion of corrections of
the order of o (mp) to the ¢, terms. The non-perturbative
parts of the calculation are grouped into the expectation val-
ues (Hp| O, |Hp) of operators O,. These can be calculated
using lattice QCD or QCD sum rules, or can be related
to other observables via the HQE. One may reasonably
expect that powers of Agcp/mp provide enough suppres-
sion that only the first few terms of the sum in Eq. (32)
matter.

Theoretical predictions are usually made for the ratios
of the lifetimes (with 7(BY) often chosen as the common
denominator) rather than for the individual lifetimes, for this
allows several uncertainties to cancel. The precision of the
HQE calculations (see Refs. [62-67], and Refs. [68,69] for
the latest updates) is in some instances already surpassed by

@ Springer

the measurements, e.g., in the case of t(BT)/7(B?). More
accurate predictions are now a matter of progress in the eval-
uation of the non-perturbative hadronic matrix elements, in
particular using lattice QCD where significant advances were
made in the last decade. However, the following important
conclusions can be drawn from the HQE, even in its present
state, which are in agreement with experimental observa-
tions:

e The heavier the mass of the heavy quark, the smaller
is the variation in the lifetimes among different hadrons
containing this quark, which is to say that as m; — oo
we retrieve the spectator picture in which the lifetimes
of all Hj states are the same. This is well illustrated
by the fact that lifetimes are rather similar in the b sec-
tor, while they differ by large factors in the charm sector
(me < myp).

e The non-perturbative corrections arise only at the order
of AéCD / mi, which translates into differences among
H,, lifetimes of only a few percent.

e It is only the difference between meson and baryon life-
times that appears at the AéCD / ml% level. The splitting
of the meson lifetimes occurs at the AECD / mZ level, yet

it is enhanced by a phase space factor 1672 with respect
to the leading free b decay.

To ensure that certain sources of systematic uncertainty
cancel, lifetime analyses are sometimes designed to measure
ratios of lifetimes. However, because of the differences in
decay topologies, abundance (or lack thereof) of decays of a
certain kind, etc., measurements of the individual lifetimes
are also common. In the following section we review the most
common types of lifetime measurements. This discussion is
followed by the presentation of the averaging of the various
lifetime measurements, each with a brief description of its
particularities.
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3.2.1 Lifetime measurements, uncertainties and
correlations

In most cases, the lifetime of an H), state is estimated from a
flight distance measurement and a 8y factor which is used to
convert the geometrical distance into the proper decay time.
Methods of accessing lifetime information can roughly be
divided in the following five categories:

1. Inclusive (flavour-blind) measurements. These early
measurements were aimed at extracting the lifetime from
a mixture of b-hadron decays, without distinguishing the
decaying species. Often the knowledge of the mixture
composition was limited, which made these measure-
ments experiment-specific. Also, these measurements
had to rely on Monte Carlo simulation for estimating
the By factor, because the decaying hadrons are not fully
reconstructed. These were usually the largest statistics
b-hadron lifetime measurements accessible to a given
experiment, and could therefore serve as an important
performance benchmark.

2. Measurements in semileptonic decays of a specific Hp.
The W boson from b — Wc produces a fv; pair
(£ = e, ) in about 21% of the cases. The electron
or muon from such decays provides a clean and effi-
cient trigger signature. The ¢ quark from the b —
We transition and the other quark(s) making up the
decaying Hp combine into a charm hadron, which is
reconstructed in one or more exclusive decay chan-
nels. Knowing what this charmed hadron is allows one
to separate, at least statistically, different Hj, species.
The advantage of these measurements is in the sam-
ple size, which is usually larger than in the case of
exclusively reconstructed Hj, decays. Some of the main
disadvantages are related to the difficulty of estimating
the lepton+charm sample composition and to the Monte
Carlo reliance for the momentum (and hence By factor)
estimate.

3. Measurements in exclusively reconstructed hadronic
decays. These have the advantage of complete recon-
struction of the decaying H) state, which allows one
to infer the decaying species as well as to perform pre-
cise measurement of the By factor. Both lead to gener-
ally smaller systematic uncertainties than in the above
two categories. The downsides are smaller branching
ratios and larger combinatorial backgrounds, especially
in H, — H.mw(nm) and multi-body H, decays, or in
a hadron collider environment with non-trivial underly-
ing event. Decays of the type H, — J/y H; are rela-
tively clean and easy to trigger, due to the J /¢ — £7€~
signature, but their branching fraction is only about
1%.

4. Measurements at asymmetric B factories. Inthe T (4S5) —

B B decay, the B mesons (B or B) are essentially at rest
in the 7" (4S) frame. This makes direct lifetime measure-
ments impossible in experiments at symmetric colliders
producing 7" (4S) at rest. At asymmetric B factories the
T (4S) meson is boosted resulting in B and B moving
nearly parallel to each other with the same boost. The
lifetime is inferred from the distance Az separating the
B and B decay vertices along the beam axis and from
the 7 (4S) boost known from the beam energies. This
boost is equal to By =~ 0.55 (0.43) in the BABAR (Belle)
experiment, resulting in an average B decay length of
approximately 250 (190) pm.
In order to determine the charge of the B mesons in each
event, one of them is fully reconstructed in a semilep-
tonic or hadronic decay mode. The other B is typically
not fully reconstructed, only the position of its decay
vertex is determined from the remaining tracks in the
event. These measurements benefit from large sample
sizes, but suffer from poor proper time resolution, com-
parable to the B lifetime itself. This resolution is domi-
nated by the uncertainty on the decay vertices, which is
typically 50 (100) wm for a fully (partially) reconstructed
B meson. With much larger samples in the future, the res-
olution and purity could be improved (and hence the sys-
tematics reduced) by fully reconstructing both B mesons
in the event.

5. Direct measurement of lifetime ratios. This method, ini-
tially applied in the measurement of v(B¥)/t(BY), is
now also used for other h-hadron species at the LHC.
The ratio of the lifetimes is extracted from the proper
time dependence of the ratio of the observed yields of two
different b-hadron species, both reconstructed in decay
modes with similar topologies. The advantage of this
method is that subtle efficiency effects (partially) cancel
in the ratio.

In some of the latest analyses, measurements of two
(e.g., T(BY) and t(B1)/t(B%) or three (e.g. t(B1),
r(B+)/r(BO), and Amg) quantities are combined. This
introduces correlations among measurements. Another
source of correlations among the measurements are the sys-
tematic effects, which could be common to an experiment or
to an analysis technique across the experiments. When cal-
culating the averages, such known correlations are taken into
account.

3.2.2 Inclusive b-hadron lifetimes
The inclusive b-hadron lifetime is defined as 17, = Zi fiti
where t; are the individual species lifetimes and f; are the

fractions of the various species present in an unbiased sam-
ple of weakly decaying b hadrons produced at a high-energy
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Table 6 Measurements of average b-hadron lifetimes

Experiment Method Data set 7 (pS) Refs.
ALEPH Dipole 91 1.511 £ 0.022 + 0.078 [70]

DELPHI All track i.p. (2D) 91-92 1.542 £ 0.021 + 0.045 [71712
DELPHI Sec. vtx 91-93 1.582 £ 0.011 + 0.027 [72]*
DELPHI Sec. vtx 94-95 1.570 £+ 0.005 £ 0.008 [73]

L3 Sec. vtx + i.p. 91-94 1.556 £ 0.010 £ 0.017 [74]°
OPAL Sec. vtx 91-94 1.611 £ 0.010 £ 0.027 [75]

SLD Sec. vtx 93 1.564 £ 0.030 £ 0.036 [76]

Average set 1 (b vertex) 1.572 £0.009

ALEPH Lepton i.p. (3D) 91-93 1.533 £ 0.013 + 0.022 [77]

L3 Lepton i.p. (2D) 91-94 1.544 £ 0.016 = 0.021 [741°
OPAL Lepton i.p. (2D) 90-91 1.523 £ 0.034 = 0.038 [78]

Average set 2 (b — ) 1.537+£0.020

CDF1 J/¥ vix 92-95 1.533 £ 0.01570 03 [79]

Average set 3 (b — J/¢) 1.533 £0.036

4 The combined DELPHI result quoted in [72] is 1.575 £+ 0.010 £+ 0.026 ps

® The combined L3 result quoted in [74] is 1.549 + 0.009 & 0.015 ps

collider.'? This quantity is certainly less fundamental than
the lifetimes of the individual species, the latter being much
more useful in comparisons of the measurements with the
theoretical predictions. Nonetheless, we perform the averag-
ing of the inclusive lifetime measurements for completeness
and because they might be of interest as “technical numbers.”

In practice, an unbiased measurement of the inclusive life-
time is difficult to achieve, because it would imply an effi-
ciency which is guaranteed to be the same across species. So
most of the measurements are biased. In an attempt to group
analyses that are expected to select the same mixture of b
hadrons, the available results (given in Table 6) are divided
into the following three sets:

1. measurements at LEP and SLD that include any b-hadron
decay, based on topological reconstruction (secondary
vertex or track impact parameters);

2. measurements at LEP based on the identification of a
lepton from a b decay; and

3. measurements at hadron colliders based on inclusive
H, — J/¥ X reconstruction, where the J/v is fully
reconstructed.

The measurements of the first set are generally consid-
ered as estimates of tp, although the efficiency to reconstruct
a secondary vertex most probably depends, in an analysis-
specific way, on the number of tracks coming from the vertex,
thereby depending on the type of the H;,. Even though these

12 In principle such a quantity could be slightly different in Z decays,
at the Tevatron or at the LHC, in case the fractions of b-hadron species
are not exactly the same; see the discussion in Sect. 3.1.3.
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efficiency variations can in principle be accounted for using
Monte Carlo simulations (which inevitably contain assump-
tions on branching fractions), the H, mixture in that case can
remain somewhat ill-defined and could be slightly different
among analyses in this set.

On the contrary, the mixtures corresponding to the other
two sets of measurements are better defined in the limit where
the reconstruction and selection efficiency of a lepton or a
J /¥ from an Hj does not depend on the decaying hadron
type. These mixtures are given by the production fractions
and the inclusive branching fractions for each H}, species to
give a lepton or a J /. In particular, under the assumption
that all b hadrons have the same semileptonic decay width,
the analyses of the second set should measure (b — £) =
o f,-7:i3) /O fﬂ?) which is necessarily larger than 7, if
lifetime differences exist. Given the present knowledge on
7; and f;, T(b — {£) — 13 is expected to be of the order of
0.003 ps. On the other hand, the third set measuring 7 (b —
J /) is expected to give an average smaller than 1, because
of the B]" meson, which has a significantly larger probability
to decay to a J /v than other b-hadron species.

Measurements by SLC and LEP experiments are subject
to a number of common systematic uncertainties, such as
those due to (lack of knowledge of) b and ¢ fragmentation,
b and ¢ decay models, B(B — ¢), B(B — ¢ — £), B(c —
£), t., and Hjp decay multiplicity. In the averaging, these
systematic uncertainties are assumed to be 100% correlated.
The averages for the sets defined above (also given in Table
6) are

T(b vertex) = 1.572 +0.009 ps,
(b — £) = 1.537£0.020 ps,

(33)
(34)
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Table 7 Measurements of the B lifetime

Experiment Method Data set 7(B%) (ps) Refs.
ALEPH D®¢ 91-95 1.518 £ 0.053 + 0.034 (80]

ALEPH Exclusive 91-94 1257013 £ 0.05 (81]

ALEPH Partial rec. 7+ 7~ 91-94 1,490 1008 (81]

DELPHI D™y 91-93 1617013 £ 0.08 (82]

DELPHI Charge sec. vtx 91-93 1.63 £ 0.14 £ 0.13 [83]

DELPHI Inclusive D*¢ 91-93 1.532 4+ 0.041 £ 0.040 [84]

DELPHI Charge sec. vtx 94-95 1.531 4+ 0.021 £ 0.031 [73]

L3 Charge sec. vtx 94-95 1.52 £ 0.06 £ 0.04 [85]

OPAL D™y 91-93 1.53 £ 0.12 £ 0.08 (86]

OPAL Charge sec. vtx 93-95 1.523 + 0.057 4+ 0.053 [87]

OPAL Inclusive D*¢ 91-00 1.541 + 0.028 + 0.023 (88]

SLD Charge sec. Vtx ¢ 93-95 1567013 £ 0.10 (891
SLD Charge sec. vtx 93-95 1.66 £ 0.08 &+ 0.08 [89]2
CDF1 D™ 92-95 1.474 + 0.03979052 [90]

CDF1 Excl. J/y K™ 92-95 1.497 + 0.073 + 0.032 [91]

CDF2 Excl. J/Y K9, J/yK* 02-09 1.507 £ 0.010 + 0.008 [92]

DO Excl. J/y K* 03-07 1.414 £ 0.018 + 0.034 (93]

DO Excl. J /YK 02-11 1.508 + 0.025 + 0.043 (94]

DO Inclusive D~ ™t 02-11 1.534 £ 0.019 + 0.021 [95]

BABAR Exclusive 99-00 1.546 £ 0.032 + 0.022 [96]

BABAR Inclusive D*¢ 99-01 1.529 £ 0.012 % 0.029 [97]

BABAR Exclusive D*¢ 99-02 1.5237005% + 0.022 (98]

BABAR Incl. D*x, D*p 99-01 1.533 £ 0.034 + 0.038 [99]

BABAR Inclusive D*¢ 99-04 1.504 + 0.013%0018 (100]
Belle Exclusive 00-03 1.534 £ 0.008 + 0.010 [101]
ATLAS Excl. J/¥ K9 2011 1.509 £ 0.012 £ 0.018 [102]
LHCb Excl. J/y K* 2011 1.524 + 0.006 + 0.004 (103]
LHCb Excl. J /YK 2011 1.499 + 0.013 % 0.005 [103]
LHCb K*tn~ 2011 1.524 £ 0.011 + 0.004 [104]
Average 1.520 £ 0.004

2 The combined SLD result quoted in [89] is 1.64 £+ 0.08 £ 0.08 ps

t(b — J/¥) = 1.533 £0.036 ps. (35)

The differences between these averages are consistent both
with zero and with expectations within less than 2 0.

3.2.3 BY and B lifetimes and their ratio

After a number of years of dominating these averages the
LEP experiments yielded the scene to the asymmetric B fac-
tories and the Tevatron experiments. The B factories have
been very successful in utilizing their potential — in only
a few years of running, BABAR and, to a greater extent,
Belle, have struck a balance between the statistical and
the systematic uncertainties, with both being close to (or
even better than) an impressive 1% level. In the mean-

while, CDF and DO have emerged as significant contrib-
utors to the field as the Tevatron Run II data flowed in.
Recently, the LHCb experiment reached a further step in
precision, improving by a factor ~2 over the previous best
measurements.

At the present time we are in an interesting position of
having three sets of measurements (from LEP/SLC, B facto-
ries and Tevatron/LHC) that originate from different environ-
ments, are obtained using substantially different techniques
and are precise enough for incisive comparison.

The averaging of 7(B™), t(B°) and t(B*)/7(B") mea-
surements is summarized in Tables 7, 8, and 9. For (B™1)/
7(B%) we average only the measurements of this quan-
tity provided by experiments rather than using all available
knowledge, which would have included, for example, T (BT)
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Table 8 Measurements of the B lifetime

Experiment Method Data set 7(BT) (ps) Refs.
ALEPH D®¢ 91-95 1.648 + 0.049 + 0.035 (80]

ALEPH Exclusive 91-94 1.5870-211004 (81]

DELPHI D®¢ 91-93 1.61 £ 0.16 £ 0.12 (82
DELPHI Charge sec. vix 91-93 1.72 + 0.08 + 0.06 (831
DELPHI Charge sec. vix 94-95 1.624 + 0.014 + 0.018 (73]

L3 Charge sec. vix 94-95 1.66 + 0.06 + 0.03 (85]

OPAL DWWy 91-93 1.52 &+ 0.14 + 0.09 [86]

OPAL Charge sec. vtx 93-95 1.643 + 0.037 + 0.025 (87]

SLD Charge sec. Vtx £ 93-95 1617013 + 0.07 (891
SLD Charge sec. vtx 93-95 1.67 £ 0.07 &+ 0.06 [891°
CDF1 D¢ 92-95 1.637 £ 005870043 [90]

CDF1 Excl. J/y K 92-95 1.636 + 0.058 + 0.025 [91]

CDF2 Excl. J/y K 02-09 1.639 % 0.009 + 0.009 [92]

CDF2 Excl. Dz 02-06 1.663 £ 0.023 + 0.015 [105]
BABAR Exclusive 99-00 1.673 £ 0.032 + 0.023 [96]

Belle Exclusive 00-03 1.635 £ 0.011 + 0.011 [101]
LHCb Excl. J/y K 2011 1.637 £ 0.004 % 0.003 [103]
Average 1.638 £ 0.004

2 The combined DELPHI result quoted in [83] is 1.70 £ 0.09 ps

b The combined SLD result quoted in [89] is 1.66 + 0.06 4 0.05 ps

Table 9 Measurements of the ratio 7(B%)/ 7(B%)

Experiment Method Data set Ratio t(B1)/t(B%) Refs.
ALEPH D®¢ 91-95 1.085 + 0.059 + 0.018 (80]

ALEPH Exclusive 91-94 1.2775:23+003 (81]

DELPHI D®¢ 91-93 1007017 + 0.10 (82]

DELPHI Charge sec. Vtx 91-93 1067013 £ 0.10 (83]

DELPHI Charge sec. vtx 94-95 1.060 + 0.021 4+ 0.024 [73]

L3 Charge sec. vtx 94-95 1.09 + 0.07 £ 0.03 [85]

OPAL D™ 91-93 0.99 + 0.1470:0 (86]

OPAL Charge sec. vix 93-95 1.079 + 0.064 + 0.041 (87]

SLD Charge sec. Vtx £ 93-95 1.037518 + 0.09 (891
SLD Charge sec. Vtx 93-95 1.0175:9% + 0.05 (891
CDFl1 D™y 92-95 1.110 £ 0.0560033 [90]

CDF1 Excl. J/y K 92-95 1.093 + 0.066 + 0.028 [91]

CDF2 Excl. J/y K® 02-09 1.088 + 0.009 + 0.004 [92]

DO D** 1. D%y ratio 02-04 1.080 + 0.016 + 0.014 [106]
BABAR Exclusive 99-00 1.082 =+ 0.026 + 0.012 [96]

Belle Exclusive 00-03 1.066 £ 0.008 + 0.008 [101]
LHCb Excl. J/y K ® 2011 1.074 £ 0.005 + 0.003 (103]
Average 1.076 +0.004

2 The combined SLD result quoted in [89] is 1.01 £ 0.07 + 0.06
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and 7(B®) measurements which did not contribute to any of
the ratio measurements.

The following sources of correlated (within experi-
ment/machine) systematic uncertainties have been consid-
ered:

e for SLC/LEP measurements — D** branching ratio uncer-
tainties [3], momentum estimation of » mesons from
70 decays (b-quark fragmentation parameter (Xg) =
0.702 £ 0.008 [3)]), B? and b-baryon lifetimes (see
Sects. 3.2.4,3.2.6), and b-hadron fractions at high energy
(see Table 5);

e for B-factory measurements —alignment, z scale, machine
boost, sample composition (where applicable);

e for Tevatron/LHC measurements — alignment (separately
within each experiment).

The resultant averages are:

7(B%) = 1.520 4 0.004 ps, (36)
7(B1) = 1.638 £0.004 ps, (37)
T(B)/7(B®) = 1.076 £ 0.004. (38)

3.2.4 BY lifetimes

Like neutral kaons, neutral B mesons contain short- and
long-lived components, since the light (L) and heavy (H)
eigenstates differ not only in their masses, but also in their
total decay widths. Neglecting CP violation in B‘Q - B‘?
mixing, which is expected to be very small [60,107-110]
(see also Sect. 3.3.3), the mass eigenstates are also CP
eigenstates, with the light state being CP-even and the
heavy state being CP-odd. While the decay width differ-
ence ATy can be neglected in the B? system, the BS Sys-
tem exhibits a significant value of ATy = Tsp — Tyl,
where [y, and I'sg are the total decay widths of the
light eigenstate BSL and the heavy eigenstate BSOH, respec-
tively. The sign of ATy is known to be positive [111], i.e.,
BSH lives longer than BSOL. Specific measurements of ATl
and I'y = (I'sp + I'sg)/2 are explained and averaged in
Sect. 3.3.2, but the results for 1/ sy, = 1/(T's + AL/2),
1/Tsg = 1/(I's — AT5/2) and the mean B? lifetime,
defined as ‘L'(B?) = 1/ T, are also quoted at the end of this
section.

Many B‘? lifetime analyses, in particular the early ones
performed before the non-zero value of AI'y was firmly
established, ignore AT’y and fit the proper time distribution
of a sample of BY candidates reconstructed in a certain final
state f with a model assuming a single exponential function
for the signal. We denote such effective lifetime measure-
ments [112] as rsingle(B? — f); their true values may lie a
priori anywhere between 1/ g1, and 1/ I's i, depending on
the proportion of B?L and BSH in the final state f. More recent

determinations of effective lifetimes may be interpreted as
measurements of the relative composition of B?L and B?H
decaying to the final state f. Table 10 summarizes the effec-
tive lifetime measurements.

Averaging measurements of rsingle(B? — f) over sev-
eral final states f will yield a result corresponding to an
ill-defined observable when the proportions of BA?L and BA?H
differ. Therefore, the effective B? lifetime measurements are
broken down into several categories and averaged separately.

o BY— DT X decaysinclude mostly flavour-specific decays
but also decays with an unknown mixture of light and
heavy components. Measurements performed with such
inclusive states are no longer used in averages.

e Decays to flavour-specific final states, i.e., decays to final
states f with decay amplitudes satisfying A(B? — f) #
0, ABY — f) # 0, A(BY - f) = 0and A(B? —
f) = 0, have equal fractions of B?L and B?H at time zero.
Their total untagged time-dependent decay rates I's(?)
have a mean value fooo tTs(Hdt) fooo [y (¢)dt, called the
Sflavour-specific lifetime, equal to [131]

tsingle(B? — flavour specific)

2
i AT,

_I/FS2L+1/F52H_ 1 +(2F:>

/T + 1/ Ty T T\
=13

(39)

Because of the fast BY — B oscillations, possible biases
of the flavour-specific lifetime due to a combination of
B? / BSO production asymmetry, CP violation in the decay
amplitudes (JA(BY — f)| # |A(B? — f)]), and
CP violation in B? - B? mixing (|gs/ps| # 1) are
strongly suppressed, by a factor ~x§ (given in Eq. (75)).
The BY/B? production asymmetry at LHCb and the CP
asymmetry due to mixing have been measured to be
compatible with zero with a precision below 3% [132]
and 0.3% [see Eq. (83)], respectively. The correspond-
ing effects on the flavour-specific lifetime, which there-
fore have a relative size of the order of 10~ or smaller,
can be neglected at the current level of experimen-
tal precision. Under the assumption of no production
asymmetry and no CP violation in mixing, Eq. (39) is
exact even for a flavour-specific decay with CP viola-
tion in the decay amplitudes. Hence any flavour-specific
decay mode can be used to measure the flavour-specific
lifetime.

The average of all flavour-specific B? lifetime measure-
ments [95,104,116-122] is

‘Csingle(B? — flavour specific) = 1.516 £0.014 ps.
(40)
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Table 10 Measurements of the effective B? lifetimes obtained from single exponential fits

Experiment Final state f Data set ‘[Single(B? — f) (ps) Refs.
ALEPH Dyh Il-defined 91-95 1.47 + 0.14 + 0.08 [113]
DELPHI Dsh TI-defined 91-95 1537018 £ 0.07 [114]
OPAL Dy incl. 1ll-defined 90-95 1.7275:29+048 [115]
ALEPH Dy et Flavour-specific 91-95 1547014 + 0.04 [116]
CDF1 Dy e+ Flavour-specific 92-96 1.36 + 0.09700° [117]
DELPHI Dot Flavour-specific 92-95 1427013 + 0.03 [118]
OPAL Dot Flavour-specific 90-95 1507018 + 0.04 [119]
DO D;/fLX Flavour-specific Run II 10.4 fo~! 1.479 £ 0.010 £+ 0.021 [95]
CDF2 Dt (X) Flavour-specific 02-06 1.3 b1 1.518 + 0.041 + 0.027 [120]
LHCb D;DJr Flavour-specific 11-12 3fb! 1.52 £ 0.15 £ 0.01 [121]
LHCb Dyt Flavour-specific 11 1fb! 1.535 + 0.015 £ 0.014 [122]
LHCb aTK~ Flavour-specific 11 1.0 fo—! 1.60 £ 0.06 + 0.01 [104]
Average of above 9 Flavour-specific lifetime measurements 1.516+£0.014

CDF1 J/vé CP even+odd 92-95 1.347033 £ 0.05 [79]
DO T/ CP even+odd 02-04 1.44470-008 £ 0.02 [123]
LHCb J/yé CP even+odd 11 1fb! 1.480 + 0.011 =+ 0.005 [103]
Average of above 3 J /vy ¢ lifetime measurements 1.4794+0.012

ALEPH DIt p- mostly CP even 91-95 1.27 4+ 0.33 + 0.08 [124]
LHCb KtK~ CP-even 10 0.037 fb~! 1.440 £ 0.096 £ 0.009 [125]
LHCb KtK— CP-even 11 1.0 fb~! 1.407 + 0.016 £ 0.007 [104]
Average of above 2 K+ K ~ lifetime measurements 1.408 £0.017

LHCb DDy CP-even 11-12 3fb! 1.379 £ 0.026 £ 0.017 [121]
LHCb J/vn CP-even 11-12 3th~! 1.479 + 0.034 £ 0.011 [126]
Average of above 2 measurements of 1/ 'y, 1.4224+0.023

LHCb J/YKQ CP-odd 11 1.0 fb~! 1.75 + 0.12 4+ 0.07 [127]
CDF2 J /¥ f0(980) CP-odd 02-08 3.8 b~ 1707913 £ 0.03 [128]
DO J /¥ £o(980) CP-odd Run II 10.4 fb~! 1.70 &+ 0.14 + 0.05 [129]
LHCb J/yat CP-odd 11 1.0 fb~! 1.652 £ 0.024 + 0.024 [130]
Average of above 3 measurements of 1/ I'sy 1.658 £0.032

B§)—> J /¥ ¢ decays contain a well-measured mixture of
CP-even and CP-odd states. There are no known corre-
lations between the existing B? — J /Y ¢ effective life-
time measurements; these are combined into the average
Tsingle (BY — J/¥¢) = 1.479+£0.012 ps. A caveat is
that different experimental acceptances may lead to dif-
ferent admixtures of the CP-even and CP-odd states, and
simple fits to a single exponential may result in inherently
different values of rsingle(B? — J/Y¥¢). Analyses that
separate the CP-even and CP-odd components in this
decay through a full angular study, outlined in Sect. 3.3.2,
provide directly precise measurements of 1/ 'y and AT
(see Table 21).

Decays to CP eigenstates have also been measured, in the
CP-even modes BY — DT D™~ by ALEPH [124],
BY — K*K~ by LHCb [104,125], B — D} D; by

@ Springer

LHCb [121] and B? — J/¢¥n by LHCD [126], as well as
in the CP-odd modes B? — J /¥ f0(980) by CDF [128]
and DO [129], BY — J/¢w+7~ by LHCb [130] and
B? — J/yKQ by LHCb [127]. If these decays are dom-
inated by a single weak phase and if CP violation can
be neglected, then gingle (BY — CP-even) = 1/ T, and
Tsingle (BY — CP-odd) = 1/ s [see Egs. (70) and (71)
for approximate relations in presence of mixing-induced
CP violation]. However, not all these modes can be con-
sidered as pure CP eigenstates: a small CP-odd com-
ponent is most probably present in B‘? — Ds(*HDS(*)_
decays. Furthermore the decays B? — KTK~ and
BY — J/ ng may suffer from direct CP violation
due to interfering tree and loop amplitudes. The averages
for the effective lifetimes obtained for decays to pure
CP-even (D Dy, J/yn) and CP-odd (J /v f0(980),
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Table 11 Measurements of the B:r lifetime

Experiment Method Data set t(B:r ) (ps) Refs.
CDFl1 J/e 92-95 0.11 fb~! 0.46701% £ 0.03 [133]
CDF2 J/ve 02-04 0.36 fb! 0.4637007% £ 0.036 [134]
DO e 02-06 1.3fb~! 0.4487003% + 0.032 [135]
CDF2 Iy 6.7 fb! 0.452 £ 0.048 + 0.027 [136]
LHCb m 12 2fb! 0.509 =+ 0.008 + 0.012 [137]
LHCb Iy 11-12 3fb! 0.5134 £ 0.0110 £ 0.0057 [138]
Average 0.507 £0.009

J/y ™) final states, where CP conservation can be
assumed, are

Teingle (BY — CP-even) = 1.422 +0.023 ps, (41)
Toingle (BY — CP-0dd) = 1.658 £ 0.032 ps. (42)

As described in Sect. 3.3.2, the effective lifetime averages
of Egs. (40), (41) and (42) are used as ingredients to improve
the determination of 1/ 'y and ATy obtained from the full
angular analyses of B — J/y/¢ and BY — J/Y KK~
decays. The resulting world averages for the B? lifetimes are

1 1
e Iy+ ATl/2
1 1
Isu Iy — AL/2

T(BY) = = 1.4134£0.006ps, (43)

t(BYy) = =1.609+£0.010 ps, (44)

2
= ——— =1.505%£0.005 ps. (45)

T(BY) = -
o Ly L + Tsu

3.2.5 B} lifetime

Early measurements of the Bj meson lifetime, from CDF
[133,134] and DO [135], use the semileptonic decay mode
B} — J/y£*v and are based on a simultaneous fit to the
mass and lifetime using the vertex formed with the leptons
from the decay of the J/¢ and the third lepton. Correc-
tion factors to estimate the boost due to the missing neutrino
are used. Correlated systematic errors include the impact of
the uncertainty of the B pr spectrum on the correction
factors, the level of feed-down from ¥ (2S) decays, Monte
Carlo modeling of the decay model varying from phase space
to the ISGW model, and mass variations. With more statis-
tics, CDF2 was able to perform the first BC+ lifetime based
on fully reconstructed B;f — J/ymt decays [136], which
does not suffer from a missing neutrino. Recent measure-
ments from LHCb, both with B} — J/yu™v [137] and
B} — J/ym™ [138] decays, achieve the highest level of
precision.

All the measurements are summarized in Table 11 and
the world average, dominated by the LHCb measurements,
is determined to be

7(B) = 0.507 £ 0.009 ps. (46)

3.2.6 Ag and b-baryon lifetimes

The first measurements of b-baryon lifetimes, performed at
LEP, originate from two classes of partially reconstructed
decays. In the first class, decays with an exclusively recon-
structed A baryon and a lepton of opposite charge are
used. These products are more likely to occur in the decay
of Ag baryons. In the second class, more inclusive final
states with a baryon (p, p, A, or A) and a lepton have
been used, and these final states can generally arise from
any b baryon. With the large b-hadron samples available at
the Tevatron and the LHC, the most precise measurements
of b baryons now come from fully reconstructed exclusive
decays.

The following sources of correlated systematic uncer-
tainties have been considered: experimental time resolu-
tion within a given experiment, b-quark fragmentation dis-
tribution into weakly decaying b baryons, Ag polarisation,
decay model, and evaluation of the b-baryon purity in the
selected event samples. In computing the averages the cen-
tral values of the masses are scaled to M (A(b)) =5619.51 £
0.23 MeV/c? [6].

For measurements with partially reconstructed decays, the
meaning of the decay model systematic uncertainties and the
correlation of these uncertainties between measurements are
not always clear. Uncertainties related to the decay model are
dominated by assumptions on the fraction of n-body semilep-
tonic decays. To be conservative, it is assumed that these
are 100% correlated whenever given as an error. DELPHI
varies the fraction of four-body decays from 0.0 to 0.3. In
computing the average, the DELPHI result is corrected to a
value of 0.2 £ 0.2 for this fraction. Furthermore the semilep-
tonic decay results from LEP are corrected for a Ag polar-
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Table 12 Measurements of the b-baryon lifetimes

Experiment Method Data set Lifetime (ps) Refs.
ALEPH AL 91-95 1.20 + 0.08 + 0.06 [34]
DELPHI Al vix 91-94 1.16 £ 0.20 £ 0.08 (1391
DELPHI Apip. 91-94 110117 £ 0.09 (1401
DELPHI pl 91-94 1.19 & 0.14 + 0.07 [1391°
OPAL Al ip. 90-94 1217015 £ 0.10 [141]°
OPAL AL vix 90-94 115 £ 0.12 £ 0.06 [141]°
ALEPH Afe 91-95 1181013 £ 0.03 (341
ALEPH ALt 91-95 1.30792% + 0.04 (341
DELPHI Ate 91-94 L1119 + 0.05 (1391
OPAL AFe, ALt 90-95 1.29792% + 0.06 [119]
CDF1 At 91-95 1.32 £ 0.15 + 0.07 [142]
DO Afu 02-06 1.2907 0 110+0.087 [143]
Average of above 6 1.247+0:071-0.069

CDF2 Akm 02-06 1.401 + 0.046 + 0.035 [144]
CDF2 Ty A 02-11 1.565 £ 0.035 + 0.020 [145]
DO J/pA 02-11 1.303 + 0.075 + 0.035 [94]
ATLAS J/pA 2011 1.449 + 0.036 + 0.017 [102]
CMS Ty A 2011 1.503 % 0.052 + 0.031 [146]
LHCb TP A 2011 1.415 + 0.027 + 0.006 [103]
LHCb J/¥pK (wrt. B%) 11-12 1.479 £ 0.009 % 0.010 (147]
Average of above 7 Ag lifetime = 1.470+0.010

ALEPH g X 90-95 13570304013 [35]
DELPHI ET0X 91-93 15707 £03 [148]9
DELPHI 570X 92-95 1457533 £ 0.13 (3614
CDF2 JIWE~ 02-11 1.32 + 0.14 + 0.02 [145]
LHCb J/WE~ 11-12 155009 + 0.03 [149]
LHCb 207~ (wrt. AY) 11-12 1.599 & 0.041 + 0.022 [150]
Average of above 3 &, lifetime = 1.571 +0.040

LHCb B~ (wrt AY) 11-12 1.477 £ 0.026 + 0.019 [151]
Average of above 1 =0 lifetime = 1.479 40.031

CDF2 J/vQ 02-11 1667033 + 0.02 [145]
LHCb J/vQ 11-12 1.54792¢ + 0.05 [149]
LHCb Q0™ (wrt. E)) 11-12 1.78 + 0.26 + 0.05 + 0.06 [152]

Average of above 3

Q, lifetime = 1.647013

2 The combined ALEPH result quoted in [34] is 1.21 £ 0.11 ps

® The combined DELPHI result quoted in [139] is 1.14 & 0.08 + 0.04 ps

¢ The combined OPAL result quoted in [141]is 1.16 £ 0.11 £ 0.06 ps

4 The combined DELPHI result quoted in [36] is 1487037 + 0.12 ps

(xg)p = 0.702 £ 0.008 [51].

The list of all measurements are given in Table 12. We
do not attempt to average measurements performed with
pt or AL correlations, which select unknown mixtures of
b baryons. Measurements performed with A} ¢ or A¢T¢~
correlations can be assumed to correspond to semileptonic

isation of —0.45+8:%2 [3] and a b fragmentation parameter
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Ag decays. Their average (1.2478’_ 8‘60971 ps)) is significantly

different from the average using only measurements per-
formed with exclusively reconstructed hadronic Ag decays
(1.470£0.010 ps). The latter is much more precise and
less prone to potential biases than the former. The discrep-
ancy between the two averages is at the level of 3.1 ¢ and
assumed to be due to an experimental systematic effect in
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the semileptonic measurements or to a rare statistical fluctu-
ation. The best estimate of the Ag lifetime is therefore taken
as the average of the exclusive measurements only. The CDF
Ag — J /v A lifetime result [145] is larger than the average
of all other exclusive measurements by 2.4 ¢. It is nonethe-
less kept in the average without adjustment of input errors.
The world average A2 lifetime is then

T(A)) = 1.470 +0.010 ps. 47)

For the strange b baryons, we do not include the mea-
surements based on inclusive = T£F [35,36,148] final states,
which consist of amixture of £, and £ ,9 baryons. Instead we
only average results obtained with fully reconstructed &,
E,? and 2, baryons, and obtain

7(8,) = 1.571 £0.040 ps, (48)
(&) = 1.4794+0.031 ps, (49)
T(2,) = 1647015 ps. (50)

It should be noted that several b-baryon lifetime measure-
ments from LHCb [147,150-152] were made with respect
to the lifetime of another » hadron (i.e., the original mea-
surement is that of a decay width difference). Before these
measurements are included in the averages quoted above,
we rescale them according to our latest lifetime average of
that reference b hadron. This introduces correlations between
our averages, in particular between the &, and & 1(;) lifetimes.
Taking this correlation into account leads to

t(Eg)/r(E;) = 0.929 +0.028. (628

3.2.7 Summary and comparison with theoretical
predictions

Averages of lifetimes of specific b-hadron species are col-
lected in Table 13. As described in the introduction to
Sect. 3.2, the HQE can be employed to explain the hierar-
chy of 7(B}) < t(A)) < 1(BY) ~ t(B®) < t(B™), and
used to predict the ratios between lifetimes. Recent predic-
tions are compared to the measured lifetime ratios in Table
14.

The predictions of the ratio between the BT and B°
lifetimes, 1.06 £ 0.02 [65,66] or 1.04700° £+ 0.02 £
0.01 [68,69], are in good agreement with experiment.

The total widths of the B? and B® mesons are expected
to be very close and differ by at most 1% [67-69,153,
154]. This prediction is consistent with the experimen-
tal ratio r(B?)/r(BO) = I'y/ s, which is smaller than
1 by (1.0£0.4)%. The authors of Refs. [60,107] predict
7(BY)/7(B%) = 1.00050 + 0.00108 + 0.0225 x &, where

Table 13 Summary of the lifetime averages for the different b-hadron
species

b-Hadron species Measured lifetime

Bt 1.638 £0.004 ps
B 1.520 £ 0.004 ps
BY /Iy = 1.505 £0.005 ps

BY 1/Ty = 1.413 £0.006 ps

BY%, 1/Tgn = 1.609 £ 0.010 ps
Bf 0.507 £ 0.009 ps
AY 1.470£0.010 ps
[ 1.571 +0.040 ps
g 1.479 £0.031 ps
Q° ].64+0A18

—0.17

Table 14 Experimental averages of b-hadron lifetime ratios and Heavy-
Quark Expansion (HQE) predictions [68,69]

Lifetime ratio Experimental average =~ HQE prediction

t(BY)/t(B%  1.076 +0.004 1.04750% £ 0.02 + 0.01
(B)/T(B%  0.99040.004 1.001 + 0.002

(A /T(B%)  0.967£0.007 0.935 £ 0.054
©(E))/T(8,)  0.92940.028 0.95 + 0.06

8 quantifies a possible breaking of the quark-hadron duality.
In this context, they interpret the 2.5¢ difference between
theory and experiment as being due to either new physics or
a sizable duality violation. The key message is that improved
experimental precision on this ratio is very welcome.

The ratio ‘L’(Ag) /7(B?) has particularly been the source
of theoretical scrutiny since earlier calculations using the
HQE [55-57,155] predicted a value larger than 0.90, almost
2 o above the world average at the time. Many predictions
cluster around a most likely central value of 0.94 [159]. Cal-
culations of this ratio that include higher-order effects predict
a lower ratio between the Ag and BY lifetimes [65-67] and
reduce this difference. Since then the experimental average
is now definitely settling at a value significantly larger than
initially, in agreement with the latest theoretical predictions.
A recent review [68,69] concludes that the long-standing Ag
lifetime puzzle is resolved, with a nice agreement between the
precise experimental determination of t (Ag) / r(BO) and the
less precise HQE prediction which needs new lattice calcu-
lations. There is also good agreement for the r(Eg )/ T(EL)
ratio.

The lifetimes of the most abundant b-hadron species are
now all known to sub-percent precision. Neglecting the con-
tributions of the rarer species (B;" meson and b baryons other
than the Ag), one can compute the average b-hadron lifetime
from the individual lifetimes and production fractions as
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_ Jat(BY)? + fut(BM)? +0.5f,1(BY)® +0.5£,7(BY)* + foaryonT(A))*

fat(BY) + fuT(BT) + 0.5 f,1(B%y) + 0.5£,7(B%) + foaryonT(AD)

(52)

Using the lifetimes of Table 13 and the fractions in Z decays
of Table 5, taking into account the correlations between the
fractions (Table 5) as well as the correlation between 7 ( Bgyy)
and t(B,r) (—0.398), one obtains

7,(Z) = 1.566 4 0.003 ps. (53)

This is in very good agreement with (and three times more
precise than) the average of Eq. (33) for the inclusive mea-
surements performed at LEP.

3.3 Neutral B-meson mixing

The BY — B and B? — B? systems both exhibit the phe-
nomenon of particle-antiparticle mixing. For each of them,
there are two mass eigenstates which are linear combinations
of the two flavour states, Bg and Bg,

|BJL) = pqglBY) + qq1B). (54)
|BJw) = pql|By) — q41By), (55)
where the subscript ¢ = d is used for the Bg (= B%) meson
and g = s for the B? meson. The heaviest (lightest) of these
mass states is denoted BSH (B;)L), with mass m,y (m,41) and
total decay width I'yy (I'y1). We define

Amg = mgy — myL,
ATy =TyL —Tyn,

xg = Amg/Ty, (56)
yg = ALy /(2Iy), (57)

where 'y = (Typ+14L)/2 = l/f(Bg) is the average decay
width. Am, is positive by definition, and Al'; is expected
to be positive within the Standard Model.'3

There are four different time-dependent probabilities
describing the case of a neutral B meson produced as a flavour
state and decaying without CP violation to a flavour-specific
final state. If CPT is conserved (which will be assumed
throughout), they can be written as

P(Bf} — Bg) = %e‘r'f’ cosh(%AFﬂ) + cos(Amqt>
i _ 2
7’(33 — 32) = %e‘r'ﬂ cosh(%AF,,t) - cos(Amqt> 4q/Pq
— M T 2 ’
73(83 — Bfl)) = %e‘rat cosh(%AF,ﬂ) — cos(Amqt> Pq/dq
P(B) — BY) = e~ Tu! cosh(%AFﬂ) +cos<Amqt>
(58)

13 For reasons of symmetry in Egs. (56) and (57), A" is sometimes
defined with the opposite sign. The definition adopted in Eq. (57) is the
one used by most experimentalists and many phenomenologists in B
physics.
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where 7 is the proper time of the system (i.e., the time interval
between the production and the decay in the rest frame of the
B meson). At the B factories, only the proper-time difference
At between the decays of the two neutral B mesons from the
7 (4S) can be determined, but, because the two B mesons
evolve coherently (keeping opposite flavours as long as nei-
ther of them has decayed), the above formulae remain valid
if ¢ is replaced with At and the production flavour is replaced
by the flavour at the time of the decay of the accompanying
B meson in a flavour-specific state. As can be seen in the
above expressions, the mixing probabilities depend on three
mixing observables: Am,, AT';,and |q,/ pqy |2, which signals
CP violation in the mixing if |q,/p, |> # 1. Another (non
independent) observable often used to characterize CP vio-
lation in the mixing is the so-called semileptonic asymmetry,
defined as

q _ |Pq/‘1q|2 - |Qq/Pq|2

SL |pq/‘1q|2 + |Qq/Pq|2.

(39)

All mixing observables depend on two complex numbers,
M7, and 'Y, which are the off-diagonal elements of the mass
and decay 2 x 2 matrices describing the evolution of the B(? —
BY) system. In the Standard Model the quantity |T'{,/ M| is
small, of the order of (m;/m;)> where m; and m; are the
bottom and top quark masses. The following relations hold,
to first order in |F?2 /M ?2 |:

Am, = 2|Mf2|[1 + O<|F?2/M1q2|2>}, (60)
AT, =2|T,| cos¢j12[1 + 0<|r‘f2/Mfz|2)}, (61)
Ad = Im(r?z/Mﬂ) + O(|F?2/M;12|2)

- inr; tan ¢, + (9<|rf2/Mf2|2>, (62)
where
qbfz = arg ( — Mlqz/l"i]2> (63)

is the observable phase difference between —M ?2 and F(fz
(often called the mixing phase). It should be noted that the
theoretical predictions for Fllz are based on the same HQE
as the lifetime predictions.

In the next sections we review in turn the experimental
knowledge on the B® decay-width and mass differences, the
BS0 decay-width and mass differences, CP violation in BYand
BY mixing, and mixing-induced CP violation in B? decays.



Eur. Phys. J. C (2017) 77:895

Page 27 of 335 895

Table 15 Time-dependent measurements included in the Am, aver-
age. The results obtained from multi-dimensional fits involving also the
BY (and B) lifetimes as free parameter(s) [98,100, 101] have been con-

verted into one-dimensional measurements of Am,. All the measure-
ments have then been adjusted to a common set of physics parameters
before being combined

1

1

Experiment and Refs. Method Amg in ps™ Amg in ps™
Rec. Tag Before adjustment After adjustment

ALEPH [163] ¢ Qjet 0.404 =£0.045 £0.027
ALEPH [163] ¢ ¢ 0.452 £0.039 £0.044
ALEPH [163] Above two combined 0.422 4£0.032 £0.026 0.440 £0.032 75229
ALEPH [163] D* ¢, Qjer 0.482 +0.044 £0.024 0.482 £0.044 £0.024
DELPHI [164] ¢ Qjet 0.493 £0.042 £0.027 0.499 £0.042 £0.024
DELPHI [164] e Qjet 0.499 £0.053 £0.015 0.500 £0.053 £0.015
DELPHI [164] ¢ ¢ 0.480 £0.040 £0.051 0.495 £0.040 79042
DELPHI [164] D* Qjet 0.523 £0.072 £0.043 0.518 £0.072 £0.043
DELPHI [165] vix comb 0.531 £0.025 £0.007 0.525 £0.025 £0.006
L3 [166] ¢ ¢ 0.458 £0.046 £0.032 0.466 +0.046 £0.028
L3 [166] ¢ Qjet 0.427 £0.044 £0.044 0.439 £0.044 £0.042
L3 [166] ¢ «(IP) 0.462 £0.063 £0.053 0.470 £0.063 £0.044
OPAL [167] ¢ ¢ 0.430£0.043 70028 0.466 +£0.043 7017
OPAL [168] ¢ Ojet 0.444 £0.029 79029 0.481+£0.029+£0.013
OPAL [169] D*¢ Qjet 0.539 +0.060 £0.024 0.544 0.060 £0.023
OPAL [169] D* ¢ 0.567 +£0.089 H0.0290.572£0.089 70028
OPAL [88] e Qjet 0.497 £0.024 £0.025 0.496 £0.024 £0.025
CDF1 [170] D¢ SST 0.471 T0.078 +0.033 0.470 T0-078 +0.033
CDF1 [172] m n 0.503 £0.064 £0.071 0.514£0.064 79079
CDF1 [173] ¢ €, Qjet 0.500 £0.052 £0.043 0.546 £0.052 £0.036
CDF1 [174] D*¢ ¢ 0.516£0.099 7002 0.523 £0.099 T0-02%
DO [175] D¥pu OST 0.506 £0.020 £0.016 0.506 £0.020 £0.016
BABAR [176] B ¢, K,NN 0.516+0.016 £0.010 0.521 £0.016 £0.008
BABAR [178] ¢ ¢ 0.493 £0.012 £0.009 0.487 £0.012 £0.006
BABAR [98] D*tv ¢, K,NN 0.492+0.018 £0.014 0.493 £0.018 £0.013
BABAR [100] D*tv(part) ¢ 0.511 %0.007 £0.007 0.513 £0.007 £0.007
Belle [101] B°, D*tv comb 0.511 £0.005 £0.006 0.513 £0.005 £0.006
Belle [179] D*7(part) ¢ 0.509 £0.017 £0.020 0.5134+0.017 £0.019
Belle [9] ¢ ¢ 0.503 £0.008 £0.010 0.506 £0.008 £0.008
LHCb [180] BY OST 0.499 £0.032 £0.003 0.499 £0.032 £0.003
LHCb [181] BY OST,SST 0.5156 £0.0051 £0.0033 0.5156 £0.0051 £0.0033
LHCb [182] Du OST,SST 0.503 £0.011 £0.013 0.503+0.011£0.013
LHCb [183] D®y OST 0.5050 £0.0021 £0.0010 0.5050 £0.0021 £0.0010
World average (all above measurements included) 0.5065 £0.0016 +0.0011

— ALEPH, DELPHI, L3 and OPAL only 0.493 £0.011 £0.009

— CDF and DO only 0.509£0.017£0.013

~ BABAR and Belle only 0.509 £ 0.003 £ 0.003

~LHCb only 0.5063 £0.0019 £ 0.0010

3.3.1 B° mixing parameters AT g and Amy

A large number of time-dependent B’—B oscillation anal-
yses have been performed in the past 20 years by the

ALEPH, DELPHI, L3, OPAL, CDF, DO, BABAR, Belle
and LHCD collaborations. The corresponding measurements
of Amg are summarized in Table 15. Although a vari-
ety of different techniques have been used, the individual
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Amyg results obtained at different colliders have remark-
ably similar precision. The systematic uncertainties are
comparable to the statistical uncertainties; 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 com-
mon set of input values, including the averages of the b-
hadron fractions and lifetimes given in this report (see
Sects. 3.1, 3.2). Some measurements are statistically cor-
related. Systematic correlations arise both from common
physics sources (fractions, lifetimes, branching ratios of
b hadrons), and from purely experimental or algorith-
mic effects (efficiency, resolution, flavour tagging, back-
ground description). Combining all published measure-
ments listed in Table 15 and accounting for all identi-
fied correlations as described in Ref. [3] yields Amy; =
0.5065 £0.0016 +0.0011 ps~!.

On the other hand, ARGUS and CLEO have published
measurements of the time-integrated mixing probability
Xa [184,186,187], which average to x; = 0.182+0.015.
Following Ref. [187], the decay width difference AT"; could
in principle be extracted from the measured value of I'y =
1/7(B% and the above averages for Amg and x4 (pro-
vided that AT'; has a negligible impact on the Am, and
7(BY) analyses that have assumed ATy = 0), using the
relation

_ Xatva
23+ 1)

However, direct time-dependent studies provide much stron-
ger constraints: |ATy|/ Ty < 18% at 95% CL from DEL-
PHI [165], —6.8% < sign(ReAcp)Al'y;/ Ty < 8.4% at
90% CL from BABAR [188], and sign(ReAcp)ATy/ Ty =
(1.7 £ 1.8 &£ 1.1)% [190] from Belle, where Acp =
(ga/pa) (Acp /Acp) is defined for a CP-even final state (the
sensitivity to the overall sign of sign(ReAcp) AT/ T'y comes
from the use of B® decays to CP final states). In addition
LHCb has obtained AT’y /Ty = (—4.4 £2.5 £ 1.1)%[103]
by comparing measurements of the B — J/yK** and
BY — J/I//Kg decays, following the method of Ref. [191].
More recently ATLAS has measured AT';/ 'y = (—0.1 &+
1.1 £ 0.9)% [192] using a similar method. Assuming
Relcp > 0, as expected from the global fits of the Uni-
tarity Triangle within the Standard Model [193], a com-
bination of these five results (after adjusting the DELPHI
and BABAR results to 1/ T’y = 7(B%) = 1.520 4 0.004 ps)
yields

Xd (64)

ATy/ Ty = —0.002 £0.010, (65)

an average consistent with zero and with the Standard Model
prediction of (3.97 + 0.90) x 1073 [107]. An independent
result, Al'y/ 'y = (0.50 £ 1.38)% [195], was obtained by
the DO collaboration from their measurements of the single
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muon and same-sign dimuon charge asymmetries, under the
interpretation that the observed asymmetries are due to CP
violation in neutral B-meson mixing and interference. This
indirect determination was called into question [196] and is
therefore not included in the above average, as explained in
Sect. 3.3.3 (see Footnote 17).

Assuming ATy = 0 and using 1/Ty = t(B%) =
1.520 £0.004 ps, the Amg and x4 results are combined
through Eq. (64) to yield the world average

Amg = 0.5064 +£0.0019 ps~!, (66)
or, equivalently,
xg =0.770£0.004 and x; = 0.1860+0.0011.  (67)

Figure 6 compares the Am  values obtained by the different
experiments.

The B mixing averages given in Eqs. (66) and (67) and
the b-hadron fractions of Table 5 have been obtained in a fully
consistent way, taking into account the fact that the fractions
are computed using the yx, value of Eq. (67) and that many
individual measurements of Am, at high energy depend on
the assumed values for the b-hadron fractions. Furthermore,
this set of averages is consistent with the lifetime averages
of Sect. 3.2.

3.3.2 BsO mixing parameters ATy and Amg

The best sensitivity to ATy is currently achieved by the
recent time-dependent measurements of the Bs0 — J/y¢ (or
more generally B? — (c¢c)KT K ™) decay rates performed
at CDF [197], DO [198], ATLAS [199,200] CMS [201] and
LHCb [202,203], where the CP-even and CP-odd ampli-
tudes are statistically separated through a full angular anal-
ysis. These studies use both untagged and tagged BS can-
didates and are optimized for the measurement of the CP-
violating phase qﬁf", defined later in Sect. 3.3.4. The LHCb
collaboration analyzed the Bs0 — J/YKTK~ decay, con-
sidering that the K™K~ system can be in a P-wave or
S-wave state, and measured the dependence of the strong
phase difference between the P-wave and S-wave ampli-
tudes as a function of the K™K ~ invariant mass [111]. This
allowed, for the first time, the unambiguous determination of
the sign of ATy, which was found to be positive at the 4.7 o
level. The following averages present only the AI'y > 0
solutions.

The published results [197-203] are shown in Table 16.
They are combined taking into account, in each analysis, the
correlation between AI'y and I'y. The results, displayed as
the red contours labelled “B? — (c¢)K K measurements” in
the plots of Fig. 7, are given in the first column of numbers
of Table 17.

An alternative approach, which is directly sensitive to
first order in Al's/ Ty, is to determine the effective life-
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Fig. 6 The B°—BC oscillation
frequency Am, as measured by
the different experiments. The
averages quoted for ALEPH, L3
and OPAL are taken from the
original publications, while the
ones for DELPHI, CDF, BABAR,
Belle and LHCb are computed
from the individual results listed
in Table 15 without performing
any adjustments. The
time-integrated measurements
of x4 from the symmetric B
factory experiments ARGUS
and CLEO are converted to a
Amg value using

7(B%) = 1.520 4 0.004 ps. The
two global averages are obtained
after adjustments of all the
individual Amg results of Table
15 (see text)

ALEPH
(3 analyses)

DELPHI *
(5 analyses)

L3

(3 analyses)
OPAL

(5 analyses)

CDF1°
(4 analyses)

(1 analysis)
BABAR °
(4 analyses)

BELLE "
(3 analyses)

LHCb *
(4 analyses)

Average of above
after adjustments

CLEO+ARGUS
(x4 measurements)

World average
PDG 2017

" HFLAV average
without adjustments

PG 2017 | 0.446 +0.026 +0.019 ps™

0.519 +0.018 +0.011 ps™

1

0.444 =0.028 +0.028 ps™

I

0.479 =0.018 +0.015 ps™*

|

AAEAETTTTTETTRRT TR

0.495 +0.033 +0.027 ps™
0.506 +0.020 +0.016 ps™
0.506 =0.006 +0.004 ps™*
0.509 +0.004 +0.005 ps™

0.5062 +0.0019 +0.0010 ps™

- ASEES\\ \\m\\\i\\\\\i\\\\l\\\\ l

Table 16 Measurements of ATy and I'y using BY — J/¥¢, B —
J/WK*TK~ and 8‘9 — Y (2S5)¢ decays. Only the solution with
ATy > 0 is shown, since the two-fold ambiguity has been resolved

0.5065 +0.0019 ps™*
0.498 =0.032 ps™*
0.5064 +0.0019 ps™*
I 1 I 1 I 1 I 1
04 045 05 055
-1
Am, (ps )

in Ref. [111]. The first error is due to statistics, the second one to sys-
tematics. The last line gives our average

Exp. Mode Dataset AT (ps_l) Iy (ps_l) Refs.
CDF I/ 9.6fb~"! +0.068 £ 0.026 + 0.009 0.654 + 0.008 + 0.004 (197]
DO TV 8.0fb~! +0.16375:06 0.69370018 [198]
ATLAS IV 4.9fb7" +0.053 £ 0.021 % 0.010 0.677 £ 0.007 + 0.004 [199]
ATLAS I/ 14.3fb! +0.101 + 0.013 % 0.007 0.676 + 0.004 + 0.004 [200]
ATLAS Above 2 combined +0.085 + 0.011 £ 0.007 0.675 £ 0.003 £ 0.003 [200]
CMS I/vé 19.7fb! +0.095 + 0.013 % 0.007 0.6704 + 0.0043 £ 0.0055 [201]
LHCb J/WKYK~ 3.0fb~! +0.0805 £ 0.0091 £ 0.0032 0.6603 £ 0.0027 % 0.0015 [202]
LHCb Y (28)p 3.0fb~! +0.06670:041 £ 0.007 0.668 £ 0.011 % 0.006 [203]
All combined +0.084 % 0.007 0.6654 £ 0.0022

time of untagged B? candidates decaying to pure CP eigen-
states; we use here measurements with BY — D D [121],
BY — J/ym [126], B — J/¥ f0(980) [128,129] and
B? — J/ym T~ [130] decays. The precise extraction of
1/ T’y and ATy from such measurements, discussed in detail
in Ref. [112], requires additional information in the form
of theoretical assumptions or external inputs on weak phases
and hadronic parameters. If f designates a final state in which
both B? and B? can decay, the ratio of the effective BY life-

time decaying to f relative to the mean B? lifetime is [112]'4

AT 2
Tsingle(B? - f) _ 1 [1 - 2Af Ys Y5 i| (68)
TR ] T

14 The definition of A ?F given in Eq. (69) has the sign opposite to that
given in Ref. [112].
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Fig. 7 Contoursof Aln L = 0.5 (39% CL for the enclosed 2D regions,
68% CL for the bands) shown in the (I'y, Al'y) plane on the left
and in the (1/ 51, 1/ sy) plane on the right. The average of all
the BY — J/y¢, BY — J/YKTK™ and B? — ¢(25)¢ results
is shown as the red contour, and the constraints given by the effec-
tive lifetime measurements of BE to flavour-specific, pure CP-odd and

Table 17 Averages of Al'y, I'y and related quantities, obtained from
BY — J/y$, B — J/YKTK™ and B? — ¢(2S)$ alone
(first column), adding the constraints from the effective lifetimes
measured in pure CP modes B? — DDy, J/yn and B? —

Contours of A(log £) = 0.5

)
&
jas] 1 HFLAV
& 18] B) = DD, J/yn
~ |
1.7 B — J/mm, T/ fy
Med
1.6/ . L) ?o\
1 B! —cc
2
o%
1 Ky
1.5 ,o% )
1 %
1.3 1.4 1.5 1.6
1/T o [ps]

pure CP-even final states are shown as the blue, green and purple
bands, respectively. The average taking all constraints into account is
shown as the grey-filled contour. The yellow band is a theory prediction
ATy =0.088 £ 0.020 psf1 [60,107] that assumes no new physics in
BY mixing

J /¥ f0(980), J/ym ™ (second column), and adding the constraint
from the effective lifetime measured in flavour-specific modes B? —
D;¢tvX, Dynt, Dy DY (third column, recommended world aver-
ages)

BY — (c&)K* K~ modes only
(see Table 16)

BY — (c&)K T K~ modes
+ pure CP modes

BY — (c&)KTK~ modes + pure
CP modes + flavour-specific modes

Iy 0.6654 £ 0.0022 ps~! 0.6645 £ 0.0021 ps~! 0.6646 + 0.0020 ps~!
1/T 1.503 4 0.005 ps 1.505 4 0.005 ps 1.505 4 0.005 ps
1/T 1.41440.007 ps 1.413 4 0.006 ps 1.413 4 0.006 ps
1/ Ty 1.60440.011 ps 1.61040.011 ps 1.609 4 0.010 ps
AT +0.084 4 0.007 ps~! +0.086 4 0.006 ps~! +0.086 4 0.006 ps~!
AT /T +0.12640.010 +0.13040.009 +0.13040.009
p(Ty, ATy) -0.286 —0.267 -0.210
where Alp-even = COSG™ and AL 4. = —cos¢s™. Given
AAT 2Re(Ar) 69) the small value of ¢S"5S, we have, to first order in y;:
A R

To include the measurements of the effective B — D D
(CP-even), BY — J/¥ fo(980) (CP-odd) and B? —
J/Yntr~ (CP-odd) lifetimes as constraints in the AT
fit,'> we neglect sub-leading penguin contributions and pos-
sible direct CP violation. Explicitly, in Eq. (69), we set

15 The effective lifetimes measured in B — K™K~ (mostly CP-
even) and B? — J/YK g (mostly CP-odd) are not used because we
can not quantify the penguin contributions in those modes.
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1 ccs\2
Tuingle (B — CP-even) ~ — (1 + @)Y (g
e 2

cCsy\2
Zuingle (B — CP-odd) ~ L(1 - M) 1)
Csu 2
The numerical inputs are taken from Egs. (41) and (42)
and the resulting averages, combined with the B? —
J /W KT K~ information, are indicated in the second column
of numbers of Table 17. These averages assume ¢ = 0,
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Table 18 Measurements of Amy

Experiment Method Data set Amg (ps~!) Refs.
CDF2 DIty DY T xt, D pt 1 fb~! 17.77 + 0.10 + 0.07 [218]
LHCb Drnt, Dintrwt 2010 0.034 fb! 17.63 £ 0.11 + 0.02 [219]
LHCb Dy utx 2011 1.0 fb~! 17.93 + 0.22 + 0.15 [182]
LHCb Dyt 2011 1.0 fb~! 17.768 + 0.023 + 0.006 [220]
LHCb J/YK*YK™ 2011-2012 3.0 fo! 17.71170:935 £ 0.011 [202]
Average 17.757£0.02010.007

ccs

which is compatible with the ¢

Sect. 3.3.4.

Information on AT's can also be obtained from the study of
the proper time distribution of untagged samples of flavour-
specific BY decays [131], where the flavour (i.e., BY or B?)
at the time of decay can be determined by the decay prod-
ucts. In such decays, e.g. semileptonic BS decays, there is
an equal mix of the heavy and light mass eigenstates at
time zero. The proper time distribution is then a superpo-
sition of two exponential functions with decay constants
5L and I'gy. This provides sensitivity to both 1/ Ty and
(AT /Ty)?. Ignoring AT and fitting for a single exponen-
tial leads to an estimate of Iy with a relative bias proportional
to (ATy/T )2, as shown in Eq. (39). Including the constraint
from the world-average flavour-specific B? lifetime, given
in Eq. (40), leads to the results shown in the last column
of Table 17. These world averages are displayed as the grey
contours labelled “Combined” in the plots of Fig. 7. They cor-
respond to the lifetime averages 1/ 'y = 1.505 4 0.005 ps,
1/ = 1.4134+0.006 ps, 1/ sy = 1.609 £ 0.010 ps, and
to the decay-width difference

average presented in

ATy = +0.086 4 0.006 ps~! and
AT/ Ts = 4+0.130 £ 0.009. (72)

The good agreement with the Standard Model prediction
ATy = 0.088 + 0.020 ps~! [60,107] excludes significant
quark-hadron duality violation in the HQE [204].

Estimates of AIl'/ I'y obtained from measurements of the
B? — DS(*)JFDS(*F branching fraction [124,205-207] have
not been used, since they are based on the questionable [208,
209] assumption that these decays account for all CP-even
final states. The results of early lifetime analyses attempting
to measure Al'y/ s [79,85,114,118] have not been used
either.

The strength of B? mixing has been known to be large for
more than 20 years. Indeed the time-integrated measurements
of X (see Sect. 3.1.3), when compared to our knowledge of
Xa and the b-hadron fractions, indicated that y, should be
close to its maximal possible value of 1/2. Many searches
of the time dependence of this mixing were performed by

ALEPH [210], DELPHI [114,118,165,211], OPAL [212,
213], SLD [214,215], CDF (Run I) [216] and DO [217] but
did not have enough statistical power and proper time reso-
lution to resolve the small period of the BY oscillations.

BY oscillations have been observed for the first time in
2006 by the CDF collaboration [218], based on samples
of flavour-tagged hadronic and semileptonic B? decays (in
flavour-specific final states), partially or fully reconstructed
in 1fb~! of data collected during Tevatron’s Run II. More
recently the LHCb collaboration obtained the most pre-
cise results using fully reconstructed BY — Dy and
BY — Dymntrn~nt decays at the LHC [219,220]. LHCb
has also observed B? oscillations with B — J/yK+tK~
decays [202] and with semileptonic B — DyutX
decays [182]. The measurements of Amg are summarized
in Table 18.

A simple average of the CDF and LHCb results, taking
into account the correlated systematic uncertainties between
the three LHCb measurements, yields

Amg = 17.757 +0.020 4 0.007 ps~!
= 17.75740.021 ps~! (73)

and is illustrated in Fig. 8. The Standard Model predic-
tion Amy = 18.3 &+ 2.7 ps_1 [60,107] is consistent with
the experimental value, but has a much larger error domi-
nated by the uncertainty on the hadronic matrix elements.
The ratio AI's/Amg can be predicted more accurately,
0.0048 £ 0.0008 [60,107], and is in good agreement with
the experimental determination of

ATs/Amg = 0.00486 £ 0.00034. (74)

Multiplying the Amy result of Eq. (73) with the mean B‘Q
lifetime of Eq. (45), 1/ 'y = 1.505 £0.005 ps, yields

Xy =26.72£0.09. (75)

With 2y, = 40.1304+0.009 [see Eq. (72)] and under the
assumption of no CP violationin B? mixing, this corresponds
to

X +y;

Xs =

= 1 = 0.499304 £ 0.000005. (76)
22+ 1)
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Fig. 8 Published
measurements of Amy, together

with their average CDF2 hadr+semilept

(v
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The ratio of the B® and B? oscillation frequencies, obtained
from Eqgs. (66) and (73),

A
Md _ 0.02852+0.00011,

7
myg

can be used to extract the following magnitude of the ratio

of CKM matrix elements,

A B0
_g [AmamBy) 5053 40.0004 4 0.0032,

Via Amq
Amg m(BO)

Vis

(78)

where the first quoted error is from experimental uncertain-
ties (with the masses m(B?) and m (BY) taken from Ref. [6]),
and where the second quoted error is from theoretical uncer-
tainties in the estimation of the SU(3) flavour-symmetry
breaking factor £ = 1.206 £0.018 £ 0.006, obtained from
recent three-flavour lattice QCD calculations [221,222].
Note that Eq. (78) assumes that Amg and Amg only receive
Standard Model contributions.

3.3.3 CP violation in B® and B? mixing

Evidence for CP violation in BY mixing has been searched
for, both with flavour-specific and inclusive B® decays, in
samples where the initial flavour state is tagged. In the case
of semileptonic (or other flavour-specific) decays, where the
final state tag is also available, the asymmetry

¢ NB(t) » v X) — N(B(t) - £ ¢ X)
SLT NBO(1) — €+vX) + N(BY(t) — € 1pX)

(79

has been measured, either in decay-time-integrated analyses
at CLEO [187,223], BABAR [224], CDF [225] and DO [195],

@ Springer
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17.77 = 0.10 = 0.07 ps™

17.63 = 0.11 = 0.02 ps™
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or in decay-time-dependent analyses at OPAL [168], ALEPH
[226], BABAR [188,227,228] and Belle [229]. Note that
the asymmetry of time-dependent decay rates in Eq. (79)
is related to |g4/ pq| through Eq. (59) and is therefore time-
independent. In the inclusive case, also investigated and pub-
lished by ALEPH [226] and OPAL [87], no final state tag is
used, and the asymmetry [230,231]

N(B%(t) — all) — N(B°(+) — all)
N(BO(1) — all) + N(BO(r) — all)

A Amgt
~ AgL[Tr’:j sin(Amg t) — sin’ ( r;d >]

(80)

must be measured as a function of the proper time to extract
information on CP violation.

On the other hand, DO [232] and LHCb [233] have stud-
ied the time-dependence of the charge asymmetry of B —
DW=t v, X decays without tagging the initial state, which
would be equal to

ND®~putv,X) — N(DPT =5, X)

N(D®=ptv, X) + N(D®+u=5,X)
—cos(Amgt)

2

in absence of detection and production asymmetries.

Table 19 summarizes the different measurements'® of .A‘SiL
and |gq/p4l: in all cases asymmetries compatible with zero
have been found, with a precision limited by the available
statistics.

A simple average of all measurements performed at
the B factories [187,188,223,224,227,229] yields AgL =

1)

16° A Jow-statistics result published by CDF using the Run I data [225]
is not included in our averages, nor in Table 19.
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Table 19 Measurements'® of CP violation in B® mixing and their aver-
age in terms of both A‘éL and |q4/ pal. The individual results are listed
as quoted in the original publications, or converted!$ to an AgL value.

When two errors are quoted, the first one is statistical and the second
one systematic. The ALEPH and OPAL results assume no CP violation
in B? mixing

Exp. and Refs. Method

Measured AZ, Measured |qq/pal

CLEO [187] Partial hadronic rec.
CLEO [223] Dileptons
CLEO [223] Average of above two

BABAR [188]
BABAR [227]
BABAR [224]
Belle [229]

Average of above 6 B-factory results

Full hadronic rec.
Part. rec. D*X (v
Dileptons
Dileptons

DO [232] B — DW=y tyx
LHCDb [233] B - D®—ptyx
Average of above 8 pure B results

DO [195] Muons and dimuons
Average of above 9 direct measurements
OPAL [168] Leptons

OPAL [87] Inclusive (Eq. (80))
ALEPH [226] Leptons

ALEPH [226] Inclusive (Eq. (80))
ALEPH [226] Average of above two

Average of above 13 results

Best fit value from 2D combination of A‘SlL and Ag; results (see Eq. (82))

+0.01740.070+0.014
+0.01320.05040.005
+0.0140.04140.006
1.029 £0.013 £0.011
+0.0006+0.001770:9038
~0.0039£0.0035+0.0019
—0.0011 %0.0079 0.0085
—0.0019 = 0.0027 (tot)
+0.0068 £0.0045 £0.0014
~0.0002 £0.0019 £0.0030
+0.0001 = 0.0020 (tot)
—0.00620.0043 (tot)
-0.0010 £ 0.0018 (tot)
+0.008 £0.028 £0.012
+0.005 £0.055 £0.013
—0.037 £0.032 £0.007
+0.016 £0.034 £0.009
—0.0130.026 (tot)
-0.0010 £ 0.0018 (tot)
—0.0021 £0.0017 (tot)

0.9997140.0008440.00175

1.0005 £0.0040 £0.0043

1.0009 £ 0.0013 (tot)

1.0000 = 0.0010 (tot)

1.0005 £ 0.0009 (tot)

1.0005 = 0.0009 (tot)
1.0010 £ 0.0008 (tot)

—0.0019 +0.0027. Adding also the DO [232] and LHCb
[233] measurements obtained with reconstructed semilep-
tonic BY decays yields A‘éL = 40.0001 £0.0020. As dis-
cussed in more detail later in this section, the DO analysis
with single muons and like-sign dimuons [195] separates the
B? and B‘? contributions by exploiting the dependence on the
muon impact parameter cut; including the AgL result quoted
by DO in the average yields AgL = —0.0010£0.0018. All
the other B® analyses performed at high energy, either at
LEP or at the Tevatron, did not separate the contributions
from the B and BY mesons. Under the assumption of no CP
violation in BY mixing (A}, = 0), a number of these early
analyses [52,87,168,226] quote a measurement of AgL or
|qa/ pal for the B® meson. However, these imprecise deter-
minations no longer improve the world average of A[siL- The
latter assumption makes sense within the Standard Model,
since AgL is predicted to be much smaller than A‘SJL [60,107],
but may not be suitable in the presence of new physics.

The Tevatron experiments have measured linear com-
binations of .AglL and Ag; using inclusive semileptonic
decays of b hadrons, A}S’L = +0.0015 £ 0.0038(stat) =+
0.0020(syst) [225] and A’S’L = —0.00496 £ 0.00153(stat) £
0.00072(syst) [195], at CDF1 and DO respectively. While
the imprecise CDF1 result is compatible with no CP viola-
tion, the DO result, obtained by measuring the single muon

and like-sign dimuon charge asymmetries, differs by 2.8
standard deviations from the Standard Model expectation of
AGM = (=23 £ 0.4) x 107* [195,208]. With a more
sophisticated analysis in bins of the muon impact parameters,
DO conclude that the overall deviation of their measurements
from the SM is at the level of 3.6 o. Interpreting the observed
asymmetries in bins of the muon impact parameters in terms
of CP violation in B-meson mixing and interference, and
using the mixing parameters and the world b-hadron frac-
tions of Ref. [234], the DO collaboration extracts [195] values
for AgL and Ag; and their correlation coefficient,!” as shown
in Table 20. However, the various contributions to the total
quoted errors from this analysis and from the external inputs
are not given, so the adjustment of these results to different

17 In each impact parameter bin i the measured same-sign dimuon
asymmetry is interpreted as A; = K7 Ay + K;i.A‘S’L + AK}“tAFd/ Ty,
where the factors K7, K ,“J and K™ are obtained by DO from Monte
Carlo simulation. The DO publication [195] assumes A = 1, but it has
been demonstrated subsequently that A < 0.49 [196]. This particular
point invalidates the AT'y/ 'y result published by DO, but not the A”SIL
and Ag; results. As stated by DO, their A‘S’L and Ag; results assume
the above expression for A;, i.e. that the observed asymmetries are due
to CP violation in B mixing. As long as this assumption is not shown
to be wrong (or withdrawn by D0), we include the AgL and Ay, results
in our world average.
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Table 20 Measurements of CP violation in B? and B® mixing, together with their correlations p (A, A‘siL) and their two-dimensional average.
Only total errors are quoted

Exp. and Refs. Method Measured Ay Measured AgL P (A, A‘Sil_)
B-factory average of Table 19 —0.0019+0.0027
DO [232,235] B, — D utvx —0.0112 + 0.0076 +0.0068 + 0.0047 +0.
LHCb [233,236] Bg) — D((:f))_u*'vX +0.0039 £ 0.0033 —0.0002 £ 0.0036 +0.13
Average of above +0.0016 £0.0030 +0.0000 +0.0019 +0.066
DO [195] Muons and dimuons —0.0082 £ 0.0099 —0.0062 £ 0.0043 —0.61
Average of all above —0.0006+0.0028 —0.0021+£0.0017 -0.054
< o01F 01 p(A LAY ) = —0.054, (84)
7 H~. LHCb
E CHRA . g T
where the relation between Ag; and |q,/p,| is given in
0 AR Theory x 10 Eq. (59).!% However, the fit x* probability is only 4.5%.
... World average This is mostly due to an overall discrepancy between the DO
- and LHCb averages at the level of 2.2 0. Since the assump-
v tions underlying the inclusion of the DO muon results in the
-0.01- average!” are somewhat controversial [237], we also provide
| Dy Do in Table 20 an average excluding these results.
muons ||| B{, = DJuX The above averages show no evidence of CP violation in
-0.02F "'Egm B or Bg mixing. They deviate by 0.5 ¢ from the very small
HFLAV B fﬂzml.y predictions of the Standard Model (SM), Ag’LSM =—4.7 £
I average 0.6) x 10~* and AGM = +(2.22 £ 0.27) x 1073 [60,107].
002 w00l o 0.|01 002 Given the current size of the experimental uncertainties, there

Ag (B%)

Fig. 9 Measurements of Ag; and AgL listed in Table 20 (B-factory
average as the grey band, DO measurements as the green ellipses, LHCb
measurements as the blue ellipse) together with their two-dimensional
average (red hatched ellipse). The red point close to (0, 0) is the Stan-
dard Model prediction of Refs. [60,107] with error bars multiplied by
10. The prediction and the experimental world average deviate from
each other by 0.5 0

or more recent values of the external inputs cannot (easily)
be done.

Finally, direct determinations of AEL, also shown in Table
20, are obtained by DO [235] and LHCb [236] from the time-
integrated charge asymmetry of untagged B? — D;utvX
decays.

Using a two-dimensional fit, all measurements of Ag;
and AgL obtained by DO and LHCb are combined with the
B-factory average of Table 19. Correlations are taken into
account as shown in Table 20. The results, displayed graph-
ically in Fig. 9, are

AL = —0.0021+0.0017

<= |qa/pal = 1.0010 +0.0008, (82)
s = —0.0006 +0.0028
< |gs/ps| = 1.0003£0.0014, (83)

@ Springer

is still significant room for a possible new physics contribu-
tion, in particular in the BS system. In this respect, the devia-
tion of the DO dimuon asymmetry [195] from expectation has
generated a lot of excitement. However, the recent AgL and
A‘SJL results from LHCb are not precise enough yet to settle
the issue. It was pointed out [238] that the DO dimuon result
can be reconciled with the SM expectations of Ag; and .A‘SIL
if there were non-SM sources of CP violation in the semilep-
tonic decays of the b and ¢ quarks. A recent Run 1 ATLAS
study [239] of charge asymmetries in muon+ijets ¢ events,
in which a b-hadron decays semileptonically to a soft muon,
yields results with limited statistical precision, compatible
both with the DO dimuon asymmetry and with the SM pre-
dictions. More experimental data, especially from Run 2 of
LHC, is awaited eagerly.

At the more fundamental level, CP violation in B? mixing
is caused by the weak phase difference ¢, defined in Eq.
(63). The SM prediction for this phase is tiny [60,107],

¢iM = 0.0046 +0.0012; )

18 Early analyses and the PDG use the complex parameter ez =
(pqg —aq)/(pq +qq) for the BY; if CP violation in the mixing is small,
A‘SiL =~ 4Re(ep)/(1 + |eg|?) and the average of Eq. (82) corresponds
to Re(ep)/(1 + |ep|?) = —0.0005 = 0.0004.
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however, new physics in B? mixing could change this
observed phase to

Ph=¢1" +90s - (86)

Using Eq. (62), the current knowledge of Ag; , ATy and Amy,
givenin Eqs. (83), (72) and (73) respectively, yields an exper-
imental determination of ¢§2,

Amyg _

& —— = —0.14+0.6, 87
SLAT (87)

N

S
which represents only a very weak constraint at present.
3.3.4 Mixing-induced CP violation in B? decays

CP violation induced by B‘? - B? mixing has been a field of
very active study and fast experimental progress in the past
few years. The main observable is the CP-violating phase
$<, defined as the weak phase difference between the B? —
B? mixing amplitude M7, and the b — ccs decay amplitude.

The golden mode for such studies is B? — J/y ¢, fol-
lowed by J/¢ — utu~ and ¢ — KTK~, for which
a full angular analysis of the decay products is performed
to separate statistically the CP-even and CP-odd contribu-
tions in the final state. As already mentioned in Sect. 3.3.2,
CDF [197], DO [198], ATLAS [199,200], CMS [201] and
LHCb [202,203] have used both untagged and tagged Bg —
J/¥¢ (and more generally B — (c¢)K+K ™) events for
the measurement of ¢¢. LHCb [240] has used B? —
J/yrm T~ events, analyzed with a full amplitude model
including several 7 7 ~ resonances (e.g., f0(980)), although
the J/y w7~ final state had already been shown to be
almost CP pure with a CP-odd fraction larger than 0.977 at
95% CL [241]. In addition, LHCb has used the B — D D
channel [242] to measure (])SCES .

All CDF, DO, ATLAS and CMS analyses provide two mir-
ror solutions related by the transformation (AT, ¢>§ES ) —
(—ATy, m — ¢£). However, the LHCb analysis of BY —
J/¥ Kt K™ resolves this ambiguity and rules out the solu-
tion with negative AT’y [111], a result in agreement with the
Standard Model expectation. Therefore, in what follows, we
only consider the solution with A"y > 0.

We perform a combination of the CDF [197], DO [198],
ATLAS [199,200], CMS [201] and LHCb [202,203,240]
results summarized in Table 21. This is done by adding
the two-dimensional log profile-likelihood scans of AT
and ¢¢% from all B — (c¢)K ™K~ analyses and a one-
dimensional log profile-likelihood of ¢¢® from the B? —
J/Yyrtx™ and BY — D7 D analyses; the combined like-
lihood is then maximized with respect to AT's and <.

In the B — J/¥¢ and B — J/yK+K~ analyses,
$<¢ and AT’y come from a simultaneous fit that determines
also the B? lifetime, the polarisation amplitudes and strong
phases. While the correlation between qbs"é“‘ and all other

HFLAV

68% CL contours

(Alog £ =1.15)

DO 8 fb~!

CMS 19.7 fb!

LHCb 3 fb!
ATLAS 19.2 fb !

-0.4 -0.2 -0.0 0.2 0.74
65 rad]

Fig. 10 68% CL regions in BS width difference AI'y and weak phase
¢§ES obtained from individual and combined CDF [197], DO [198],
ATLAS [199,200], CMS [201] and LHCb [202,203,240,242] like-
lihoods of B® — J/v¢, B — J/wKYK~, B — ¥ (299,
BY — J/yntx~ and BY — D D samples. The expectation within
the Standard Model [60,107,193] is shown as the black rectangle

parameters is small, the correlations between AT’y and the
polarisation amplitudes are sizable. However, since the vari-
ous experiments use different conventions for the amplitudes
and phases, a full combination including all correlations is
not performed. Instead, our average only takes into account
the correlation between ¢ and ATY.

In the recent LHCb B — J/¥ K™K~ analysis [202],
the ¢ values are measured for the first time for each
polarisation of the final state. Since those values are com-
patible within each other, we still use the unique value of

§5s for our world average, corresponding to the one mea-
sured by the other-than-LHCb analyses. In the same analysis,
the statistical correlation coefficient between ¢§5‘Y and |A|
(which signals CP violation in the decay if different from
unity) is measured to be very small (—0.02). We neglect
this correlation in our average. Furthermore, the statisti-
cal correlation coefficient between ¢§Es and AT is mea-
sured to be small (—0.08). When averaging LHCb results of
BY — J/YyK*K~,BY — J/yntx~ and B — DI D,
we neglect this correlation coefficient (putting it to zero).
Given the increasing experimental precision, we have also
stopped using the two-dimensional AT’y — ¢¢ histograms
provided by the CDF and DO collaborations: we are now
approximating those with two-dimensional Gaussian likeli-
hoods.

‘We obtain the individual and combined contours shown in
Fig. 10. Maximizing the likelihood, we find, as summarized
in Table 21:

ATy = 40.085 £0.007 ps ', (88)
< = —0.030 £0.033. (89)

S

The above AT’y average is consistent, but highly correlated
with the average of Eq. (72). Our final recommended average
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Table21 Direct experimental measurements of ¢§a" , AT’y and Iy using
BY — J/o, JJWKTK ™, ¢ (2S)¢, J/yntn™ and D} D; decays.
Only the solution with AT'y > 0 is shown, since the two-fold ambiguity

has been resolved in Ref. [111]. The first error is due to statistics, the
second one to systematics. The last line gives our average

Exp. Mode Dataset ces AT (ps™h) Refs.
CDF TV 9.6fb~"! [—0.60, +0.12], 68% CL +0.068 £ 0.026 % 0.009 [197]
DO J/Vé 8.0fb~! —0.55703% +0.16370053 [198]
ATLAS IV 4.9fb7" +0.12 + 0.25 + 0.05 +0.053 £ 0.021 % 0.010 [199]
ATLAS J/vé 14.3fb~"! —0.110 + 0.082 + 0.042 +0.101 £ 0.013 £ 0.007 [200]
ATLAS Above 2 combined —0.090 £ 0.078 £ 0.041 +0.085 £ 0.011 £ 0.007 [200]
CMS I/vé 19.7fb~! —0.075 £ 0.097 £ 0.031 +0.095 £ 0.013 + 0.007 [201]
LHCb J/WKYK~ 3.0fb~! —0.058 =+ 0.049 =+ 0.006 +0.0805 =+ 0.0091 =+ 0.0032 [202]
LHCb J/yrtn 3.0fb7! +0.070 £ 0.068 + 0.008 - [240]
LHCb Above 2 combined —0.010 £ 0.039(tot) - [202]
LHCb V(2S¢ 3.0fb~! +0.237038 £ 0.02 +0.06670:41 £ 0.007 [203]
LHCb D} D7 3.0fb~! +0.02 £ 0.17 £ 0.02 - [242]

All combined

-0.030 +0.033

+0.085 +0.007

for AT’y is the one of Eq. (72), which includes all available
information on AT.

In the Standard Model and ignoring sub-leading penguin
contributions, ¢>§f‘_‘s is expected to be equal to —28;, where
Bs = arg[— (Vis V) / (Ves V24)] is a phase analogous to
the angle g of the usual CKM unitarity triangle (aside from
a sign change). An indirect determination via global fits to
experimental data gives [193]

(9™ = —28 = —0.0370 =+ 0.0006. (90)

The average value of ¢§E“ from Eq. (89) is consistent with
this Standard Model expectation.

From its measurements of time-dependent CP violation
in B — K+ K~ decays, the LHCb collaboration has deter-
mined the BY mixing phase to be —28, = —0.121013 [243],
assuming a U-spin relation (with up to 50% breaking effects)
between the decay amplitudes of B — K*K~ and B® —
77 ~, and a value of the CKM angle y of (70.1 & 7.1)°.
This determination is compatible with, and less precise than,
the world average of ¢S"EX from Eq. (89).

New physics could contribute to ¢<°. Assuming that new
physics only enters in M7, (rather than in I'j,), one can
write [208,209]

P = 2B, + ¢}y, 1)

where the new physics phase ¢f’2NP is the same as that appear-
ing in Eq. (86). In this case

¢l = o1 + 2B, + ¢ = 0.012 £0.033, (92)

where the numerical estimation was performed with the val-
ues of Egs. (85), (89) and (90). Keeping in mind the approx-
imation and assumption mentioned above, this can serve as
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a reference value to which the measurement of Eq. (87) can
be compared.

4 Measurements related to unitarity triangle angles

The charge of the “CP(¢) and Unitarity Triangle angles”
group is to provide averages of measurements obtained from
analyses of decay-time-dependent asymmetries, and other
quantities that are related to the angles of the Unitarity Tri-
angle (UT). In cases where considerable theoretical input is
required to extract the fundamental quantities, no attempt to
do so is made. However, straightforward interpretations of
the averages are given, where possible.

In Sect. 4.1 a brief introduction to the relevant phe-
nomenology is given. In Sect. 4.2 an attempt is made to
clarify the various different notations in use. In Sect. 4.3 the
common inputs to which experimental results are rescaled
in the averaging procedure are listed. We also briefly intro-
duce the treatment of experimental errors. In the remainder
of this section, the experimental results and their averages
are given, divided into subsections based on the underlying
quark-level decays. All the measurements reported are quan-
tities determined from decay-time-dependent analyses, with
the exception of several in Sect. 4.14, which are related to
the UT angle y and are obtained from decay-time-integrated
analyses. In the compilations of measurements, indications
of the sizes of the data samples used by each experiment are
given. For the ete™ B factory experiments, this is quoted in
terms of the number of BB pairs in the data sample, while
the integrated luminosity is given for experiments at hadron
colliders.
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4.1 Introduction

The Standard Model Cabibbo—Kobayashi-Maskawa (CKM)
quark mixing matrix V must be unitary. The CKM matrix has
four free parameters and these are conventionally written by
the product of three (complex) rotation matrices [244], where
the rotations are characterised by the Euler mixing angles
between the generations, 012, 813 and 6,3, and one overall
phase 4,

Vud Vus Vub
V= (Vcd vcs V(b)
Via Vis Vip
c12€13 $12€13 size~™
= (_SIZCB _6'12523513ei8 C12€23 _512523513€hS §23C13 )
§12823 — Cl2C23S13‘€i(S —C12523 — 5126‘23513‘31.(s C€23C13

(93)

where ¢;j = cos6;;, s;j =sinf;; fori < j=1,2,3.

Following the observation of a hierarchy between the
different matrix elements, the Wolfenstein parametrisa-
tion [245] is an expansion of V in terms of the four real
parameters A (the expansion parameter), A, p and 7. Defin-
ing to all orders in A [246]

sp2 = A,
§$23 = AA.Z,
hv13e_"‘S = Ak3(p —in), 94)

and inserting these into the representation of Eq. (93), uni-
tarity of the CKM matrix is achieved to all orders. A Taylor
expansion of V leads to the familiar approximation

1—22/2 A AXM(p—in)
V= —A 1—22/2 AA?
AV —p—in) —AN? 1
+O(x4). 95)

At order A, the obtained CKM matrix in this extended
Wolfenstein parametrisation is:

1— 322 — g2t A

A+ %A2x5[1 —2(p+ in)] 1— 122 — 241 +4A2)A02

(0,0)

Fig. 11 The unitarity triangle

CP violation in the Standard Model. This is encapsulated in
a parametrisation-invariant way through the Jarlskog param-
eter J = Im (Vi Vep V5 VE) [247].

The unitarity relation V'V = I results in a total of nine
expressions, that can be written as Zi:u’c’[ Vlj Vik = Sk,
where §j; is the Kronecker symbol. Of the off-diagonal
expressions (j # k), three can be transformed into the other
three (under j <> k, corresponding to complex conjugation).
This leaves three relations in which three complex numbers
sum to zero, which therefore can be expressed as triangles in
the complex plane, together with three relations in which the
squares of the elements in each column of the CKM matrix
sum to unity. Similar relations are obtained for the rows of
the matrix from VV1 = I, so there are in total six triangle
relations and six sums to unity. More details about unitarity
triangles can be found in Refs. [248-251].

One of the triangle relations,

VuaVyy + Vea Vi, + ViaVyy, = 0, 97)

is of particular importance to the B system, being specif-
ically related to flavour-changing neutral-current b — d
transitions. The three terms in Eq. (97) are of the same
order, 0(A3), and this relation is commonly known as the
Unitarity Triangle. For presentational purposes, it is con-
venient to rescale the triangle by (V.4 Vc*h)_l, as shown in
Fig. 11.

Two popular naming conventions for the UT angles exist
in the literature:

AN (p —in)

+ (9<x6). (96)

Ak3[l (1 =5+ in)} —ANM + %Ax‘*[l —2(p + in)} — 1A%

A non-zero value of n implies that the CKM matrix is not
purely real in this, or any, parametrisation, and is the origin of
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[ Vl‘d V;}; :|
o=@ =arg| — ——~ |,
Vud VM*},
[ Ve V?Z
B=gr=arg| - L,
L ViV,
[ Via Vu*b]
y=¢3=arg| — ——=|. (93)
Vcd V;;,

In this document the («, B, ) set is used. The sides R, and
R, of the Unitarity Triangle (the third side being normalised
to unity) are given by

Vudv*b

R — u — —2 —2’

u —Vchc”; Voot
ViaVX — —

p= | = A -p)2 + 7 (99)
VL’chb

where p and 77 define the apex of the Unitarity Triangle [246]

o Vua V5 ViaV
p+in=— u u*b = ’ tf
VCchb VCd Vcb
VI—=22(p+in)
= . (100)
VT = A2+ V1T = 22A2%(p + in)
The exact relation between (p, n) and (p, 1) is

V1= A2 +in

ptin= (o +im) (101)

V1= A2[1 — AZ)4 (o + iﬁ)} .

By expanding in powers of A, several useful approximate
expressions can be obtained, including

=p (1 - %/\2> +00Y,

3|

T=n (1 - %Az) +00%Y,

Via = AN (1 =75 — i) + O\5). (102)

Recent world average values for the Wolfenstein parameters,
evaluated using many of the measurements reported in this
document, are [252]

40.0066 40.00042
A =0.8227T5 513, *=0.22543 70031,

= +0.0121 = __ +0.0069
5 = 0.1504 7 = 0.3540 T00%9.

—0.0062° (103)

The relevant unitarity triangle for the » — s transition
is obtained by replacing d <> s in Eq. (97). Definitions of
the set of angles (g, By, ¥s) can be obtained using equiv-
alent relations to those of Eq. (98). However, this gives a
value of S, that is negative in the Standard Model, so that the
sign is usually flipped in the literature; this convention, i.e.
Bs = arg [—(VisV,5)/(Ves V)], is also followed here and in
Sect. 3. Since the sides of the b — s unitarity triangle are
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not all of the same order of A, the triangle is squashed and
Bs ~ )LG'

4.2 Notations

Several different notations for CP violation parameters are
commonly used. This section reviews those found in the
experimental literature, in the hope of reducing the poten-
tial for confusion, and to define the frame that is used for the
averages.

In some cases, when B mesons decay into multibody final
states via broad resonances (p, K*, etc.), the experimental
analyses ignore the effects of interference between the over-
lapping structures. This is referred to as the quasi-two-body
(Q2B) approximation in the following.

4.2.1 CP asymmetries

The CP asymmetry is defined as the difference between the
rate involving a b quark and that involving a b quark, divided
by the sum. For example, the partial rate (or charge) asym-
metry for a charged B decay would be given as

FB~—> [)-TB" > /)

= . (104)
'B~— )+ T (BT = f)

4.2.2 Time-dependent CP asymmetries in decays to CP
eigenstates

If the amplitudes for B® and B to decay to a final state
f, which is a CP eigenstate with eigenvalue n s, are given
by Ay and A r» respectively, then the decay distributions for
neutral B mesons, with known (i.e. “tagged”) flavour at time
At = 0, are given by

. (AD) e—lAtl/r(BU) 2Im(Ay) in(AmAD)
= sin
By 47(BY) 1+ a2 m
1—[s)?
————cos(AmAr) |, (105)
1+ |)\.f|2
. (A7) e—lAtl/r(BU) 2Im(Ay) in(AmAD)
= — sin
B~ f 47(BY) L+ g2 e
1—[s)?
5 cos(AmAt) |. (106)
I+ Az

A . —0 ..
Here Ly = ZA—i contains terms related to B°~B" mixing

and to the decay amplitude (the eigenstates of the BB’
system with physical masses and lifetimes are |Bi) =
p|B% +¢ |§0)). This formulation assumes CP T invariance,
and neglects possible lifetime differences between the two
physical states (see Sect. 3.3 where the mass difference Am
is also defined) in the neutral B meson system. The case
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where non-zero lifetime differences are taken into account is
discussed in Sect. 4.2.3.

The notation and normalisation used in Egs. (105)
and (106) are relevant for the e"e™ B factory experi-
ments. In this case, neutral B mesons are produced via the
ete™ — T(4S) — BB process, and the wavefunction of
the produced BB pair evolves coherently until one meson
decays. When one of the pair decays into a final state that
tags its flavour, the flavour of the other at that instant is
known. The evolution of the other neutral B meson is there-
fore described in terms of At, the difference between the
decay times of the two mesons in the pair. At hadron col-
lider experiments, ¢ is usually used in place of At since
the flavour tagging is done at production (¢ = 0); due to
the nature of the production in hadron colliders (incoher-
ent bb quark pair production with many additional asso-
ciated particles), very different methods are used for tag-
ging compared to those in eTe™ experiments. Moreover,
since negative values of ¢ are not possible, the normalisation
is such that f0+°°(1“§oﬂ (0 + Tgo_, p(0)dt = 1, rather
than fj;"(rgoﬁ SO0 + Tgo, ;(AN)A(AD) = 1, as in
Eqgs. (105) and (106).

The time-dependent CP asymmetry, again defined as the
difference between the rate involving a b quark and that
involving a b quark, is then given by
FE()_)f(At) — Igo_, (A1)

FEO_)f,(At) + FBoﬁf(At)
= M sin(AmAt)
14 A f|2
1= |ayl?
L+ |xf?
While the coefficient of the sin(Am A¢) term in Eq. (107) is
customarily!® denoted S :

Ar(At) =

cos(AmAL). (107)

2Im(A )
Sy = ——2=, 108
S PRTAE (109
different notations are in use for the coefficient of the
cos(AmAt) term:

L= |asl?

—_ 109
1+|)»f|2 (109

Cr=—-Ay =
The C notation has been used by the BABAR collaboration
(see e.g. Ref. [253]), and is also adopted in this document.
The A notation has been used by the Belle collaboration
(see e.g. Ref. [254]). When the final state is a CP eigen-
state, the notation Scp and Ccp is widely used, including
in this document, instead of specifying the final state f. In

19 Occasionally one also finds Eq. (107) written as Ay(Af) =
AR sin(AmAr) + AT cos(AmAr), or similar.

addition, particularly when grouping together measurements
with different final states mediated by the same quark-level
transition, the S, C notation with a subscript indicating the
transition is used.

Neglecting effects due to CP violation in mixing (by
taking |¢/p| = 1), if the decay amplitude contains terms
with a single weak (i.e. CP violating) phase then |A | = 1
and one finds Sy = —nysin(@mix + Pdec), Cr = 0,
where ¢mix = arg(q/p) and ¢pgec = arg(As/Ay). Note
that the B-B" mixing phase @i is approximately equal
to 28 in the Standard Model (in the usual phase conven-
tion) [255,256].

If amplitudes with different weak phases contribute to the
decay, no clean interpretation of Sy is possible without fur-
ther input. In this document, only the theoretically cleanest
channels are interpreted as measurements of the weak phase
(e.g. b — ccs transitions for sin(28)), though even in these
cases some care is necessary. In channels in which the sec-
ond amplitude is expected to be suppressed, the concept of
an effective weak phase difference is sometimes used, e.g.
sin(2) in b — ¢gs transition.

If, in addition to having a weak phase difference, the decay
amplitudes have different CP conserving strong phases, then
|Ar| # 1. Additional input is required for interpretation of
the results. The coefficient of the cosine term becomes non-
zero, indicating CP violation in decay.

Due to the fact that sin(AmAt) and cos(AmAt) are
respectively odd and even functions of Az, only small cor-
relations (that can be induced by backgrounds, for exam-
ple) between Sy and C s are expected at an ete™ B factory
experiment, where the range of At is —oo < At < +o00.
The situation is different for measurements at hadron col-
lider experiments, where the range of the time variable is
0 < t < 400, so that more sizable correlations can be
expected. We include the correlations in the averages where
available.

Frequently, we are interested in combining measurements
governed by similar or identical short-distance physics, but
with different final states (e.g., B — J/¢¥ K2 and B —
J/YK 2). In this case, we remove the dependence on the CP
eigenvalue of the final state by quoting —7S r. In cases where
the final state is not a CP eigenstate but has an effective CP
content (see below), the reported —nS is corrected by the
effective CP.

4.2.3 Time-dependent distributions with non-zero decay
width difference

A complete analysis of the time-dependent decay rates of
neutral B mesons must also take into account the differ-
ence in lifetimes, denoted A", between the mass eigenstates.
This is particularly important in the BY system, since a non-
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negligible value of AT’y has been established (see Sect. 3.3
for the latest experimental constraints). The formalism given
here is therefore appropriate for measurements of B? decays
toa CP eigenstate f as studied at hadron colliders, but appro-
priate modifications for BY mesons or for the eTe™ envi-
ronment are straightforward to make.

Neglecting CP violation in mixing, the relevant replace-
ments for Eqs. (105) and (106) are [257]

e—1/T(BY)

FB?—)f(t) = NTBXO)

ATt
|:cosh (TY) + Sy sin(Amgt)

ATt
—Cycos (Amst) + A?F sinh ( 25 )j|
(110)

and

e=1/T(BY) ATt ,
FB?»f(t) = NTBSO)[COSI’I (T) — Sf sSin (Amst)

ATl t
+Cycos (Amﬂ‘) + A?F sinh ( 2S ):|,
(111)

where Sy and Cy are as defined in Egs. (108) and (109),
respectively, r(BsO) = 1/Ty is defined in Sect. 3.2.4, and the

coefficient of the sinh term isZ°
AAT — _M (112)
[ = l+|)»f|2'

With the requirement f0+°O[FBon(t) + FBQ%f(t)]dt =1,

the normalisation factor is fixed to A" = (1 — (%Tr:)z) /(1 +
ARTATy .
2T

A time-dependent analysis of CP asymmetries in flavour-
tagged B? decays to a CP eigenstate f can thus determine
the parameters Sy, Cr and A ?r . Note that, by definition,

).21

(Sp>+(CpP+ (A =1, (113)
and this constraint can be imposed or not in the fits.
Since these parameters have sensitivity to both Im(A ) and
Re(Ar), alternative choices of parametrisation, including
those directly involving CP violating phases (such as f),
are possible. These can also be adopted for vector-vector
final states.

20° As ever, alternative and conflicting notations appear in the literature.
One popular alternative notation for this parameter is Aar. Particular
care must be taken over the signs.

21 The prefactor of N'/21 (B?) in Egs. (108) and (109) has been chosen
so that AV = 1 in the limit ATy = 0. In the et e~ environment, where
the range is —oo < At < oo, the prefactor should be N/4I(B§)) and
N=1-(5)2
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The untagged time-dependent decay rate is given by
e 1/T(BY)

T(BY)

X [cosh <Agst> + A?F sinh <Agst)].
Thus, an untagged time-dependent analysis can probe A,
through the dependence of AJ%F on Re(Ar), when ATy #
0. This is equivalent to determining the “effective life-
time” [112], as discussed in Sect. 3.2.4. The analysis of
flavour-tagged B? mesons is, of course, more sensitive.

The discussion in this and the previous section is rel-
evant for decays to CP eigenstates. In the following sec-
tions, various cases of time-dependent CP asymmetries in
decays to non-CP eigenstates are considered. For brevity,
these will be given assuming that the decay width difference
AT is negligible. Modifications similar to those described
here can be made to take into account a non-zero decay width
difference.

Fggﬁf(f) + o, p(1) = N

(114)

4.2.4 Time-dependent CP asymmetries in decays to
vector-vector final states

Consider B decays to states consisting of two spin-1 particles,
such as J /Y K*0(— KI70), J/¢¥¢, D*' D*~ and pTp~,
which are eigenstates of charge conjugation but not of par-
ity.2? For such a system, there are three possible final states:
in the helicity basis these can be written h_1, hg, h41. The
ho state is an eigenstate of parity, and hence of CP, however
CP transforms hy] <> h_1 (up to an unobservable phase).
In the transversity basis, these states are transformed into
hy = (hy1+h_1)/2and h = (hy; —h_1)/2. In this basis
all three states are CP eigenstates, and £ has the opposite
CP to the others.

The amplitude for decays to the transversity basis states
are usually given by Ag 1, with normalisation such that
|Aol® + |ALI? + |A|||2 = 1. Given the relation between
the CP eigenvalues of the states, the effective CP content
of the vector-vector state is known if |A | |? is measured.
An alternative strategy is to measure just the longitudinally
polarised component, |A0|2 (sometimes denoted by fiong),
which allows a limit to be set on the effective CP since
|AL1? < |ALI?> + 1411 = 1 — |Ag|*. The value of the
effective CP content can be used to treat the decay with the
same formalism as for CP eigenstates. The most complete
treatment for neutral B decays to vector-vector final states
is, however, time-dependent angular analysis (also known
as time-dependent transversity analysis). In such an analy-
sis, interference between CP-even and CP-odd states pro-

22 This is not true for all vector-vector final states, e.g., D** ot is
clearly not an eigenstate of charge conjugation.
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vides additional sensitivity to the weak and strong phases
involved.

In most analyses of time-dependent CP asymmetries in
decays to vector-vector final states carried out to date, an
assumption has been made that each helicity (or transver-
sity) amplitude has the same weak phase. This is a good
approximation for decays that are dominated by amplitudes
with a single weak phase, such BY — J/lpK*O, and is
a reasonable approximation in any mode for which only
very limited statistics are available. However, for modes
that have contributions from amplitudes with different weak
phases, the relative size of these contributions can be differ-
ent for each helicity (or transversity) amplitude, and there-
fore the time-dependent CP asymmetry parameters can also
differ. The most generic analysis, suitable for modes with
sufficient statistics, allows for this effect; such an analy-
sis has been carried out by LHCb for the B — J/vp°
decay [258]. An intermediate analysis can allow differ-
ent parameters for the CP-even and CP-odd components;
such an analysis has been carried out by BABAR for the
decay B — D**D*~ [259]. The independent treatment
of each helicity (or transversity) amplitude, as in the lat-
est result on B? — J/¥¢ [202] (discussed in Sect. 3),
becomes increasingly important for high precision measure-
ments.

4.2.5 Time-dependent asymmetries: self-conjugate
multiparticle final states

Amplitudes for neutral B decays into self-conjugate multi-
particle final states such as 7+~ 70, K+K_Kg, n“‘n_K(S),
J/YyrTn~ or Dn® with D — K97 "7~ may be written
in terms of CP-even and CP-odd amplitudes. As above, the
interference between these terms provides additional sensi-
tivity to the weak and strong phases involved in the decay,
and the time-dependence depends on both the sine and cosine
of the weak phase difference. In order to perform unbinned
maximum likelihood fits, and thereby extract as much infor-
mation as possible from the distributions, it is necessary to
choose a model for the multiparticle decay, and therefore
the results acquire some model dependence. In certain cases,
model-independent methods are also possible, but the result-
ing need to bin the Dalitz plot leads to some loss of statis-
tical precision. The number of observables depends on the
final state (and on the model used); the key feature is that as
long as there are regions where both CP-even and CP-odd
amplitudes contribute, the interference terms will be sen-
sitive to the cosine of the weak phase difference. Therefore,
these measurements allow distinction between multiple solu-
tions for, e.g., the two values of 28 from the measurement of

sin(2p).

We now consider the various notations that have been used
in experimental studies of time-dependent asymmetries in
decays to self-conjugate multiparticle final states.

BY - D®KO with D — K(S)n+n_

The states D%, D*79, Dn, D*n, Dw are collectively
denoted DAY, When the D decay model is fixed, fits to
the time-dependent decay distributions can be performed to
extract the weak phase difference. However, it is experimen-
tally advantageous to use the sine and cosine of this phase as
fit parameters, since these behave as essentially independent
parameters, with low correlations and (potentially) rather dif-
ferent uncertainties. A parameter representing CP violation
in the B decay can be simultaneously determined. For con-
sistency with other analyses, this could be chosen to be C,
but could equally well be |A 7|, or other possibilities.

Belle performed an analysis of these channels with
sin(2¢1) and cos(2¢1) as free parameters [260]. BABAR
has performed an analysis in which [A | was also deter-
mined [261]. Belle has in addition performed a model-
independent analysis [262] using as input information about
the average strong phase difference between symmetric bins
of the Dalitz plot determined by CLEO-c [263].* The
results of this analysis are measurements of sin(2¢1) and
cos(2¢1).

B’ — D**D* K

The hadronic structure of the BY — D**D*~K{ decay
is not sufficiently well understood to perform a full time-
dependent Dalitz plot analysis. Instead, following Ref. [264],
BABAR [265] and Belle [266] divide the Dalitz plane in
two regions: m(D*TK)? > m(D*"K? (n, = +1) and
m(D*TKN? < m(D*"K? (ny = —1); and then fit to a
decay time distribution with asymmetry given by
2J.

sl .
7 sin(28)

Ar(At) = nyj—;cos(AmAt) - |:

2Js .
+77yJ—0 cos(Z,B)] sin(AmA¢). (115)

The fitted observables are j—g, 2131 sin(28) and 2}’—(;2 cos(2p),
where the parameters Jo, Jo, Js1 and Jgo are the integrals
over the half Dalitz plane m(D*TK$)* < m(D*~K$)? of
the functions |a|? + |a|?, |a|? — |a|?, Re(aa*) and Im(aa™)
respectively, where a and a are the decay amplitudes of
B — D*'D*"K{ and B’ = Dp*tp* K respectively.
The parameter J;, (and hence Jy»/ Jo) is predicted to be pos-

23 The external input needed for this analysis is the same as in the
model-independent analysis of BY — DK™ with D — K(S)nﬂr*
discussed in Sect. 4.14.5.
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itive; assuming this prediction to be correct, it is possible to
determine the sign of cos(28).

B — J/yntn~

Amplitude analyses of B — J/ymTn~ decays [258,
267] show large contributions from the p(770)% and £, (500)
states, together with smaller contributions from higher reso-
nances. Since modelling the f,(500) structure is challeng-
ing [268], it is difficult to determine reliably its associ-
ated CP violation parameters. Corresponding parameters
for the J/v p® decay can, however, be determined. In the
LHCb analysis [258], 2 ,BEff is determined from the fit; results
are then converted into values for Scp and Ccp to allow
comparison with other modes. Here, the notation Scp and
Ccp denotes parameters obtained for the J /v p° final state
accounting for the composition of CP-even and CP-odd
amplitudes (while assuming that all amplitudes involve the
same phases), so that no dilution occurs. Possible CP vio-
lation effects in the other amplitudes contributing to the
Dalitz plot are treated as a source of systematic uncer-
tainty.

Amplitude analyses have also been done for the BY —
J/Yntx~ decay, where the final state is dominated by
scalar resonances including the f,(980) [240,241]. Time-
dependent analyses of this B? decay allow a determination
of 2, as discussed in Sect. 3.

BY - KtK— KO

Studies of B® — KT K~ K" [269-271] and of the related
decay BT — KTK~ K™ [271-273], show that the decay is
dominated by a large nonresonant contribution with signif-
icant components from the intermediate K™K ~ resonances
¢(1020), f0(980), and other higher resonances, as well as a
contribution from yq.

The full time-dependent Dalitz plot analysis allows the
complex amplitudes of each contributing term to be deter-
mined from data, including CP violation effects (i.e. allow-
ing the complex amplitude for the B® decay to be inde-
pendent from that for B’ decay), although one amplitude
must be fixed to serve as a reference. There are several
choices for parametrisation of the complex amplitudes (e.g.
real and imaginary part, or magnitude and phase). Similarly,
there are various approaches to include CP violation effects.
Note that positive definite parameters such as magnitudes
are disfavoured in certain circumstances (they inevitably
lead to biases for small values). In order to compare results
between analyses, it is useful for each experiment to present
results in terms of the parameters that can be measured in a
Q2B analysis (such as Ar, S¢, Cy, sin(28°), cos(2p°),
etc.)
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In the BABAR analysis of the B — K+ K~ K decay
[271], the complex amplitude for each resonant contribution
is written as

A =cr(1+byp)e@rton,

Af = Cf(l - bf)ei((pf_af)a (116)

where by and § introduce CP violation in the magnitude
and phase respectively. Belle [270] use the same parametri-
sation but with a different notation for the parameters.?*
(The weak phase in B~B" mixing (28) also appears in the
full formula for the time-dependent decay distribution.) The
Q2B parameter of CP violation in decay is directly related
tob fs

(117)

and the mixing-induced CP violation parameter can be used
to obtain sin(28¢),

2
U eff
—nrSe xR sin(2, , 118
s g e (118)

where the approximations are exact in the case that
lg/pl = 1.

Both BABAR [271] and Belle [270] present results for
¢y and ¢, for each resonant contribution, and in addition
present results for Ay and ,B;ff for ¢ (1020)K 0 Jo(980)K 0
and for the remainder of the contributions to the K+ K~ K°
Dalitz plot combined. BABAR also present results for the
Q2B parameter Sy for these channels. The models used to
describe the resonant structure of the Dalitz plot differ, how-
ever. Both analyses suffer from symmetries in the likelihood
that lead to multiple solutions, from which we select only
one for averaging.

BY — n*n*Kg

Studies of B® — rr“‘rr‘K(S) [274,275] and of the
related decay BY — mtm~ KT [272,276-278] show
that the decay is dominated by components from inter-
mediate resonances in the K7 (K*(892), K;j(1430)) and
mr (p(770), fo(980), f2(1270)) spectra, together with a
poorly understood scalar structure that peaks near m(wmw) ~
1300 MeV/c? and is denoted fx* and a large nonreso-
nant component. There is also a contribution from the x.o
state.

The full time-dependent Dalitz plot analysis allows
the complex amplitudes of each contributing term to be
determined from data, including CP violation effects. In

2 (¢, b, ¢,8) < (a,c,b,d). See Eq. (120).

25 The fx component may originate from either the fo(1370) or
fo(1500) resonances, or from interference between those or other states
and nonresonant amplitudes in this region.
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the BABAR analysis [274], the magnitude and phase of
each component (for both BY and B’ decays) are mea-
sured relative to B — fo(980)K 0 using the following
parametrisation

Ap=|Aplet A0 A =|A el M8AD, (119)

In the Belle analysis [275], the B — K**7~ amplitude is
chosen as the reference, and the amplitudes are parametrised
as

Af=ar(l+ Cf)ei(berdf) Af =ay(l - Cf)ei(bfidf).
(120)

In both cases, the results are translated into Q2B parameters
such as Zﬂ;ff, S¢, Cy for each CP eigenstate f, and param-
eters of CP violation in decay for each flavour-specific state.
Relative phase differences between resonant terms are also
extracted.
BY — 70

The B — nt7~ 7" decay is dominated by intermedi-
ate p resonances. Though it is possible, as above, to deter-
mine directly the complex amplitudes for each component,
an alternative approach [279,280] has been used by both

BABAR [281,282] and Belle [283,284]. The amplitudes for

0

=0 _ .
0 and B~ decays to 7+~ 70 are written as

Aszg = f1 Ay + f-A_+ foAo,
Asz = f1A+ + f-A— + foAo,
respectively. The symbols A, A_ and A represent the com-
plex decay amplitudes for B — ptn~, B — p=n*
and BY — pono while A4, A_ and A represent those for

(121)

EO — pTm, EO — p~ T and EO — p%70 respectively.
The terms f, f— and fj incorporate kinematic and dynam-
ical factors and depend on the Dalitz plot coordinates. The
full time-dependent decay distribution can then be written in
terms of 27 free parameters, one for each coefficient of the
form factor bilinears, as listed in Table 22. These parameters
are sometimes referred to as “the Us and Is”, and can be
expressed in terms of A, A_, Ag, A4, A_ and Ag. If the
full set of parameters is determined, together with their cor-
relations, other parameters, such as weak and strong phases,
parameters of CP violation in decay, etc., can be subse-
quently extracted. Note that one of the parameters (typically
Ujf) is often fixed to unity to provide a reference; this does
not affect the analysis.

4.2.6 Time-dependent CP asymmetries in decays to
non-CP eigenstates

Consider a non-CP eigenstate f, and its conjugate f. For
neutral B decays to these final states, there are four ampli-

Table 22 Definitions of the U and I coefficients. Modified from
Ref. [281]

Parameter Description

UI Coefficient of | fy |

UJ Coefficient of | fy|?

vt Coefficient of | f_|?

Uy Coefficient of | fo|? cos(AmAr)

U- Coefficient of | f_|? cos(AmAr)

Uy Coefficient of | f4 | cos(Am At)

I Coefficient of | fo|? sin(Am At)

I_ Coefficient of | f_|? sin(AmAr)

I Coefficient of | f |2 sin(AmAt)
i Coefficient of Im[ £ £*]

UiRe Coefficient of Re[ f4 f*]

U;'_Im Coefficient of Im[ f f*] cos(AmAt)
U;’,Re Coefficient of Re[ f4 f*] cos(AmAt)
m Coefficient of Im[ f f*]sin(AmAt)
IEe, Coefficient of Re[ f4 f*]sin(AmAr)
yfm Coefficient of Im[ fy f;]

Uik Coefficient of Rel £ f;]

U™ Coefficient of Iml[ f f¢] cos(Am A1)
UJ:(’)Re Coefficient of Re[ fy fi] cos(AmAt)
Ifrmo Coefficient of Im[ f1 f;]sin(AmAt)
58 Coefficient of Re[ £} f§1sin(AmAr)
vt Coefficient of Im[ f_ f;]

utRe Coefficient of Re[ f- fi]

Uf(’)Im Coefficient of Im[ f_ f] cos(Am At)
Uk Coefficient of Re[ f— fi] cos(AmAr)
Il_“a Coefficient of Im[ f_ f;]sin(AmAt)
Ilfg Coefficient of Re[ f— fi]sin(AmAt)

tudes to consider: those for BY to decay to f and f (A rand
Ag, respectively), and the equivalents for B’ (A rand A ) It
CP is conserved in the decay, then Ay = A;and A7 = Ay.

The time-dependent decay distributions can be written in
many d1fferent ways. Here we follow Sect. 4.2.2 and define

Af = ;A— and A F= —— . The time- -dependent CP asym-
metries that are sen51tlve to mixing-induced CP violation

effects then follow Eq. (107):
FEO (At) — T'go_, s (A1)
FEO (At) + T'go_, s (A1)
Srs 1n(AmAt) — Cyrcos(AmAt),
FO (At) Boﬁf(At)
B _)f(At) + FBo%f:(At)
7sin(AmAt) — Cf- cos(AmAt),

.Af(At) =

(122)

Af(At) =

(123)
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with the definitions of the parameters C, Sy, C7 and S,
following Egs. (108) and (109).
The time-dependent decay rates are given by

o~ 1A11/T(B)
F§0—>J"(At) = W(l + (Aff>)
X |:1 + Sysin(AmAt) - Cy cos(AmAt)],
(124)
e~ |at1/T(BY)
Lpo_, (A1) = W(l +(Ar )
X |:1 — Sysin(AmAt) + Cy cos(AmAt)],
(125)
o~ |A1l/(BY)
F§°—>f(At) = W(l - (Aff))
X |:1 + S]; sin(AmAt) — Cf cos(AmAt)],
(126)
o~ 1A11/T(BY)
FBoﬁf’(At) = W(l - (Aff>)

X |:1 — Sf sin(AmAt) + le cos(AmAt)],
(127)

where the time-independent parameter (A ) represents an

overall asymmetry in the production of the f and f final
states,?®

<|Af|2 + |Zf|2> - <|Af|2 + |Kf|2>

<|Af|2 + |Af|2> + <|A,z|2 + |Af|2>

(128)

Assuming |g/p| = 1,1.e. absence of CP violation in mixing,
the parameters C y and C 7 can also be written in terms of the
decay amplitudes as follows:

o |A 71> — A7

AP —Af?
T IAf R AR

;= =
|Af12+1AsI?
(129)

giving asymmetries in the decay amplitudes of B® and B’
to the final states f and f respectively. In this notation, the
conditions for absence of CP violation in decay are (A ¥ f-) =
0 and Cy = —C. Note that Cy and C are typically non-

zero; e.g., for a flavour-specific final state, A F=A F= 0

26 This parameter is often denoted A y (or Acp ), but here we avoid this
notation to prevent confusion with the time-dependent CP asymmetry.
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(Af = A = 0), they take the values Cy = —C; = 1
(Cr= —Cf‘z —1).

The coefficients of the sine terms contain information
about the weak phase. In the case that each decay amplitude
contains only a single weak phase (i.e., no CP violation in
decay as well as none in mixing), these terms can be written
as

2| Ay ||A | sin(Pmix + Pdec — 8f)

Sf — and
|Af|2+|Af|2
—2|A 7||A 7| sin($mix + Pdec + 8 7)
S = fROF Pmix T Plee 7O (130)
|Af’|2-|-|A}F|2

where d ¢ is the strong phase difference between the decay
amplitudes. If there is no CP violation, the condition Sy =
—S7 holds. If decay amplitudes with different weak and
strong phases contribute, no clean interpretation of Sy and
S 7 is possible.

The conditions for CP invariance Cy = —C 7 and Sy =
- 7 motivate a rotation of the parameters:

Sf + Sf Sf — Sf
Spfp= =5 ASpp=—F—
Cr+Cs: Cr—C;
. f o f
Cff = 5 , = —2 . (131)

With these parameters, the CP invariance conditions become
Sff- =0 and ij; = 0. The parameter ACff- gives a mea-
sure of the “flavour-specificity” of the decay: AC fF= +1
corresponds to a completely flavour-specific decay, in which
no interference between decays with and without mixing
can occur, while AC F= 0 results in maximum sensitiv-
ity to mixing-induced CP violation. The parameter AS ‘7
is related to the strong phase difference between the decay
amplitudes of the B® meson to the f and to f final states.
We note that the observables of Eq. (131) exhibit experi-
mental correlations (typically of ~ 20%, depending on the
tagging purity, and other effects) between S, 7 and AS 7,
and between C i and AC F7 On the other hand, the final
state specific observables of Eqgs. (124)—(127) tend to have
low correlations.

Alternatively, if we recall that the CP invariance con-
ditions at the decay amplitude level are Ay = Zf and

A F= Ay, we are led to consider the parameters [252]

AP 1AsP AP 1A
T AR AR VYAV
(132)

These are sometimes considered more physically intuitive
parameters since they characterise CP violation in decay in
decays with particular topologies. For example, in the case of
B? — p* 7T (choosing f = ptw~and f = p~ ), Arq
(also denoted A7) parametrises CP violation in decays in
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which the produced p meson does not contain the specta-
tor quark, while A7, (also denoted .A;; ) parametrises CP
violation in decays in which it does. Note that we have again
followed the sign convention that the asymmetry is the differ-
ence between the rate involving a b quark and that involving
a b quark, cf. Eq. (104). Of course, these parameters are not
independent of the other sets of parameters given above, and
can be written

(App) +Crp+ (A ) AC 7
(App) +Crp 4 (A ) AC 7
L+ AC 7+ (Apf)Cp

Apf=-

Azp = (133)
They usually exhibit strong correlations.

‘We now consider the various notations used in experimen-
tal studies of time-dependent CP asymmetries in decays to
non-CP eigenstates.

B — D** DT

The ((Aff), Cr, Sy, Cf-, Sf-) set of parameters was used
in early publications by both BABAR [285] and Belle [286]
(albeit with slightly different notations) in the D** DT sys-
tem (f = D** D™, f = D*~ D). In their most recent paper
on this topic Belle [287] instead used the parametrisation
(Ap*p, Sp*p, ASp+p, Cp*p, ACp+p), while BABAR [259]
give results in both sets of parameters. We therefore use the
(Ap+p, Sp*p, ASp+p, Cp+p, ACp+p) set.
BY —» ptn¥

In the p* 7 ¥ system, the ((Aff-), Cer Spfr AC 7,
AS ¥ f) set of parameters has been used originally by
BABAR [288] and Belle [289], in the Q2B approximation; the
exact names?’ used in this case are (A’g,, Cons Sprs ACpy,
AS,y), and these names are also used in this document.

Since ,oi 7 F is reconstructed in the final state 77~ 70,
the interference between the p resonances can provide addi-
tional information about the phases (see Sect. 4.2.5). Both
BABAR [281] and Belle [283,284] have performed time-
dependent Dalitz plot analyses, from which the weak phase
« is directly extracted. In such an analysis, the measured
Q2B parameters are also naturally corrected for interference
effects.

BY — D$T[i,D*$JTi,D¥,Oi

Time-dependent CP analyses have also been performed
for the final states D¥n*, D*Fr* and DT p*. In these
theoretically clean cases, no penguin contributions are pos-
sible, so there is no CP violation in decay. Furthermore, due

27 BABAR has used the notations Ag, [288] and A, [281] in place of
AL

to the smallness of the ratio of the magnitudes of the sup-
pressed (b — u) and favoured (b — ¢) amplitudes (denoted
R ), to a very good approximation, Cy = —C F= 1 (using
f=DW=ht, f = D®Th™ h = x, p), and the coefficients
of the sine terms are given by

Sf = —2R¢ sin(Pmix + Pdec — 6f) and

S5 = —2Ry sin(@mix + Pdec + 7). (134)

Thus weak phase information can be cleanly obtained from
measurements of Sy and § 7 although external informa-
tion on at least one of Ry or 8y is necessary. (Note that
Omix + Pdec = 2B + v = 2¢1 + ¢3 for all the decay
modes in question, while Ry and §; depend on the decay
mode.)

Again, different notations have been used in the litera-
ture. BABAR [290,291] defines the time-dependent proba-
bility function by

o—1AL/T

+ —
f (777 At) - 41_

X [IZFS; sin(AmAt)FnCe cos(AmAt)j|,
(135)

where the upper (lower) sign corresponds to the tagging
meson being a BY (EO). The parameters 1 and ¢ take the val-
ues +1 and + (—1 and —) when the final state is, e.g., D7
(DT ™). However, in the fit, the substitutions C ¢ = land
S¢ = aFnb; — nc; are made, where the subscript i denotes
tagging category. Neglecting b terms,

Sy=a—c and S_=a+c &
a=(Sy+S-)/2 and

c=(S_—5,)/2, (136)

in analogy to the parameters of Eq. (131). These are moti-
vated by the possibility of CP violation on the tag side [292],
which is absent for semileptonic B decays (mostly lepton
tags). The parameter a is not affected by tag side CP vio-
lation. The parameter b only depends on tag side CP viola-
tion parameters and is not directly useful for determining UT
angles. A clean interpretation of the ¢ parameter is only pos-
sible for lepton-tagged events, so the BABAR measurements
report ¢ measured with those events only.

The parameters used by Belle in the analysis using par-
tially reconstructed B decays [293], are similar to the S;
parameters defined above. However, in the Belle conven-
tion, a tagging B® corresponds to a + sign in front of the
sine coefficient; furthermore the correspondence between the
super/subscript and the final state is opposite, so that Si
(BABAR) = —ST (Belle). In this analysis, only lepton tags
are used, so there is no effect from tag side CP violation. In
the Belle analysis using fully reconstructed B decays [294],
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Table 23 Conversion between the various notations used for CP violation parameters in the D* 7 ¥, D** 7F and D* p¥ systems. The b; terms
used by BABAR have been neglected. Recall that (¢, 8, y) = (¢2, ¢1, ¢3)

BABAR Belle partial rec. Belle full rec.
Sptn- =S_=—(a+ci) - 2Rpx sin(2¢1 + ¢3 + 8pr)
Sp-nt -8, =—(a—ci) - 2Rpx sin(2¢1 + ¢3 — dpr)
N —S_=—(a+c) N —2Rpr sin(2¢1 + ¢3 + Sp+x)
Spe-rt Sy =—(a—qc) S —2Rpex sin2p1 + ¢3 — Sp+x)
Sp+p- —S_=—(a+c) - -
Sp-p+ Sy =—(a—c¢) - -

Table 24 Translations used to convert the parameters measured by Belle to the parameters used for averaging in this document. The angular
momentum factor L is —1 for D* and +1 for Drr. Recall that («, B, ) = (¢2, 1, $3)

D*r partial rec.

D™z full rec.

a —(ST+857)

c —(St =57

L=ptHt (2RD1*>7, SinQ2B1 + 3 + Speog) + 2R pinr sin21 + 3 — 5])(*);,))

F(=DiH! (ZRD(W Sin(2¢1 + @3 + Spwy) — 2R peny Sin(2p1 + ¢3 — SD%))

this effect is measured and taken into account using D*{v
decays; in neither Belle analysis are the a, b and ¢ param-
eters used. In the latter case, the measured parameters are
2R oy SIN(201+¢3 & 8 pv); the definition is such that S
(Belle) = —2R p+x sin(2¢1 + ¢3 + Sp=5 ). However, the def-
inition includes an angular momentum factor (—1)% [295],
and so for the results in the D system, there is an additional
factor of —1 in the conversion.

Explicitly, the conversion then reads as given in Table 23,
where we have neglected the b; terms used by BABAR (which
are zero in the absence of tag side CP violation). For the
averages in this document, we use the a and ¢ parameters,
and give the explicit translations used in Table 24. It is to
be fervently hoped that the experiments will converge on a
common notation in future.

BY — DFK*

The phenomenology of B? — DFK * decays is similar
to that for B® — D¥x* with some important caveats.
The two amplitudes b — u and b — ¢ amplitudes have
the same level of Cabibbo-suppression (i.e. are of the same
order in 1) though the former is suppressed by +/p2 + nZ.
The large value of the ratio R of their magnitudes allows it
to be determined from data, as the deviation of C; and C 7
from unity (in magnitude) can be observed. Moreover, the
non-zero value of AT’y allows the determination of additional
terms, A?F and A?r (see Sect. 4.2.3), that break ambiguities

in the solutions for ¢mix + ¢dec, which for B — DFK*
decays is equal to y — 28;.

LHCb [296] has performed such an analysis with B —
DFK + decays. The absence of CP violation in decay is
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assumed, and the parameters that are determined from the fit
are labelled C, AAT, AAT S S. These are trivially related
to the definitions used in this section.

Time-dependent asymmetries in radiative B decays

As a special case of decays to non-CP eigenstates, let
us consider radiative B decays. Here, the emitted photon
has a distinct helicity, which is in principle observable, but
in practice is not usually measured. Thus the measured
time-dependent decay rates for B decays are given by
[297,298]

FE()_)XV(AI‘) = FEO—>X
e—|A11/7(B)
= 4z(BY)
—(Cp + Cpg)cos(AmAL)],
Tpo_,x, (A =T oy, (A +Tpo_ x,, (A1)
e—|A11/(B)

47(BY)

(At) +T'—o (A1)
YL B —Xyg

X

[14+ (S, + Sg) x sin(AmAt)

(137)

[1 — (S + Sg) x sin(AmAf?)

+(C +CR)c0s(AmAt):|, (138)

where in place of the subscripts f and f we have used L
and R to indicate the photon helicity. In order for interfer-
ence between decays with and without B°-B’ mixing to
occur, the X system must not be flavour-specific, e.g., in
case of B — K*Oy, the final state must be Kgnoy. The
sign of the sine term depends on the C eigenvalue of the
X system. At leading order, the photons from b — ¢y
(b — gy) are predominantly left (right) polarised, with
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corrections of order of m,/my, thus interference effects are
suppressed. Higher-order effects can lead to corrections of
order Aqcp/my [299,300], though explicit calculations indi-
cate that such corrections may be small for exclusive final
states [301,302]. The predicted smallness of the S terms in
the Standard Model results in sensitivity to new physics con-
tributions.

The formalism discussed above is valid for any radiative
decay to a final state where the hadronic system is an eigen-
state of C. In addition to K 2710)/, experiments have presented
results using BY decays to Kgny, Kg,ooy and Kggby. For
the case of the K 2,00)/ final state, particular care is needed,
as due to the non-negligible width of the p° meson, decays
selected as B — K 2 0"y can include a significant contribu-
tion from K** ¥y decays, which are flavour-specific and
do not have the same oscillation phenomenology. It is there-
fore necessary to correct the fitted asymmetry parameter for
a “dilution factor”.

In the case of radiative B? decays, the time-dependent
decay rates of Eqs. (137) and (138) must be modified, in a
similar way as discussed in Sect. 4.2.3, to account for the non-
zero value of AT'. Thus, for decays such as B? — ¢y, there
is an additional observable, A (%)F , which can be determined
from an untagged effective lifetime measurement [303].

4.2.7 Asymmetries in B — D® K™ decays

CP asymmetries in B — D™ K ) decays are sensitive to y.
The neutral D™ meson produced is an admixture of D)

(produced by a b — ¢ transition) and D™’ (produced by a
colour-suppressed b — u transition) states. If the final state
is chosen so that both D®0 and D™ can contribute, the two
amplitudes interfere, and the resulting observables are sensi-
tive to y, the relative weak phase between the two B decay
amplitudes [304]. Various methods have been proposed to
exploit this interference, including those where the neutral D
meson is reconstructed as a CP eigenstate (GLW) [305,306],
in a suppressed final state (ADS) [307,308], or in a self-
conjugate three-body final state, such as K(S)n+n_ (GGSzZ
or Dalitz) [309,310]. It should be emphasised that while each
method differs in the choice of D decay, they are all sensitive
to the same parameters of the B decay, and can be considered
as variations of the same technique.

Consider the case of BT — DK™, with D decaying to a
final state f, which is accessible from both D and 50 We
can write the decay rates for B~ and Bt (I'y), the charge
averaged rate [I' = (I'_ +I'4)/2) and the charge asymmetry
(A=T_-—-T4)/(T-+T4),see Eq. (104)] as

(139)
(140)

I o r123 + r;l) + 2rgrpcos (6 + SpFy),
T o r3 413 4 2rgrp cos (g + 8p) cos (¥)

2rprp sin (8g + 8p) sin (y)

A= ,
r% 413 +2rprpcos (8 + 8p) cos (y)

(141)
where the ratio of B decay amplitudes® is usually defined
to be less than one,

A(BT —> DYk
A(B+ — D K+)

rB: =

’

A(B~ — D'K™)
A(B~ — D°K™)

(142)

and the ratio of D decay amplitudes is correspondingly
defined by

rp = (143)

AD° = f)‘
AD’ = |

The relation between B~ and BT amplitudes given in
Eq. (142) is a result of their being only one weak phase con-
tributing to each amplitude in the Standard Model, which is
the source of the theoretical cleanliness of this approach to
measure y [311]. The strong phase differences between the B
and D decay amplitudes are given by § g and é p, respectively.
The values of rp and §p depend on the final state f: for the
GLW analysis, rp = 1 and §p is trivial (either zero or 1); for
other modes, values of rp and § p are not trivial and for multi-
body final states they vary across the phase space. This can be
quantified either by an explicit D decay amplitude model or
by model-independent information. In the case that the multi-
body final state is treated inclusively, the formalism is modi-
fied by the inclusion of a coherence factor, usually denoted «,
while rp and 8 p become effectively parameters correspond-
ing to amplitude-weighted averages across the phase space.

Note that, for given values of rp and rp, the maximum
size of A (at sin(8g + 8p) = 1) is 2rgrp sin(y)/(rg + r3).
Thus even for D decay modes with small rp, large asym-
metries, and hence sensitivity to y, may occur for B decay
modes with similar values of rg. For this reason, the ADS
analysis of the decay BT — DxT is also of interest.

The expressions of Egs. (139)—(143) are for a specific
point in phase space, and therefore are relevant where both
B and D decays are to two-body final states. Additional
coherence factors enter the expressions when the B decay
is to a multibody final state (further discussion of multibody
D decays can be found below). In particular, experiments
have studied Bt — DK*(892)", B® - DK*(892)° and
BT — DKzt~ decays. Considering, for concreteness,
the B — DK™*(892) case, the non-negligible width of the
K*(892) resonance implies that contributions from other

28 Note that here we use the notation r to denote the ratio of B decay
amplitudes, whereas in Sect. 4.2.6 we used, e.g., Rpy, for a rather
similar quantity. The reason is that here we need to be concerned also
with D decay amplitudes, and so it is convenient to use the subscript
to denote the decaying particle. Hopefully, using r in place of R will
reduce the potential for confusion.
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B — DK decays can pass the selection requirements.
Their effect on the Q2B analysis can be accounted for with
a coherence factor [312], usually denoted «, which tends to
unity in the limit that the K *(892) resonance is the only signal
amplitude contributing in the selected region of phase space.
In this case, the hadronic parameters r g and § p become effec-
tively weighted averages across the selected phase space of
the magnitude ratio and relative strong phase between the
CKM-suppressed and -favoured amplitudes; these effective
parameters are denoted 7p and 8p (the notations ry, 85 and
rs, 85 are also found in the literature). An alternative, and
in certain cases more advantageous, approach is Dalitz plot
analysis of the full B — DK m phase space [313,314].

B — DWK® with D — CP eigenstate decays

In the GLW analysis, the measured quantities are the par-
tial rate asymmetry and the charge averaged rate, which are
measured both for CP-even and CP-odd D decays. The latter
is defined as
2 F(BJr — DCPK+)

r(B+ —D'K+)

Rcp = (144)

It is experimentally convenient to measure Rcp using a dou-
ble ratio,

I(B* — DepK+) /T(B+ — D'K)
(B — Deprt) /T (B — D'r+)

Rep = (145)

that is normalised both to the rate for the favoured D —
KT~ decay, and to the equivalent quantities for BT —
Dm™ decays (charge conjugate processes are implicitly
included in Egs. (144) and (145)). In this way the constant
of proportionality drops out of Eq. (140). Equation (145) is
exact in the limit that the contribution of the » — u decay
amplitude to BY — Dz vanishes and when the flavour-
specific rates (BT — 50h+) (h = 7, K) are determined
using appropriately flavour-specific D decays. In reality, the
decay D — K is used, leading to a small source of sys-
tematic uncertainty. The CP asymmetry is defined as

_ (B~ = DcpK™) —T'(B" — DcpK™)
" I'(B~ — DcpK~)+T(Bt — DcpK+)’

Acp
(146)

B — DWK® with D — non-CP eigenstate two-body
decays

For the ADS analysis, based on a suppressed D — f decay,
the measured quantities are again the partial rate asymme-
try, and the charge averaged rate. In this case it is suffi-
cient to measure the rate in a single ratio (normalised to the
favoured D — f decay) since potential systematic uncer-
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tainties related to detection cancel naturally; the observed
quantity is then
(B~ — [flpK )+I(B* — [flpK™)
[f]

DS = B S [ F 10K 4T (B > [f1pK )
(147)

where the inclusion of charge-conjugate modes has been
made explicit. The CP asymmetry is defined as

F(B~ = [f1IpK)-TB" = [f1pK")

(B~ = [f1IpK)+T (Bt - [ f1pK*)’
(148)

AADs =

Since the uncertainty of Aapg depends on the central value
of Raps, for some statistical treatments it is preferable to use
an alternative pair of parameters [315]

F(B~— [f1pK")
F'(B~ — [f1pK")
r. _ TB" > [fIpK™)

T T LB > [fIpkT)

R_ =

(149)

where there is no implied inclusion of charge-conjugate pro-
cesses. These parameters are statistically uncorrelated but
may be affected by common sources of systematic uncer-
tainty. We use the (Raps, Aaps) setin our compilation where
available.

In the ADS analysis, there are two additional unknowns
(rp and §p) compared to the GLW case. However, the value
of rp can be measured using decays of D mesons of known
flavour, and §p can be measured from interference effects
in decays of quantum-correlated DD pairs produced at the
¥ (3770) resonance. More generally, one needs access to two
different linear admixtures of D° and D states in order to
determine the relative phase: one such sample can be flavour
tagged D mesons, which are available in abundant quantities
in many experiments; the other can be CP-tagged D mesons
from 1 (3770) decays or could be mixed D mesons (or could
be the combination of D° and DO that is found in B — DK
decays). In fact, the most precise information on both rp
and §p currently comes from global fits on charm mixing
parameters, as discussed in Sect. 8.1.

The relation of Aaps to the underlying parameters given
in Eq. (141) and Table 25 is exact for a two-body D decay.
For multibody decays, a similar formalism can be used with
the introduction of a coherence factor [316]. This is most
appropriate for doubly-Cabibbo-suppressed decays to non-
self-conjugate final states, but can also be modified for use
with singly-Cabibbo-suppressed decays [317]. For multi-
body self-conjugate final states, such as K 2n+n_, a Dalitz
plot analysis (discussed below) is often more appropriate.
However, in certain cases where the final state can be approx-
imated as a CP eigenstate, a modified version of the GLW
formalism can be used [318]. In such cases the observables
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are denoted AggLw and RqgLw to indicate that the final state
is not a pure CP eigenstate.

B — DK™ with D — multibody final state decays

In the Dalitz plot (or GGSZ) analysis of D decays to multi-
body self-conjugate final states, once a model is assumed for
the D decay, which gives the values of rp and §p across
the Dalitz plot, it is possible to perform a simultaneous fit
to the BT and B~ samples and directly extract y, rp and
8 p. However, the uncertainties on the phases depend approx-
imately inversely on rp. Furthermore, 7 p is positive definite
and therefore tends to be overestimated (unless o (rg) <K rp),
which leads to an underestimation of the uncertainty on y that
must be corrected statistically. An alternative approach is to
extract from the data the “Cartesian” variables

(xe.y2) = Re(rpe’ **F7)) Im(rpe’ 8 *7)))

= (rpcos(8p * y),rpsin(ép £ y)). (150)

These variables tend to be statistically well-behaved, and are
therefore appropriate for combination of results. The pairs of
variables (x4 , y+) can be extracted from independent fits of
the B* data samples.

The assumption of a model for the D decay leads to a
non-negligible, and hard to quantify, source of uncertainty. To
obviate this, it is possible to use instead a model-independent
approach, in which the Dalitz plot (or, more generally, the
phase space) is binned [309,319,320]. In this case, hadronic
parameters describing the average strong phase difference
in each bin between the suppressed and favoured decay
amplitudes enter the equations. These parameters can be
determined from interference effects in decays of quantum-
correlated DD pairs produced at the ¥ (3770) resonance.
Measurements of such parameters have been made for vari-
ous different hadronic D decays by CLEO-c and BESIIL.

If a multibody decay is dominated by one CP state,
there will be additional sensitivity to y in the numbers
of events in the B* data samples. This can be taken
into account in various ways. One possibility is to per-
form a GLW-like analysis, as mentioned above. An alter-
native approach proceeds by defining z+ = x+ + iy+ and
xo = — [Re[f(s1,52) f*(s2, 51)lds1dsa, where sy, 55 are
the coordinates of invariant mass squared that define the
Dalitz plot and f is the complex amplitude for D decay as a
function of the Dalitz plot coordinates.?” The fitted parame-
ters (,0i , 0%) are then defined by
+ ,i0*

(151)

1Y =2+ — X0.

29 The x( parameter gives a model-dependent measure of the net CP
content of the final state [318,321]. It is closely related to the ¢; param-
eters of the model dependent Dalitz plot analysis [309,319,320], and
the coherence factor of inclusive ADS-type analyses [316], integrated
over the entire Dalitz plot.

Table25 Summary of relations between measured and physical param-
eters in GLW, ADS and Dalitz analyses of B — D® K® decays

GLW analysis
Rep+ 1+ ré + 2rp cos(8p) cos(y)
Acp+ +2rp sin(ép) sin(y)/Rcp +

ADS analysis

r% + rlz) + 2rprp cos(§p + p) cos(y)
AADS 2rprp sin(dp + dp) sin(y)/Raps

GGSZ Dalitz analysis (D — K +r ™)

Raps

Xt rpcos(8p £ y)
y+ rpsin(ép £ y)
Dalitz analysis (D — atn—n0)
p* |z — xol
o+ tan~! (Im(z+ )/ (Re(z+ ) — x0))

Table 26 Common inputs used in calculating the averages

©(BY) (ps) 1.520 =+ 0.004
Amg (ps™h) 0.5064 =+ 0.0019
ATy/Tq —0.002 £ 0.010
|ALIP(J/YK*) 0.209 + 0.006

Note that the yields of BT decays are proportional to
1+ (,oi )2 — (xp)2. This choice of variables has been used
by BABAR in the analysis of BY — DK™ with D —
7tr 70 [322]; for this D decay, and with the assumed
amplitude model, a value of xp = 0.850 is obtained.

The relations between the measured quantities and the
underlying parameters are summarised in Table 25. It must be
emphasised that the hadronic factors rp and § g are different,
in general, for each B decay mode.

4.3 Common inputs and error treatment

The common inputs used for rescaling are listed in Table 26.
The BP lifetime (z(B?)), mixing parameter (Amg) and rel-
ative width difference (AT';/ T'y) averages are provided by
the HFLAV Lifetimes and Oscillations subgroup (Sect. 3).
The fraction of the perpendicularly polarised component
(|AL|2) in B — J/v¥ K*(892) decays, which determines the
CP composition in these decays, is averaged from results
by BABAR [323], Belle [324], CDF [325], DO [93] and
LHCDb [326]. See also the HFLAV B to Charm Decay Param-
eters subgroup (Sect. 6).

At present, we only rescale to a common set of input
parameters for modes with reasonably small statistical errors
(b — ¢&s transitions of B® mesons). Correlated systematic
errors are taken into account in these modes as well. For
all other modes, the effect of such a procedure is currently
negligible.
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Table 27 Results and averages for Sy, zs and Cp—¢z. The result marked (*) uses “hadronic and previously unused muonic decays of the J /.
We neglect a small possible correlation of this result with the main BABAR result [331] that could be caused by reprocessing of the data

Experiment Sample size —1Sh—cés Cp—scés
BABAR [331] N(BB) = 465M 0.687 £ 0.028 £ 0.012 0.024 £ 0.020 £ 0.016
BABAR 0K [274] N(BB) =383M 0.69 + 0.52 + 0.04 £ 0.07 —0.29 933 £ 0.03 £ 0.05
BABAR J /¥ K (*) [332] N(BB) = 88M 1.56 + 0.42 + 0.21 -
Belle [333] N(BB) =712M 0.667 &+ 0.023 £ 0.012 —0.006 £ 0.016 & 0.012
B factory average 0.679 £+ 0.020 0.005 £+ 0.017
Confidence level 0.28 (1.20) 0.47 (0.50)
ALEPH [334] N(Z — hadrons) = 4M 0.84 1007 £ 0.16 -
OPAL [335] N(Z — hadrons) = 4.4M 3208 +05 -
CDF [336] [ L£dt =110 pb~! 0.79 04 -
LHCb [337] JLdt=3 fb~! 0.731 & 0.035 £ 0.020 —0.038 £ 0.032 £ 0.005
Belle 7(55) [338] [ Ldr =121 fb~! 0.57 £ 0.58 £ 0.06 -
Average 0.691 £+ 0.017 —0.004 £ 0.015

As explained in Sect. 1, we do not apply a rescaling factor Both BABAR and Belle have used the n = —1 modes

on the error of an average that has x2/dof > 1 (unlike the
procedure currently used by the PDG [327]). We provide a
confidence level of the fit so that one can know the consis-
tency of the measurements included in the average, and attach
comments in case some care needs to be taken in the inter-
pretation. Note that, in general, results obtained from data
samples with low statistics will exhibit some non-Gaussian
behaviour. We average measurements with asymmetric errors
using the PDG [327] prescription. In cases where several
measurements are correlated (e.g. Sy and Cy in measure-
ments of time-dependent CP violation in B decays to a par-
ticular CP eigenstate) we take these into account in the aver-
aging procedure if the uncertainties are sufficiently Gaussian.
For measurements where one error is given, it represents the
total error, where statistical and systematic uncertainties have
been added in quadrature. If two errors are given, the first is
statistical and the second systematic. If more than two errors
are given, the origin of the additional uncertainty will be
explained in the text.

4.4 Time-dependent asymmetries in b — ccs transitions

4.4.1 Time-dependent CP asymmetries in b — ccs decays
to CP eigenstates

In the Standard Model, the time-dependent parameters for
B decays governed by b — c¢¢s transitions are predicted to
be Spces = —nsin(2B) and Cp 5 = 0 to very good
accuracy. Deviations from this relation are currently lim-
ited to the level of < 1° on 28 [328-330]. The averages
for —nSp—cés and Cp_, s are provided in Table 27. The
averages for —nSp_ czs are shown in Fig. 12.
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J/UKY, w(28)KY, xa1 K9 and n:.K?, as well as J/y K,
which has n = +1 and J/¢K*0(892), which is found to
have 7 close to +1 based on the measurement of |A | (see
Sect. 4.3). The most recent Belle result does not use 7. K 2
or J /¢ K*0(892) decays.’® ALEPH, OPAL, CDF and LHCb
have used only the J /¥ K g final state. BABAR has also deter-
mined the CP violation parameters of the BY — XCng
decay from the time-dependent Dalitz plot analysis of the
B® — w7~ K9 mode (see Sect. 4.7.2). In addition, Belle
has performed a measurement with data accumulated at the
T (595) resonance, using the J /¢ K 2 final state — this involves
a different flavour tagging method compared to the measure-
ments performed with data accumulated at the 7" (4S) res-
onance. A breakdown of results in each charmonium-kaon
final state is given in Table 28.

It should be noted that, while the uncertainty in the aver-
age for —nSp_ .z 1is still limited by statistics, the preci-
sion for Cp_, .z is close to being dominated by the sys-
tematic uncertainty, particularly for measurements from the
ete™ B factory experiments. This occurs due to the pos-
sible effect of tag side interference [292] on the Cp_ (g5
measurement, an effect which is correlated between differ-
entete™ — T (4S) — BB experiments. Understanding of
this effect may continue to improve in future, allowing the
uncertainty to reduce.

From the average for —nS,_, s above, we obtain the fol-
lowing solutions for g (in [0, 7 ]):

B=219 £07° or B=(68.1+0.7)°. (152)

30 previous analyses from Belle did include these channels [101], but
it is not possible to obtain separate results for those modes from the
published information.
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sin(2p) = sin(2¢,)
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PRD 79 (2009):072009 :
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PRD 69 (2004):052001 :
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PLB 492, 259 (2000)
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CDF : : ; 0.79 54
PRD 61,072005 (2000) | o4
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Fig. 12 (Left) Average of measurements of Sj_, .z, interpreted as sin(28). (Right) Constraints on the (p, 77) plane, obtained from the average of
—nSp—ces and Eq. (152). Note that the solution with the smaller (larger) value of § has cos(28) > 0 (<0)

Table 28 Breakdown of B factory results on Sp_ ¢z and Cp—s ¢zs

Mode N(BB) —NSpscés Chscis

BABAR

J/Y K [331] 465M 0.657 £ 0.036 £ 0.012 0.026 =+ 0.025 £ 0.016
J/WKY [331) 465M 0.694 £ 0.061 + 0.031 —0.033 £ 0.050 £ 0.027
J/YK° [331] 465M 0.666 = 0.031 % 0.013 0.016 £ 0.023 + 0.018
V(28K [331] 465M 0.897 =+ 0.100 % 0.036 0.089 £ 0.076 + 0.020
xe1 K9 [331] 465M 0.614 =+ 0.160 % 0.040 0.129 =+ 0.109 + 0.025
K9 [331] 465M 0.925 £ 0.160 % 0.057 0.080 + 0.124 % 0.029
J/YK*0(892) [331] 465M 0.601 =+ 0.239 + 0.087 0.025 £ 0.083 + 0.054
All [331] 465M 0.687 =+ 0.028 + 0.012 0.024 =+ 0.020 + 0.016
Belle

J/VKY [333] 772M 0.670 £ 0.029 + 0.013 0.015 £ 0.021 79023
J/WKY [333] 772M 0.642 + 0.047 £ 0.021 —0.019 + 0.026 700}
Y (28)KY [333] 772M 0.738 + 0.079 + 0.036 —0.104 £ 0.055 10037
xe1 K9 [333] 772M 0.640 £ 0.117 % 0.040 0.017 + 0.083 7003¢
All [333] 772M 0.667 £ 0.023 £ 0.012 —0.006 % 0.016 £ 0.012
Averages

J/YKY 0.665 + 0.024 0.024 + 0.026

J/VK? 0.663 £ 0.041 —0.023 =+ 0.030

Y (28)K? 0.807 £ 0.067 —0.009 =+ 0.055

Xe1 K 0.632 £ 0.099 0.066 £ 0.074

In radians, these values are 8 = (0.382 £+ 0.012), 8 =
(1.189 £ 0.012).

This result gives a precise constraint on the (p, 77) plane, as
shown in Fig. 12. The measurement is in remarkable agree-
ment with other constraints from CP conserving quantities,

and with CP violation in the kaon system, in the form of the
parameter €x. Such comparisons have been performed by
various phenomenological groups, such as CKMfitter [252]
and UTFit [339] (see also Refs. [340,341]).
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Table 29 Averages from B® — J /v K*? transversity analyses

Experiment N(BB) sin2p cos2p Correlation

BABAR [345] 88M —0.10 + 0.57 £ 0.14 3.321078 £ 0.27 -0.37

Belle [324] 275M 0.24 + 0.31 £+ 0.05 0.56 £ 0.79 £ 0.11 0.22

Average 0.16 £ 0.28 1.64 + 0.62 Uncorrelated averages
Confidence level 0.61 (0.50) 0.03 (2.20)

Iy K sin(2P) = sin(2¢,)

Summer 2016

Jhy K cos(2P) = cos(2¢,)

|Summer 2016

BaBar -0.10+0.57 £ 0.14

It
PRD 71, 032005 (2005)

Belle
PRL 95 091601 (2005)

,0.24£0.31£0.05
1

+0.76

BaBar 3.32 1908 +0.27
N La) m

PRD 71, 032005 (4005)

Belle |
¥ I x
PRL 95 091601 (2005)

0.56 +0.79 £ 0.11

Average 0.16 +0.28 Average 1.64 +0.62
HFIAvV HFIAvV
-1 -08 -06 04 -02 0 02 04 06 08 1 -0 1 2 3 4

Fig. 13 Averages of (leff) sin(28) = sin(2¢) and (right) cos(28) = cos(2¢;) from time-dependent analyses of BY > J /UK *0 decays

4.4.2 Time-dependent transversity analysis of
BY — J/y K*0 decays

B meson decays to the vector-vector final state J /v K *0 are
also mediated by the b — ccs transition. When a final state
that is not flavour-specific (K*O — Kgno) is used, a time-
dependent transversity analysis can be performed allowing
sensitivity to both sin(28) and cos(28) [342]. Such analyses
have been performed by both B factory experiments. In prin-
ciple, the strong phases between the transversity amplitudes
are not uniquely determined by such an analysis, leading
to a discrete ambiguity in the sign of cos(28). The BABAR
collaboration resolves this ambiguity using the known vari-
ation [343] of the P-wave phase (fast) relative to the S-wave
phase (slow) with the invariant mass of the Kz system in
the vicinity of the K *(892) resonance. The result is in agree-
ment with the prediction from s quark helicity conservation,
and corresponds to Solution II defined by Suzuki [344]. We
include only the solutions consistent with this phase variation
in Table 29 and Fig. 13.

At present the results are dominated by large and non-
Gaussian statistical errors, and exhibit significant correla-
tions. We perform uncorrelated averages, the interpretation
of which has to be done with the greatest care. Nonetheless,
it is clear that cos(2p) > 0 is preferred by the experimental
data in J/¢Y K *0 (for example, BABAR [345] find a confi-
dence level for cos(28) > 0 of 89%).
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4.4.3 Time-dependent CP asymmetries in
B® — D**D*~ K9 decays

Both BABAR [265] and Belle [266] have performed time-
dependent analyses of the B® — D**D*’Kg decay, to
obtain information on the sign of cos(28). More information
can be found in Sect. 4.2.5. The results are given in Table 30,
and shown in Fig. 14.

From the above result and the assumption that Jg > 0,
BABAR infer that cos(28) > 0 at the 94% confidence
level [265].

4.4.4 Time-dependent analysis of BA? decays through the
b — ccs transition

As described in Sect. 4.2.3, time-dependent analysis of
decays such as B? — J /¥ ¢ probes the CP violating phase
of BY-BY oscillations, ¢;.3! The combination of results on
BY — J/¥¢ decays, including also results from BY —
J/Yrtr~ and Bf.) — D{ Dy decays, is performed by the
HFLAV Lifetimes and Oscillations subgroup, see Sect. 3.

31 We use ¢ here to denote the same quantity labelled #< in Sect. 3.
It should not be confused with the parameter ¢12 = arg[—M12/ 2],
which historically was also often referred to as ¢;.
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Table 30 Results from time-dependent analysis of B — D**D*~K 2

N(BB) Je

Experiment 7

25 sin(2B) 292 cos(2B)

BABAR [265] 230M 0.76 &+ 0.18 £ 0.07

0.10 & 0.24 £ 0.06 0.38 £ 0.24 & 0.05

Belle [266] 449M 0.60 £033 + 0.08 —0.17 + 0.42 + 0.09 —0.23109 £ 0.13
Average 0.71 £ 0.16 0.03 + 0.21 0.24 + 0.22
Confidence level 0.63 (0.50) 0.59 (0.50) 0.23 (1.20)
Jc/Jo Summer 2016 2Jsl/JO SIH(ZB) = 2JSI/JO sm(2¢1) |Summer 2016 2JSZ/J0 COS(ZB) = 2JSZ/J0 c()S(Zq)l) |Summer 2016

BaBar N N . 0.76 £ 0.18 £ 0.07 BaBar . N , 0.10+£0.24+0.06 BaBar . , 0.38+024+0.05

PRD 74, 091101 (2008) . PRD 74, 091101 (2006) | ) ' PRD 74, 091101 (2006) ' ) )

Belle ® | 0.60 "033 +0.08 Belle | ' -0.17 £0.42 + 0.09 Belle N 0.23%043+0.13

PRD 76, 072004 (2007 1 : PRD 76, 072004 (2007) ‘ PRD 76, 072004 (2007) £

Average 0.71+0.16 Average 0.03+0.21 Average 0.24+0.22

HFIAV HFIAV HFIAV

0.2 0.4 0.6 0.8 1 1.2 -1 -08 -06 -04 -02 02 04 06 08 -1 -08 -06 04 02 0 02 04 06 08

Fig. 14 Averages of (left) (J./Jo), (middle) (2Js1/Jo) sin(2B) and (right) (2J52/Jo) cos(28) from time-dependent analyses of BY — D*tp*- Kg

decays

Table 31 Results from analyses of B® — D® 10 D — CP eigenstates decays

Experiment N(BB) Scp

Ccp Correlation

BABAR and Belle [349] 1243M

0.66 £ 0.10 £ 0.06

—0.02 &£ 0.07 £ 0.03 —0.05

4.5 Time-dependent CP asymmetries in colour-suppressed
b — cud transitions

4.5.1 Time-dependent CP asymmetries: b — cud decays
to CP eigenstates

Decays of B mesons to final states such as Dr¥ are governed
by b — cud transitions. If the final state is a CP eigenstate,
e.g. DCPJTO, the usual time-dependence formulae are recov-
ered, with the sine coefficient sensitive to sin(2). Since there
is no penguin contribution to these decays, there is even less
associated theoretical uncertainty than for b — ccs decays
suchas B — J/y Kg. Such measurements therefore allow
to test the Standard Model prediction that the CP violation
parameters in b — cud transitions are the same as those in
b — ccs [346]. Although there is an additional contribution
from CKM suppressed b — ucd amplitudes, which have
a different weak phase compared to the leading b — cud
transition, the effect is small and can be taken into account
in the analysis [347,348].

Results are available from a joint analysis of BABAR and
Belle data [349]. The following CP-even final states are
included: Dr® and Dn with D — K97 and D — Kw;
Do with D — K{7% D*z% and D*n with D* — Dx"

and D — KTK~. The following CP-odd final states are
included: Dr?, Dnand Do with D — KTK~, D*70 and
D*n with D* — Dz®and D — K9n° All B — D®pn°
decays are analysed together, taking into account the differ-
ent CP factors (denoted Dg}zho). The results are summarised
in Table 31.

4.5.2 Time-dependent Dalitz plot analyses of b — cud
decays

When multibody D decays, suchas D — K 2n+n ~areused,
a time-dependent analysis of the Dalitz plot of the neutral D
decay allows for a direct determination of the weak phase 2.
(Equivalently, both sin(28) and cos(28) can be measured.)
This information can be used to resolve the ambiguity in the
measurement of 28 from sin(28) [350].

Results of such analyses are available from both Belle [260]
and BABAR [261]. The decays B — Dr% B — Dn,
B — Dw, B — D*7%and B — D*n are used. (This col-
lection of states is denoted by D™ A°.) The daughter decays
are D* — Dn%and D — Kgnﬂ'r’. The results are given
in Table 32, and shown in Fig. 15. Note that BABAR quote
uncertainties due to the D decay model separately from other
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Table 32 Averages from B — D®h% D — KgnJrn* analyses

Experiment N(BB) sin2f cos2f |A]

Model dependent
BABAR [261] 383M 0.29 £+ 0.34 £ 0.03 + 0.05 0.42 + 0.49 £+ 0.09 £ 0.13 1.01 £ 0.08 £ 0.02
Belle [260] 386M 0.78 £ 0.44 + 0.22 1.87 7080 023 -
Average 0.45 + 0.28 1.01 + 0.40 1.01 £ 0.08
Confidence level 0.59 (0.50) 0.12 (1.60) -

Model independent
Belle [262] 772M 0.43 + 0.27 £ 0.08 1.06 & 0.33 1921 -

—0.15

b—cud sin(2f) = sin(2¢,)

%

b i World Average 0.69 +0.02
—CCS } HFLAV (Summer 2016) :
- : BaBar+Belle i 0.66+0.10 +0.06
= | PRL115(2015) 121604 :
o H
o i Average 0.66+0.12
i HFLAV
.+ BaBar . 0.29+0.34+0.03 +0.05
S | PRL99(2007) 231802 b :
+: : Belle < © 0.78+0.4440.22
& | PRLY7 (2006) 081801 ; '
A i Averdge 0.45+0.28
! HFLA :
-0.2 0 0.2 0.4 0.6 0.8 1 1.2

D*n’ cos(2pB) = cos(20,)

Summer 2016

42 +0.49+0.09+0.13

o
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L x
PRL 9D (2007) 23180
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Fig. 15 Averages of (left) sin(28) and (right) cos(28) measured in colour-suppressed b — cud transitions

systematic errors as a third source of uncertainty, while Belle
do not.

Again, it is clear that the data prefer cos(28) > 0. Indeed,
Belle [260] determine the sign of cos(2¢;) to be positive
at 98.3% confidence level, while BABAR [261] favour the
solution of B with cos(28) > 0 at 87% confidence level.
Note, however, that the Belle measurement has strongly
non-Gaussian behaviour. Therefore, we perform uncorre-
lated averages, from which any interpretation has to be done
with the greatest care.

A model-independent time-dependent analysis of B® —
DO decays, with D — K (S)n+n ~,has been performed by
Belle [262]. The decays B — D70 BY — Dn,BO — D7/,
B - Dw, B® - D*7% and BY — D*n are used. The
results are also included in Table 32. From these results,
Belle disfavour the solution with the value of sin(2¢7) from
b — ccs transitions but a negative value for cos(2¢1), at
5.1 o significance. The solution with the b — ccs value of
sin(2¢1) and positive cos(2¢1) is consistent with the data
at the level of 1.3 0. Note that due to the strong statisti-
cal and systematic correlations, model-dependent results and
model-independent results from the same experiment cannot
be combined.
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4.6 Time-dependent CP asymmetries in b — ccd
transitions

The transition b — ccd can occur via either a b — c tree or
a b — d penguin amplitude. The flavour changing neutral
current b — d penguin can be mediated by any up-type
quark in the loop, and hence the amplitude can be written as

Ap—sa = FuVu Vi + F Ve Vi + FiVip V)

= (Fu - Fc)VubV:d + (Ft - Fc)th ;:17 (153)

where F), ., describe all factors except CKM suppression
entering each quark loop diagram. In the last line, both terms
are O(13), soit can be seen that the b — d penguin amplitude
contains terms with different weak phases at the same order
of CKM suppression.

In the above, we have chosen to eliminate the F, term
using unitarity. However, we could equally well write

Apsa = (Fu — F)Vup Vg + (Fe — F) Ve Vi
= (Fe — F)Vear Vg + (Fr — F) Vi V.
(154)
Since the b — ccd tree amplitude has the weak phase of
Vep V3, either of the above expressions allow the penguin
amplitude to be decomposed into a part with weak phase the
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Table 33 Averages for the b — c&d modes, B — J/¢7° and D* D~

Experiment Sample size Scp Ccp Correlation
J /0

BABAR [353] N(BB) = 466M —1.23 4+ 0.21 + 0.04 —0.20 + 0.19 + 0.03 0.20

Belle [354] N(BB) =535M —0.65 &+ 0.21 + 0.05 —0.08 & 0.16 + 0.05 —0.10
Average —0.93 + 0.15 —0.10 + 0.13 0.04
Confidence level 0.15 (1.40)

DD~

BABAR [259] N(BB) = 46TM —0.65 & 0.36 + 0.05 —0.07 + 0.23 + 0.03 —0.01

Belle [287] N(BB) =772M —1.06 701} £ 0.08 —0.43 £ 0.16 £ 0.05 —0.12

LHCb [355] [Ldt =37 ~0.54 1017 £+ 0.05 0.26 7015 + 0.02 0.48
Average —0.84 £ 0.12 —0.13 £ 0.10 0.18
Confidence level 0.027 (2.20)

Table 34 Averages for the b — c&d modes, J /¢ p°, D** D*~ and D** DF

Experiment N(BB) Scp Ccp Ry

J/¥p°

LHCb [258] 3fb! —0.66 713 099 —0.06 + 0.06 7002 0.198 =+ 0.017
D*+D*7

BABAR [259] 467TM —0.70 & 0.16 + 0.03 0.05 £ 0.09 + 0.02 0.17 & 0.03
BABAR part. rec. [356] 471M —0.49 £ 0.18 + 0.07 £ 0.04 0.15 & 0.09 + 0.04 -

Belle [352] 772M —0.79 £ 0.13 + 0.03 —0.15 & 0.08 + 0.02 0.14 + 0.02 & 0.01
Average —0.71 £ 0.09 —0.01 £ 0.05 0.15 £ 0.02
Confidence level 0.72 (0.40)

Experiment N(BB) Scp+ Cepy Scp— Cep— Ry
D*+D*—

BABAR [259] 467M  —0.76 £ 0.16 & 0.04  0.02 + 0.12 £ 0.02 —1.81 £0.71 £ 0.16  0.41 + 0.50 £ 0.08  0.15 % 0.03
Experiment  N(BB) S c AS AC A

D** D¥

BABAR [259] 467TM  —0.68 £ 0.15 = 0.04 0.04 £ 0.12 &+ 0.03

Belle [287] 772M  —0.78 &+ 0.15 £ 0.05 —-0.01 £+ 0.11 + 0.04
Average —0.73 £ 0.11 0.01 + 0.09
Confidence level 0.65 (0.50) 0.77 (0.30)

0.05 + 0.15 £ 0.02  0.04 + 0.12 & 0.03
—0.13 £ 0.15 £ 0.04 0.12 = 0.11 £ 0.03
—0.04 £ 0.11 0.08 + 0.08
0.41 (0.80) 0.63 (0.50)

0.01 + 0.05 & 0.01
0.06 + 0.05 % 0.02
0.03 + 0.04
0.48 (0.70)

same as the tree amplitude and another part with a differ-
ent weak phase, which can be chosen to be either 8 or y.
The choice of parametrisation cannot, of course, affect the
physics [351]. In any case, if the tree amplitude dominates,
there is little sensitivity to any phase other than that from
BB’ mixing.

The b — ccd transitions can be investigated with studies
of various different final states. Results are available from
both BABAR and Belle using the final states J/ lpno, DtD—,
D*t D*~ and D** D¥, and from LHCb using the final states
J/yp° and DT D~ the averages of these results are given
in Tables 33 and 34. The results using the CP eigenstate

(n = +1) modes J/¥ 7% and DT D~ are shown in Fig. 16
and Fig. 17 respectively, with two-dimensional constraints
shown in Fig. 18.

Results for the vector-vector mode J /v 0" are obtained
from a full time-dependent amplitude analysis of B —
J/yrta~ decays. LHCb [258] find a J /v p° fit fraction
of 65.6 £ 1.9% and a longitudinal polarisation fraction of
56.7 £ 1.8% (uncertainties are statistical only; both results
are consistent with those from a time-integrated ampli-
tude analysis [267] where systematic uncertainties were
also evaluated). Fits are performed to obtain 28T in the
cases that all transversity amplitudes are assumed to have
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Fig. 18 Averages of twob — ccd dominated channels, for which correlated averages are performed, in the Scp vs. Ccp plane. (Left) B — J/yn®

and (right) B — Dt D~

the same CP violation parameter. A separate fit is per-
formed allowing different parameters. The results in the
former case are presented in terms of Scp and Ccp in
Table 34.

@ Springer

The vector-vector mode D**D*~ is found to be domi-
nated by the CP-even longitudinally polarised component;
BABAR measures a CP-odd fraction of 0.158 + 0.028 +
0.006 [259] while Belle measures a CP-odd fraction of
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Fig. 20 Averages of (left) —nSp—ceq4 interpreted as sin(Zﬂeff) and (right) Cp—czq- The —nSp— ccq figure compares the results to the world average

or —nSp—cés (see Sect. 4.4.1)

0.138 £ 0.024 £ 0.006 [352]. These values, listed as R,
are included in the averages, which ensures that the corre-
lations are taken into account.’> BABAR has also performed
an additional fit in which the CP-even and CP-odd compo-
nents are allowed to have different CP violation parameters
S and C. These results are included in Table 34. Results using
D** D*~ are shown in Fig. 19.

As discussed in Sect. 4.2.6, the most recent papers on the
non-CP eigenstate mode D** DF usethe (A, S, AS, C, AC)
set of parameters, and we therefore perform the averages with
this choice.

32 Note that the BABAR value given in Table 34 differs from the value
quoted here, since that in the table is not corrected for efficiency.

In the absence of the penguin contribution (tree domi-
nance), the time-dependent parameters would be given by
Sh—céa = —nsin(2p), Cp—cea = 0, S4— = sin(2 + 9),
S_+ =sin2B —3), Cy— = —C_; and A = 0, where
8 is the strong phase difference between the D*T D~ and
D*~ D™ decay amplitudes. In the presence of the penguin
contribution, there is no clean interpretation in terms of CKM
parameters; however, direct CP violation may be observed
through any of Cp_czq #0,C4— # —C_ or Ay_ #0.

The averages for the b — ccd modes are shown in
Figs. 20 and 21. Results are consistent with tree dominance,
and with the Standard Model, though the Belle results in
B? — Dt D~ [357] show an indication of CP violation in
decay, and hence a non-zero penguin contribution. The aver-
age of Sp_czq in each of the J/y 7%, DT D~ and D** D*~
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Fig. 21 Compilation of constraints in the —nSp,—_,.z4, interpreted as
sin(28%), vs. Cpycza plane

final states is more than 50 from zero, corresponding to
observations of CP violation in these decay channels. Possi-
ble non-Gaussian effects due to some of the inputs measure-
ments being outside the physical region (S%P +C %P <1
should, however, be borne in mind.

4.6.1 Time-dependent CP asymmetries in Bg decays
mediated by b — ccd transitions

Time-dependent CP asymmetries in B? decays mediated by
b — céd transitions provide a determination of 28 where
possible effects from penguin amplitudes may cause a shift
from the value of 28, seen in b — ccs transitions. Results
in the b — ccd case, with larger penguin effects, can be
used together with flavour symmetries to derive limits on
the possible size of penguin effects in the b — ccs transi-
tions [358,359].

The parameters have been measured in B? —- J/YK (S)
decays by LHCb, as summarised in Table 35. The results
supersede an earlier measurement of the effective lifetime,
which is directly related to AAT | in the same mode [127],
which is discussed in Sect. 3.

4.7 Time-dependent CP asymmetries in charmless
b — ggs transitions

Similarly to Eq. (153), the » — s penguin amplitude can be
written as

@ Springer

Ah»s = FuVuqu*s + FchbV*cs + FtthV;;

= (Fu = FVup Vs + (Fr = Fo)Vip V5, (155)
using the unitarity of the CKM matrix to eliminate the F,
term. In this case, the first term in the last line is O(A%)
while the second is (’)(AZ). Therefore, in the Standard Model,
this amplitude is dominated by Vi, V%, and to within a
few degrees (|88°| = BT — B| < 2° for B ~ 20°)
the time-dependent parameters can be written> Sp—sqgs ~
—nsin(2B), Cp—q4gs ~ 0, assuming b — s penguin contri-
butions only (¢ = u, d, ).

Due to the suppression of the Standard Model amplitude,
contributions of additional diagrams from physics beyond the
Standard Model, with heavy virtual particles in the penguin
loops, may have observable effects. In general, these contri-
butions will affect the values of Sy, 455 and Cp_ 475. A dis-
crepancy between the values of Sp_ c¢; and S, 455 can there-
fore provide a clean indication of new physics [346,361-
363].

However, there is an additional consideration to take into
account. The above argument assumes that only the b — s
penguin contributes to the b — ¢ggs transition. For ¢ = s
this is a good assumption, which neglects only rescattering
effects. However, for ¢ = u there is a colour-suppressed
b — u tree diagram (of order O(1*)), which has a different
weak (and possibly strong) phase. In the case ¢ = d, any light
neutral meson that is formed from dd also has a uii compo-
nent, and so again there is “tree pollution”. The B decays to
7K 2, 0K (S) andwkK (S) belong to this category. The mesons ¢,
fo and n’ are expected to have predominant s5 composition,
which reduces the relative size of the possible tree pollution.
If the inclusive decay B — KTK~K° (excluding ¢K©)
is dominated by a nonresonant three-body transition, an
Okubo—Zweig—lizuka-suppressed [364-366] tree-level dia-
gram can occur through insertion of an ss pair. The corre-
sponding penguin-type transition proceeds via insertion of a
uu pair, which is expected to be favoured over the ss inser-
tion by fragmentation models. Neglecting rescattering, the

final state K Ofo K9 (reconstructed as K 2 K 2 K 2) has no tree
pollution [367]. Various estimates, using different theoretical
approaches, of the values of AS = S, ;55 — Sp—s cs €Xistin
the literature [368-381]. In general, there is agreement that
the modes ¢K°, n’ K and Kofo K are the cleanest, with
values of |A S| at or below the few percent level (AS is usu-
ally predicted to be positive). Nonetheless, the uncertainty is
sufficient that interpretation is given in terms of sin(Z,B"ff).

33 The presence of a small (O(A\2)) weak phase in the dominant
amplitude of the s penguin decays introduces a phase shift given by
Sp—qgs = —nsin(2B)(1 + A). Using the CKMfitter results for the
Wolfenstein parameters [252], one finds A =~ 0.033, which corresponds
to a shift of 28 of +2.1°. Nonperturbative contributions can alter this
result.
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Table 35 Measurements of CP violation parameters from BE — J/YK g

Experiment f L dt Scp

CCP AAF

0.49 1977 + 0.06

-1
3o ~0.65

LHCb [360]

—0.28 &£ 0.41 £ 0.08 —0.08 & 0.40 £ 0.08

4.7.1 Time-dependent CP asymmetries: b — qqs decays
to CP eigenstates

The averages for —1Sp 435 and Cp_, 455 can be found in
Tables 36 and 37, and are shown in Figs. 22, 23 and 24.
Results from both BABAR and Belle are averaged for the
modes 7’ K° (K indicates that both Kg and K? are used)
KIKIK), nK)andwK{.3* ResultsonpKJand K"K~ K
(implicitly excluding ¢ K 2 and foK g) are taken from time-
dependent Dalitz plot analyses of KTK ’Kg; results on
p°KY, fK2, fxK9 and 7T~ K9 nonresonant are taken
from time-dependent Dalitz plot analyses of 777~ K g (see
Sect. 4.7.2). The results on foK (s) are from combinations of
both Dalitz plot analyses. BABAR has also presented results
with the final states ]TOJTOKg and qbK(S)JTO.

Of these final states, ¢K0, n’KO, T[OKg, png, a)Kg and
fng have CP eigenvalue n = —1, while oKV, n'KY,
K(S)K(S)K(S), foK(S), ng(S), foO,]TOTL’OKg andn+n_K(S) non-
resonant have = +1. The final state KT K~ K (S) (withgp K (S)
and foK (S) implicitly excluded) is not a CP eigenstate, but
the CP-content can be absorbed in the amplitude analysis
to allow the determination of a single effective S parameter.
(In earlier analyses of the K + K~ K" final state, its CP com-
position was determined using an isospin argument [383]
and a moments analysis [384].) Throughout this section,
fo = fo(980) and f> = f>(1270). Details of the assumed
lineshapes of these states, and of the fx (which is taken to
have even spin), can be found in the relevant experimental
papers [270,271,274,275].

The final state ¢Kgrr0 is also not a CP eigenstate but its
CP-composition can be determined from an angular analy-
sis. Since the parameters are common to the B® — ¢)K27r0
and B — ¢K*+7~ decays (because only K7 resonances
contribute), BABAR perform a simultaneous analysis of the
two final states [391] (see Sect. 4.7.3).

It must be noted that Q2B parameters extracted from
Dalitz plot analyses are constrained to lie within the physical
boundary (S%P + C%P < 1) and consequently the obtained
errors are highly non-Gaussian when the central value is close
to the boundary. This is particularly evident in the BABAR
results for B — fyK? with fy — w7~ [274]. These
results must be treated with extreme caution.

34 Belle [382] include the nng final state together with nng in order
to improve the constraint on the parameter of CP violation in decay;
these events cannot be used for time-dependent analysis.

As explained above, each of the modes listed in Tables 36
and 37 has potentially different subleading contributions
within the Standard Model, and thus each may have a dif-
ferent value of —nSp_,45s. Therefore, there is no strong
motivation to make a combined average over the differ-
ent modes. We refer to such an average as a “naive s-
penguin average”. It is naive not only because the theoreti-
cal uncertainties are neglected, but also since possible cor-
relations of systematic effects between different modes are
not included. In spite of these caveats there remains inter-
est in the value of this quantity and therefore it is given
here: (—1Sp— 4gs) = 0.655 £ 0.032, with confidence level
0.77 (0.30). This value is in agreement with the average
—nSp—ces given in Sect. 4.4.1. (The average for Cp_ 4gs
is (Cp—gqgs) = —0.006 & 0.026 with confidence level
0.53 (0.60).)

From Table 36 it may be noted that the averages for
—1Spqgs in K, 'KO, foK and KT K~ K? are all now
more than 50 away from zero, so that CP violation in these
modes can be considered well established. There is no evi-
dence (above 2¢) for CP violation in any b — ¢gs decay.

4.7.2 Time-dependent Dalitz plot analyses:
B® > KTK~K°%and B® - ntn~ K

As mentioned in Sect. 4.2.5 and above, both BABAR and
Belle have performed time-dependent Dalitz plot analysis
of B > KTK K% and B — nt7~K{ decays. The
results are summarised in Tables 38 and 39. Averages for
the BY — fng decay, which contributes to both Dalitz
plots, are shown in Fig. 25. Results are presented in terms of
the effective weak phase (from mixing and decay) difference
BT and the parameter of CP violation in decay A (A =
—C) for each of the resonant contributions. Note that Dalitz
plot analyses, including all those included in these averages,
often suffer from ambiguous solutions — we quote the results
corresponding to those presented as solution 1 in all cases.
Results on flavour specific amplitudes that may contribute
to these Dalitz plots (such as K** ™) are averaged by the
HFLAV Rare Decays subgroup (Sect. 7).

For the B® — K+tK—K© decay, both BABAR and Belle
measure the CP violation parameters for the $K°, foK°
and “other KT K~ K9 amplitudes, where the latter includes
all remaining resonant and nonresonant contributions to the
charmless three-body decay. For the B — nt7~ K 2 decay,
BABAR reports CP violation parameters for all of the CP
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Table 36 Averages of —nSp_ 445 and Cj_,45s. Where a third source of uncertainty is given, it is due to model uncertainties arising in Dalitz plot

analyses
Experiment N(BB) —NSh—qgs Cp—sqgs Correlation
¢K"
BABAR [271] 470M 0.66 + 0.17 % 0.07 0.05 + 0.18 + 0.05 -
Belle [270] 657M 0.90 0% —0.04 £ 0.20 £ 0.10 £ 0.02 -
Average 0.74 fgi% 0.01 £0.14 Uncorrelated averages
n/KO
BABAR [385] 467M 0.57 £ 0.08 % 0.02 —0.08 £ 0.06 £ 0.02 0.03
Belle [386] 772M 0.68 =+ 0.07 £ 0.03 —0.03 + 0.05 £ 0.03 0.03
Average 0.63 £ 0.06 —0.05 + 0.04 0.02
Confidence level 0.53 (0.60)
020 50
KIKOKY
BABAR [387] 468M 0.94 192} + 0.06 —0.17 & 0.18 & 0.04 0.16
Belle [388] 535M 0.30 £ 0.32 + 0.08 —0.31 + 0.20 £ 0.07 -
Average 0.72 £ 0.19 —0.24 £ 0.14 0.09
Confidence level 0.26 (1.10)
7K0
BABAR [385] 467M 0.55 + 0.20 + 0.03 0.13 £ 0.13 £ 0.03 0.06
Belle [382] 657M 0.67 + 0.31 & 0.08 —0.14 £ 0.13 £ 0.06 —0.04
Average 0.57 £ 0.17 0.01 + 0.10 0.02
Confidence level 0.37 (0.90)
p'K§
BABAR [274] 383M 0.35703% £ 0.06 £ 0.03 —0.05 £ 0.26 £ 0.10 £ 0.03 -
Belle [275] 657TM 0.64 032 £ 0.09 + 0.10 —0.037923 £ 0.11 £ 0.10 -
Average 0.54 fg:;f —0.06 + 0.20 Uncorrelated averages
ng
BABAR [385] 467M 0.55 935 + 0.02 0527022 £+ 0.03 0.03
Belle [389] 772M 0.91 + 0.32 £+ 0.05 0.36 £ 0.19 £ 0.05 —0.00
Average 0.71 £ 0.21 —0.04 £ 0.14 0.01
Confidence level 0.007 (2.70)
Jok?®
BABAR [271,274] - 0.74 012 0.15 £ 0.16 -
Belle [270,275] - 0.63 015 0.13 + 0.17 -
Average 0.69 fg:}g 0.14 £ 0.12 Uncorrelated averages
K
BABAR [274] 383M 0.48 + 0.52 % 0.06 £ 0.10 0.28 703> + 0.08 + 0.07 -
fxK?
BABAR [274] 383M 0.20 £ 0.52 % 0.07 £ 0.07 0.137532 £ 0.04 £ 0.09 -

eigenstate components in the Dalitz plot model (p° K (S), foK?,
HK 0 fxK 2 and nonresonant decays; see Sect. 4.2.5), while
Belle reports the CP violation parameters for only the p° K (S)
and foK (S) amplitudes, although the used Dalitz plot model

is rather similar.
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4.7.3 Time-dependent analyses of B® — ¢K grro

The final state in the decay B? — q‘)K(S)nO is a mixture
of CP-even and CP-odd amplitudes. However, since only
»K*0 resonant states contribute (in particular, ¢ K**(892),
¢K(’)*0(1430) and ¢K5‘0(1430) are seen), the composition
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Table 37 Averages of —1Sy_, 455 and Cp_, 435 (continued). Where a third source of uncertainty is given, it is due to model uncertainties arising in

Dalitz plot analyses

Experiment N(BB) —N8h—qgs Cp—qgs Correlation
nonoK(S)

BABAR [390] 227TM —0.72 £ 0.71 £ 0.08 0.23 & 0.52 + 0.13 —0.02

K 2n®

BABAR [391] 465M 0.97 109 —0.20 + 0.14 £ 0.06 -

ntn K 2 nonresonant

BABAR [274] 383M 0.01 £ 0.31 £ 0.05 £+ 0.09 0.01 £ 0.25 £ 0.06 £+ 0.05 -

KYK—K°

BABAR [271] 470M 0.65 £ 0.12 &+ 0.03 0.02 £ 0.09 £ 0.03 -

Belle [270] 657M 0.76 *018 0.14 £ 0.11 % 0.08 + 0.03 -

Average 0.68 fg:?g 0.06 £ 0.08 Uncorrelated averages

can be determined from the analysis of B — ¢K*tm~
decays, assuming only that the ratio of branching fractions
B(K*0 — Kgno)/B(K*O — K™Tm ™) is the same for each
excited kaon state.

BABAR [391] has performed a simultaneous analysis of
B — qngnO and B — ¢KTn~ decays that is time-
dependent for the former mode and time-integrated for the
latter. Such an analysis allows, in principle, all parameters of
the B — ¢ K** system to be determined, including mixing-
induced CP violation effects. The latter is determined to
be Aggp = 0.28 + 0.42 £ 0.04, where A¢qo is half the

weak phase difference between B® and B’ decays to the
¢K(’)*0(1430) final state. As discussed above, this can also
be presented in terms of the Q2B parameter sin(Z,B&f)f) =
sin(28 + 2A¢p0) = 0.97 fg:gg. The highly asymmetric
uncertainty arises due to the conversion from the phase to the
sine of the phase, and the proximity of the physical boundary.
Similar sin(28¢™) parameters can be defined for each of
the helicity amplitudes for both ¢ K **(892) and ¢ K 3°(1430).
However, the relative phases between these decays are con-
strained due to the nature of the simultaneous analysis of
B — ¢Kk9n% and B — ¢K 7™, decays and therefore
these measurements are highly correlated. Instead of quot-
ing all these results, BABAR provide an illustration of their
measurements with the following differences:

sin(2B — 2A801) — sin(2B) = —0.42 1039, (156)
sin(2f — 2A¢y1) — sin2f) = —0.32 7932, (157)
sin2f — 2A¢11) — sin(28) = —0.30 7033, (158)

sin(2B — 2A¢ 1) — sin(28 — 2A¢y1) = 0.02 + 0.23,
(159)

sin(2B — 2A802) — sin(2f) = —0.10 7028, (160)

where the first subscript indicates the helicity amplitude and
the second indicates the spin of the kaon resonance. For the

complete definitions of the A§ and A¢ parameters, please
refer to the BABAR paper [391].

Parameters of CP violation in decay for each of the con-
tributing helicity amplitudes can also be measured. Again,
these are determined from a simultaneous fit of BY —
¢>K(S)n0 and B — ¢KTn~ decays, with the precision
being dominated by the statistics of the latter mode. Mea-
surements of CP violation in decay, obtained from decay-
time-integrated analyses, are tabulated by the HFLAV Rare
Decays subgroup (Sect. 7).

4.7.4 Time-dependent CP asymmetries in B‘? — KTK~

The decay B — KK~ involvesab — uiis transition, and
hence has both penguin and tree contributions. Both mixing-
induced and CP violation in decay effects may arise, and
additional input is needed to disentangle the contributions
and determine y and ,Bseff. For example, the observables in
BY — 7t~ can be related using U-spin, as proposed in
Refs. [392,393].

The observables are Anix = Scp, Adir = —Ccp, and
Aar. They can all be treated as free parameters, but are phys-
ically constrained to satisfy ArzniX + Aﬁir + A2Ar = 1. Note
that the untagged decay distribution, from which an “effec-
tive lifetime” can be measured, retains sensitivity to Aar;
measurements of the Bs0 — KT K~ effective lifetime have
been made by LHCb [104, 125]. Compilations and averages
of effective lifetimes are performed by the HFLAV Lifetimes
and Oscillations subgroup, see Sect. 3.

The observables in B — K* K~ have been measured
by LHCb [394], who do not impose the constraint mentioned
above to eliminate Aar. The results are shown in Table 40,
and correspond to evidence for CP violation both in the inter-
ference between mixing and decay, and in the B? — KTK~
decay.
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Fig. 22 (Top) Averages of (left) —nSp—43s. interpreted as sin(28°ff
and (right) Cp 4gs- The —nSp 445 figure compares the results to the
world average for —nS,_, czs (see Sect. 4.4.1). (Bottom) Same, but only

Interpretations of an earlier set of results [395], in terms
of constraints on y and 28, have been separately published

by LHCb [243].
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averages for each mode are shown. More figures are available from the
HFLAV web pages

4.7.5 Time-dependent CP asymmetries in B? — PP

The decay B? — ¢¢ involves a b — s5s transition, and
hence is a “pure penguin” mode (in the limit that the ¢ meson
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Fig. 23 Averages of four 0 @ I 5,0 @
b — ggs dominated channels, Cep oK SCP v§ CCP Summer 2016 Cep nK SCP Vs CCP Summer 2016
for which correlated averages T T T T T T T — T
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Ccp plane, where Scp has been 4 bele L 4 bele
. B  Average 0.2 B Average
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is considered a pure s5 state). Since the mixing phase and the
decay phase are expected to cancel in the Standard Model,
the prediction for the phase from the interference of mixing
and decay is predicted to be ¢5(¢p¢p) = 0 with low uncer-
tainty [396]. Due to the vector-vector nature of the final state,
angular analysis is needed to separate the CP-even and CP-
odd contributions. Such an analysis also makes it possible to
fit directly for ¢5(¢p¢p).

A constraint on ¢ (¢¢) has been obtained by LHCD using
3.0fb~! of data [397]. The result is os(pdp) = —0.17 £+
0.15 £ 0.03 rad where the first uncertainty is statistical and
the second is systematic.

4.8 Time-dependent CP asymmetries in b — gqd
transitions

Decays such as B® — KgKg are pure b — ggd penguin
transitions. As shown in Eq. (153), this diagram has different
contributing weak phases, and therefore the observables are

Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof

sensitive to their difference (which can be chosen to be either
B or y). Note that if the contribution with the top quark in
the loop dominates, the weak phase from the decay ampli-
tudes should cancel that from mixing, so that no CP violation
(neither mixing-induced nor in decay) occurs. Non-zero con-
tributions from loops with intermediate up and charm quarks
can result in both types of effect (as usual, a strong phase
difference is required for CP violation in decay to occur).

Both BABAR [398] and Belle [399] have performed time-
dependent analyses of B” — K 2[( g decays. The results are
given in Table 41 and shown in Fig. 26.

4.9 Time-dependent asymmetries in b — sy transitions

The radiative decays b — sy produce photons which are
highly polarised in the Standard Model. The decays B? —

Fy and B S F y produce photons with opposite helicities,
and since the polarisation is, in principle, observable, these
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Fig. 24 Compilation of constraints in the —1Sp—.4gs, interpreted as
sin(2B°M), vs. Cp—4gs plane

—030+£029+£0.11£0.09 249+64+21+25

—0.28 +£0.24 £ 0.09
—0.29+0.20

0.93 (0.10)

final states cannot interfere. The finite mass of the s quark
introduces small corrections to the limit of maximum polari-
sation, but any large mixing-induced CP violation would be a
signal for new physics. Since a single weak phase dominates
the b — sy transition in the Standard Model, the cosine term
is also expected to be small.

Atwood et al. [298] have shown that an inclusive analy-
sis of K (S)noy can be performed, since the properties of the
decay amplitudes are independent of the angular momen-
tum of the K 2710 system. However, if non-dipole operators
contribute significantly to the amplitudes, then the Standard
Model mixing-induced CP violation could be larger than
the naive expectation § >~ —2(mg/my) sin (28) [299,300].
In this case, the CP parameters may vary over the K 2710)/
Dalitz plot, for example as a function of the K 27(0 invariant
mass.

With the above in mind, we quote two averages: one for
K*(892) candidates only, and the other one for the inclu-
sive K 97% decay (including the K *(892)). If the Standard
Model dipole operator is dominant, both should give the same
quantities (the latter naturally with smaller statistical error).
If not, care needs to be taken in interpretation of the inclu-
sive parameters, while the results on the K*(892) resonance
remain relatively clean. Results from BABAR and Belle are
used for both averages; both experiments use the invariant
mass range 0.60 < ngﬂo < 1.80 GeV/c? in the inclusive
analysis.

18+6+4
31.3£9.0+£3.4+4.0

fok?
ﬂeff ©)
22+6

—0.05+£0.18 £0.05

—0.01 +0.14

322+£90+£26+14 0.04+£020+£0.10£0.02

0
9Ky
,Beff ©)
21+£6+2
24+ 5

Experiment N(BB)
470M
657M

[270]
Average

Table 38 Results from time-dependent Dalitz plot analyses of the B — K+ K~ K decay. Correlations (not shown) are taken into account in the average

Confidence level

BABAR
[271]
Belle
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§. § o In addition to the K 2710)/ decay, both BABAR and Belle
HoH P 8 have presented results using the K 2 py mode, while BABAR
S5 H : (Belle) has in addition presented results using the Kgr;y
: : 2 « (K2¢y) channel. For the K0py case, due to the non-
o= H S negligible width of the p° meson, decays selected as B® —
S S o b :" K (S) oy caninclude a significant contribution from K ** 7 Fy
i ﬁ i %j Z:E ZF decays, which are flavour-specific and do not have the same
2232 S Q oscillation phenomenology. Both BABAR and Belle mea-
sl = < e sure Serr for all B decay candidates with the ,00 selec-
tion being 0.6 < m(ztm~) < 0.9 GeV/c?, obtaining
0.14 £ 0.25 9% (BABAR) and 0.09 + 0.27 7007 (Belle).
Y o o = These values are then corrected for a “dilution factor”, that
% IR a < is evaluated with different methods in the two experiments:
g} . .
9 H o H H BABAR [400,401] obtains a dilution factor of —0.78 4:0.19
= H ~ g 0.17
£ IS o - while Belle [402] obtains +0.83 2. Until the discrepancy
§ H : H <+ between these values is understood, the average of the results
[ore] (o] 1 .
g ENPRE v Q should be treated with caution.
g HET 4 - H o= H The results are given in Table 42, and shown in Figs. 27
S |ow o~ g S
g o & X ! . .
= | Xl | ¢ o S x5 2|25 and 28. No significant CP violation results are seen; the
g€l c 8 ~|TFrn?2|Rand > : )
= S results are consistent with the Standard Model and with other
= S measurements in the b — sy system (see Sect. 7).
g i - A similar analysis can be performed for radiative B?
_g o - g decays to, for example, the ¢y final state. As for other observ-
g S <9 P H ables determined with self-conjugate final states produced in
P H s -+ o BY decays, the effective lifetime also provides sensitivity, and
= o 4 < s y p
% =S — S : can be determined without tagging the initial flavour of the
= = S . ) .
2 H <o H e decaying meson. The LHCb collaboration ha(l)sgete(:)r%nned the
8 § :L § 5 S associated parameter Aar(¢y) = —0.98 J—ro:52 toﬁzo [407].
) H 35 H . :
Q N (=]
s <SS 2 & < 9 <= 9 4.10 Time-dependent asymmetries in b — dy transitions
|
S . L .
i The formalism for the radiative decays b — dy is much
4 e the same as that for b — sy discussed above. Assum-
A N Q § ° ing dominance of the top quark in the loop, the weak
D) s} 5 . . N
Q - & % o hase in decay should cancel with that from mixing, so that
S oo H| e p y g
3 o H ! § H the mixing-induced CP violation parameter Scp should be
é : N H |2 2 very small. Corrections due to the finite light quark mass
= o .
s o H oo 2k H are smaller compared to b — sy, since my < my, but
5 2 0 . .
8 : % 2 \j n e o QCD corrections of O (Aqcp/mp) may be sizable [299].
;* 2. oo o il o 1 . ﬁ Large CP violation effe.cts could be seen .through a non-
E' lr| o 8= LHh | &S zero value of Cp_, 4, since the top loop is not the only
= contribution.
'qé Results using the mode B — p"y are available from
:%)- . . . Belle and are given in Table 43.
7 | s s 2 =|3 =
E1S |25 S 2|2 &
£ = oo = “ “ 4.11 Time-dependent CP asymmetries in b — uud
o o
& transitions
- ¥ _ 2 = - 3 The b — uiid transition can be mediated by either a b — u
2| g % = 2, £ g % g % tree amplitude or a b — d penguin amplitude. These tran-
= — ko] = = .. . . . .
2z 52 :5<sl2 alg & sitions can be investigated using the time dependence of B”
< x < 0 > O » < ] < .. .
=l M m<Oll @ | [ M decays to final states containing light mesons. Results are
y g hig
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Merged b_>qqs B(fOKS) Summer 2016
, BaBar ‘ 36.0+9.8+2.1+21
X’ PRD 80 (2049) 112001
< !
¥ Belle : 127%83+28+33
PRD 79 (20d9) 672008 |
., BaBar | , , 18.0+6.0+4.0
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v .
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X H
Y Belle i-0.30 £ 0.29 +0.11 £ 0.09
PRD 82'(2070) 073011 v
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Fig. 25 Averages of (lef) g = ¢15ff and (right) Acp for the B — foK 2 decay including measurements from Dalitz plot analyses of both

B® > KK~ KJand B® - ntn~ K

Table 40 Results from time-dependent analysis of the Bg — KTK~ decay

Experiment Sample size Scp

Cep AAT

LHCb [394] [ L£dt=3.0 fb~!

0.22 £ 0.06 £ 0.02

0.24 £ 0.06 = 0.02 —0.75 £ 0.07 £ 0.11

Table 41 Results for B — KgK(S)

Experiment N(BB) Scp Ccp Correlation
BABAR [398] 350M —1.28 T80 +0.11 —0.40 £ 0.41 % 0.06 -0.32
Belle [399] 657M —0.38 7999 £ 0.09 0.38 + 0.38 + 0.05 0.48
Average —1.08 £+ 0.49 —0.06 = 0.26 0.14
Confidence level 0.29 (1.10)
KS KS SCP Summer 2016 KS KS CCP Summer 2016
BaBar N ' 1,28 9% 1018 BaBar N : -0.40+0.41+0.06
Ir Lo} 1 H r [a) i
PRL 97 (2006) 171805 PRL 97 (2006) 171805 ;
E 0.69 :
Belle : " -9.38 :,"-77 +0.09 Belle i " 0.38 + 0:38 +0.05
PRL 100 (2008) 12160] ' PRL 100 (2008) 121601 i
Average -1.08 +0.49 Average -0.06 +0.26
HFIAv correlated averaige HFIAv correlated average :
3 2 a7 0 1 42 -1 -08 06 04 02 0 02 04 06 08 1

Fig. 26 Averages of (left) Scp and (right) Ccp for the mode B > K 2 K g

available from both BABAR and Belle for the CP eigen-
state (n = +1) 7T~ final state and for the vector-vector
final state p™p~, which is found to be dominated by the
CP-even longitudinally polarised component (BABAR mea-
sures fiong = 0.992 £ 0.024 70-92¢ [409] while Belle mea-
sures fiong = 0.988 + 0.012 & 0.023 [410]). BABAR
has also performed a time-dependent analysis of the vector-

@ Springer

vector final state ,0O ,00 [411], in which they measure fiong =
0.70 & 0.14 £ 0.05; Belle measure a smaller branching frac-
tion than BABAR for B — p0p [412] with corresponding
signal yields too small to perform a time-dependent analy-
sis; for the longitudinal polarisation they measure fiong =
0.21 J_“gég + 0.13. LHCD has measured the branching frac-
tion and longitudinal polarisation for B — p%p°, and for
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Table 42 Averages for b — sy modes

Experiment N(BB) Scp(b — sy) Ccep(b — sy) Correlation
K*(892)y
BABAR [403] 467M —0.03 &£ 0.29 + 0.03 —0.14 £ 0.16 + 0.03 0.05
Belle [404] 535M —0.32703% £ 0.05 0.20 £ 0.24 % 0.05 0.08
Average —0.16 + 0.22 —-0.04 + 0.14 0.06
Confidence level 0.40 (0.90)
K270 (including K *(892)y)
BABAR [403] 467TM —0.17 &£ 0.26 + 0.03 —0.19 £+ 0.14 + 0.03 0.04
Belle [404] 535M —0.10 &£ 0.31 + 0.07 0.20 £+ 0.20 + 0.06 0.08
Average —0.15 £ 0.20 —0.07 £ 0.12 0.05
Confidence level 0.30 (1.00)
Kiny
BABAR [405] 465M —0.18 090 £ 0.12 —0.327939 £ 0.07 ~0.17
K9p%
BABAR [401] 471M —0.18 + 0.32 7008 —0.39 + 0.20 703 —0.09
Belle [402] 657M 0.11 £ 0.33 750 —0.05 + 0.18 £ 0.06 0.04
Average —0.06 £+ 0.23 —0.22 £ 0.14 —0.02
Confidence level 0.38 (0.90)
Kby
Belle [406] 772M 0.74 1972 039 —0.35 + 0.58 7039 -
b%s’y SCP % b%sy CCP Summer 2016
BaBar i o 0.03+0.29 +0.03 BaBar i [ -0.14+0.16 £0.03
PRD 78 (2008) 071102 o} : PRD 78 (2008) 071102 : :
= Belle : -0.32 1535+ 0.05 &= Belle : 40.20 + 0.24 + 0.05
9 PRD 74 (2006):111104 X : L PRD 74 (2006) 1111104 e :
Avera\llge : 1-0.16 £0.22 Avera{};e : -0.04 £0.14
HFLAV correlated average ; HFLAV correlated:average ;
CUTTTTBaBar T R o 047¥026+003 | [T BaBar T UV O - 01940144 0.08]
> PRD 78 (2008):071102 ; i > PRD 78 (2008) 07:1102 i
S Belle : : -0.10 #£0.31 +0.07 S Belle : 0.20 +0.20 + 0.06
» PRD 74 (2006):111104(R}T— 7% ; o PRD 74 (2006) 111104(R) ;
x Avera\};e : : -0.15+0.20 X Avel’e\lfqe : -0.07£0.12
HFLAV correlated average : HFLAV correlated:average oG :
T BaBar T R - 7 R S - N R BaBar T R R U B B < 5 or
= PRD79(2009)0111( c = PRD79(2009)0%1102 o= T
n Average : 1-0.18 +0.49 2] Average : -0.32 £ 0.40
X HFLAV correlated avgrage % : X HFLAV correlated:average g : :
CTTTTBaBar YT [ U048 0329 [T BaBar T N §TT 0391020 9%
> PRD 93(2016) 052013 ; > PRD 93 (2016) 052013 :
° Belle : 0.11+0.33 %305 °o Belle : -0.05+0.18 £ 0.06
& PRL101 (2008) 251601 : & PRL 101 (2008) 251601 :
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T A s e e v IR S Bl AR il e
S PRDB84(2011)071101 d—Laep 2 PRD84 (2011) o7fIOT——F—— i
J Avera\lpe : * : 0.74+0.90 » Average : i ! -0.35+0.60
X HFLAV correlated average A x HFLAV correlated:dverage i ‘ :
2 -1 0 1 2 -1 0 1

Fig. 27 Averages of (left) Sp—, and (right) Cp—. s, . Recall that the data for K*y is a subset of that for Konoy
g Y Y N

40.048
the latter finds fiong = 0.745 ) )sg

£ 0.034 [413], but has

not yet performed a time-dependent analysis of this decay.
The Belle measurement for fiong is thus in some tension with
the other results. BABAR has furthermore performed a time-

dependent analysis of the B® — af[ ¥ decay [414]; further
experimental input for the extraction of « from this channel
is reported in a later publication [415].
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Contours give -2A(In L) = Ay® = 1, corresponding to 39.3% CL for 2 dof

Fig. 28 Averages of three b — sy dominated channels, for which correlated averages are performed, in the Scp vs. Ccp plane. (Left) B — K*y,

(middle) B — K9x'y (including K *y), (right) B — Kpy

Table 43 Averages for B — p%y

Experiment N(BB) Scp

Ccp Correlation

Belle [408] 657M —0.83 £ 0.65 £ 0.18

0.44 £ 0.49 £ 0.14 —0.08

Results, and averages, of time-dependent CP violation
parameters in b — wuud transitions are listed in Table 44.
The averages for w77~ are shown in Fig. 29, and those for
ptp~ are shown in Fig. 30, with the averages in the Scp vs.
Ccp plane shown in Fig. 31 and averages of CP violation
parameters in B® — af T decay shown in Fig. 32.

If the penguin contribution is negligible, the time-depen-
dent parameters for B — 77~ and B — ptp~ are
given by Sp— yizq = nsin(2e) and Cp_, 454 = 0. In the pres-
ence of the penguin contribution, CP violation in decay may
arise, and there is no straightforward interpretation of Sp_, ;74
and Cp—, 4. An isospin analysis [419] can be used to disen-
tangle the contributions and extract c.

For the non-CP eigenstate pin? both BABAR [281]
and Belle [283,284] have performed time-dependent Dalitz
plot analyses of the 77~ 7 final state [279]; such analy-
ses allow direct measurements of the phases. Both experi-
ments have measured the U and I parameters discussed in
Sect. 4.2.5 and defined in Table 22. We have performed a full
correlated average of these parameters, the results of which
are summarised in Fig. 33.

Both experiments have also extracted the Q2B parame-
ters. We have performed a full correlated average of these
parameters, which is equivalent to determining the values
from the averaged U and [ parameters. The results are given
in Table 45.3% Averages of the B — p%7° Q2B parameters
are shown in Figs. 34 and 35.

35 The B — p* 7F Q2B parameters are comparable to the param-
eters used for B — ali ¥ decays, reported in Table 44. For the

@ Springer

With the notation described in Sect. 4.2 (Eq. (131)), the
time-dependent parameters for the Q2B B — p* 7 ¥ anal-
ysis are, neglecting penguin contributions, given by

AC\? |
(T) sin(2a) cos(§)

AC\? _

ASpr =41 — (T) cos(2a) sin(8) (161)
and Cpr = AJp = 0, where § = arg(A_ A% ) is the
strong phase difference between the p~ 7+ and p* 7~ decay
amplitudes. In the presence of the penguin contribution, there
is no straightforward interpretation of the Q2B observables
in the B® — p* 7T system in terms of CKM parameters.
However, CP violation in decay may arise, resulting in either
orbothof Cyr # Oand A’gf; # 0. Equivalently, CP violation
in decay may be seen by either of the decay-type-specific
observables A:{{ and A;ﬂ* , defined in Eq. (132), deviating
from zero. Results and averages for these parameters are also
given in Table 45. Averages of CP violation parameters in
B® — p* ¥ decays are shown in Fig. 36, both in ALY, vs.
Cpr space and in A" vs. A}~ space.

The averages for Sp_, ;34 and Cp_, 54 in BY - ztg—
decays are both more than 50 away from zero, suggest-
ing that both mixing-induced and CP violation in decay are
well-established in this channel. The discrepancy between

Footnote 35 continued
B — ali ¥ case there has not yet been a full amplitude analysis
+ 7~ and therefore only the Q2B parameters are

of B - ntn—x

available.



Eur. Phys. J. C (2017) 77:895

Page 69 of 335 895

Table 44 Averages for b — uud modes

Experiment Sample size Scp Ccp Correlation
rtn~

BABAR [416] N(BB) = 467TM —0.68 £ 0.10 £ 0.03 —0.25 + 0.08 % 0.02 —0.06
Belle [417] N(BB)=712M —0.64 + 0.08 £ 0.03 —0.33 + 0.06 + 0.03 —0.10
Average —0.68 + 0.04 —0.27 £ 0.04 0.14
Confidence level 0.88 (0.20)

ptp”

BABAR [409] N(BB) =387M —0.17 + 0.20 3% 0.01 £ 0.15 + 0.06 —0.04
Belle [410] N(BB) =712M —0.13 #+ 0.15 £ 0.05 0.00 & 0.10 £ 0.06 —0.02
Average —0.14 + 0.13 0.00 £ 0.09 —0.02
Confidence level 0.99 (0.020)

0%p°

BABAR [411] N(BB) = 465M 03+ 07 +02 02+ 08 +03 —0.04
Experiment  N(BB) A{y Cayn Ry ACayrn ASax

alizrq:

BABAR [414] 384M

—0.07 &£ 0.07 £ 0.02 —0.10 £ 0.15 & 0.09 0.37 & 0.21 £ 0.07

0.26 & 0.15 £ 0.07 —0.14 £ 0.21 & 0.06

Belle [418] 772M  —0.06 & 0.05 & 0.07 —0.01 £ 0.11 & 0.09 —0.51 £ 0.14 £ 0.08 0.54 + 0.11 + 0.07 —0.09 £ 0.14 & 0.06
Average —0.06 £ 0.06 —0.05 £ 0.11 —0.20 £ 0.13 0.43 + 0.10 —0.10 £ 0.12
Confidence level 0.03 (2.10)
Experiment N(BB) ALt A Correlation
BABAR [414] 384M 0.07 &£ 0.21 + 0.15 0.15 + 0.15 £ 0.07 0.63
Belle [418] 772M —0.04 £ 0.26 £ 0.19 0.07 £ 0.08 £ 0.10 0.61
Average 0.02 £ 0.20 0.10 £ 0.10 0.38
Confidence level 0.92 (0.10)
- + -
BaBar -0,68 +0.10 + 0.03 BaBar . N -0.25 +0.08 + 0.02
PRD 87 (2013) 052009 ' PRD 87 (2013) 052009 - '
Belle , -0.64 + 0.08 £ 0.03 Belle N v -0.33 % 0.06 £ 0.03
PRD 88 (2013) 092003 = " PRD 88 (2013) 092003 o
LHCb . ,  -0.68+0.06+0.01 LHCb : N -0.24 + 0.07 £ 0.01
LHCb-CONF-2016-018 ' LHCb-CONF-2016-018 | = '
Average -0.68 + 0.04 Average -0.27 +0.04
HFLAV correlated average HFLAV correlated avergge
-0.8 0.7 0.6 0.5 0.4 0.3 0.2 -0.1

Fig. 29 Averages of (left) Scp and (right) Ccp for the mode BY > xtg—

results from BABAR and Belle that used to exist in this
channel (see, for example, Ref. [420]) is no longer appar-
ent, and the results from LHCb are also fully consistent
with other measurements. Some difference is, however, seen
between the BABAR and Belle measurements in the allL T
system. The confidence level of the five-dimensional aver-

age is 0.03, which corresponds to a 2.1o0 discrepancy. As
seen in Table 44, this discrepancy is primarily in the values
of Sy, and is not evident in the A_ T vs. Af 7 projection
shown in Fig. 32. Since there is no evidence of systematic
problems in either analysis, we do not rescale the errors of

the averages.
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Summer 2016

BaBar . ; 0.01+0.15 £ 0.06
I R |

PRD 76 (2007) 052007

Belle L 0.00 +0.10 £0.06

[
PRD 93 (2016) 032010

CP Summer 2016
ppS @
____________________________ .

BaBar N i, -0.17+£0.20 7008

H x L
PRD 76 (2007) 052007
Belle " " :”-0.13i0.15i0.05
PRD 93 (2016) 032010
Average -0.14+0.13
HFLAV correlated average
05 0.4 03 02 7 017 0 0.1 0.2

Fig. 30 Averages of (left) Scp and (right) Ccp for the mode B® — ptp~

Cep T T Scp VS Cep %
T T T T
L S-BaBar-
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[ LHCb
0.2 F B3 Averag? |
04 F ]
-0.6 i
-0.8 - =
1 I | ) i
-0.8 -0.6 -0.4 0.2 0

S
Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof cP

Average 0.00 + 0.09
HFLAV correlated average
-0.3 -0.2 01 0o 0.1 0.2 03
CCP pp Ccp Ccp Summer 2016
T T T T
; BaBar
04 § Belle |
‘ B Average
0.2 - B
O R | NN (@ 0 o0 00 0 750 - —
-0.2 B
_04 - -
1 1 i 1 1
-0.4 0.2 0 0.2 0.4

S
P
Contours give -2A(In L) = Ax2 =1, corresponding to 39.3% CL for 2 dof ¢

Fig. 31 Averages of b — uiid dominated channels, for which correlated averages are performed, in the Scp vs. Ccp plane. (Leff) B — ntm~

and (right) B — ptp~

In B® — p* 7F decays, both experiments see an indica-
tion of CP violation in the A7, parameter (as seen in Fig. 36).
The average is more than 30 from zero, providing evidence
of direct CP violation in this channel. In B — p* p~ decays
there is no evidence for CP violation, either mixing-induced
orin decay. The absence of evidence of penguin contributions
in this mode leads to strong constraints on o = ¢».

4.11.1 Constraints on o = ¢2

The precision of the measured CP violation parameters in
b — uud transitions allows constraints to be set on the UT
angle @ = ¢;. Constraints have been obtained with various
methods:

e Both BABAR [416] and Belle [417] have performed
isospin analyses in the w7 system. Belle exclude 23.8° <
¢r < 66.8° at 68% CL while BABAR give a confidence

@ Springer

level interpretation for ¢, and constrain o € [71°, 109°]
at 68% CL. Values in the range [23°, 67°] are excluded
at 90% CL. In both cases, only solutions in 0°—~180° are
quoted.

Both experiments have also performed isospin anal-
yses in the pp system. The most recent result from
BABAR is given in an update of the measurements of
the Bt — pTp° decay [421], and sets the constraint

(92.4 fg:g)o. The most recent result from Belle

is given in their paper on time-dependent CP violation
parameters in B — pTp~ decays, and sets the con-
straint ¢ = (93.7 £+ 10.6)° [410].

The time-dependent Dalitz plot analysis of the B® —
ntr~ 7% decay allows a determination of o without
input from any other channels. BABAR [282] present a
scan, but not an interval, for «, since their studies indi-
cate that the scan is not statistically robust and cannot be
interpreted as 1 —CL. Belle [283,284] has obtained a con-

o =
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Fig. 32 Averages of CP violation parameters in B® — ali aFin ALt

aym
vs. At space

straint on « using additional information from the SU(2)
partners of B — pm, which can be used to constrain «
via an isospin pentagon relation [422]. With this analysis,
Belle obtains the constraint ¢» = (83 f%)" (where the
errors correspond to 1o, i.e. 68.3% confidence level).

flavour symmetries (a1 K and K1) [423]. This has been
done by BABAR [415], resulting in the constraint ¢ =
(79 £ 7 £ 11)°, where the first uncertainty is from the
analysis of B — af 7F that obtains «°f, and the sec-
ond is due to the constraint on | — «|. This approach
gives a result with several ambiguous solutions; that con-
sistent with other determinations of « and with global fits

to the CKM matrix parameters is quoted here.

e The CKMfitter [252] and UTFit [339] groups use the

measurements from Belle and BABAR given above with
other branching fractions and CP asymmetries in B —
mr, pr and pp modes, to perform isospin analyses for
each system, and to obtain combined constraints on «.

e The BABAR and Belle collaborations have combined

their results on B — nmm, naw® and pp decays to
obtain [424]

a=¢=(88 £ 5)°. (162)

The above solution is that consistent with the Standard
Model (an ambiguous solution shifted by 180° exists).
The strongest constraint currently comes from the B —
pp system. The inclusion of results from B® — ali 7t
does not significantly affect the average.

Note that methods based on isospin symmetry make exten-

e The results from BABAR on B? — aliyr$ [414]
can be combined with results from modes related by

Summer 2016

sive use of measurements of branching fractions and CP
asymmetries, as averaged by the HFLAV Rare Decays sub-

Summer 2016
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Fig. 33 Summary of the U and / parameters measured in the time-dependent B® — 7+~ 70 Dalitz plot analysis
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Table 45 Averages of quasi-two-body parameters extracted from time-dependent Dalitz plot analysis of B — 7tz ~x

0

Experiment N(BB) Ag, Con

Sy AC,n ASpr

BABAR [282] 471M

—0.10 &£ 0.03 £ 0.02 0.02 £ 0.06 £ 0.04

0.05 & 0.08 &£ 0.03 0.23 £ 0.06 £ 0.05 0.05 &+ 0.08 & 0.04

Belle 449M  —0.12 £ 0.05 £ 0.04 —0.13 £ 0.09 £ 0.05 0.06 £ 0.13 &= 0.05 0.36 &+ 0.10 £ 0.05 —0.08 £ 0.13 £+ 0.05
[283,284]
Average —0.11 + 0.03 —0.03 + 0.06 0.06 + 0.07 0.27 £+ 0.06 0.01 £+ 0.08
Confidence level 0.63 (0.50)
Experiment N(BB) A A Correlation
BABAR [282] 471M —0.12 + 0.08 70! 0.09 7003 + 0.04 0.55
Belle 449M 0.08 + 0.16 £+ 0.11 0.21 4+ 0.08 £ 0.04 0.47
[283,284]
Average —0.08 + 0.08 0.13 £ 0.05 0.37
Confidence level 0.47 (0.70)
Experiment N(BB) Cpo70 S$ 5070 Correlation
BABAR [282] 471M 0.19 + 0.23 £ 0.15 —0.37 + 0.34 £ 0.20 0.00
Belle 449M 0.49 + 0.36 + 0.28 0.17 £ 0.57 £ 0.35 0.08
[283,284]
Average 0.27 £ 0.24 —0.23 £ 0.34 0.02
Confidence level 0.68 (0.40)
p()ﬂ:() S @ pOTCO C Summer 2016
BaBar N -0.37+0.34 +0.20 BaBar e 0.19+0.23+0.15
PRD 88 (2013) 012003 : PRD 88 (2013) 0120'03; '
Belle 3 AN 0.17ﬁo.571r0.35 Belle | - 0.&}9:{0.3&0.28
PRL 98 (2007) 221602 PRL 98 (2007) 221602
Average -0.23+0.34 Average 0.27 +0.24
HFLAV correlated average HFLAV correlated aver:age
-18 -16 -14 12 -1 -08 -06 -04 -02 O 02 04 06 08 1 12 14 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

Fig. 34 Averages of (left) Sp—uiq and (right) Cp— ,i4 for the mode BY — ,00710

group (Sect. 7). Note also that each method suffers from
discrete ambiguities in the solutions. The model assumption
in the B — 77~ 7 analysis helps resolve some of the
multiple solutions, and results in a single preferred value for
o in [0, r]. All the above measurements correspond to the
choice that is in agreement with the global CKM fit.

At present we make no attempt to provide an HFLAV
average for o = ¢,. More details on procedures to calculate
a best fit value for o can be found in Refs. [252,339].

4.12 Time-dependent CP asymmetries in b — cud /ucd
transitions

Non-CP eigenstates such as D¥n* D*Frg* and DFp*
can be produced in decays of B® mesons either via Cabibbo

@ Springer

favoured (b — c) or doubly Cabibbo suppressed (b — u)
tree amplitudes. Since no penguin contribution is possible,
these modes are theoretically clean. The ratio of the magni-
tudes of the suppressed and favoured amplitudes, R, is suffi-
ciently small (predicted to be about 0.02), that O(R?) terms
can be neglected, and the sine terms give sensitivity to the
combination of UT angles 28 + y.

Asdescribed in Sect. 4.2.6, the averages are given in terms
of the parameters a and ¢ of Eq. (136). CP violation would
appear as @ # 0. Results are available from both BABAR
and Belle in the modes D¥xE and D*Frx* : for the latter
mode both experiments have used both full and partial recon-
struction techniques. Results are also available from BABAR
using DF pjE . These results, and their averages, are listed in
Table 46, and are shown in Fig. 37. The constraints in ¢ vs.
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Fig. 35 Averages of b — uud dominated channels, for the mode
BY — p%7% in the Scp vs. Ccp plane

a space for the Dt and D* modes are shown in Fig. 38.
It is notable that the average value of a from D*r is more
than 30 from zero, providing evidence of CP violation in
this channel.

For each mode, D, D*m and Dp, there are two mea-
surements (a and ¢, or ST and S™) that depend on three
unknowns (R, § and 28 + y), of which two are different for
each decay mode. Therefore, there is not enough information
to solve directly for 28 + y. However, for each choice of R
and 28 + y, one can find the value of § that allows a and

C

T T T ! T T T

0.3 BaBar |

V7] Belle

02 BX  Average

0.3 ‘ ]
1 1 1 i 1 1 1

-0.3 -0.2 -0A1 0 0.1 0.2 0.3

. Sl p0 + p
Fig. 36 CP violation in B — p™ T decays. (Left) Ag

P Agp vs C

Summer 2016

Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof ACF’

T

p US. Cpr space, (right) .A;,,

¢ to be closest to their measured values, and calculate the
separation in terms of numbers of standard deviations. (We
currently neglect experimental correlations in this analysis.)
These values of N (o )min can then be displayed as a function
of R and 28+ y (and can trivially be converted to confidence
levels). These plots are given for the Dz and D*m modes in
Fig. 38; the uncertainties in the Dp mode are currently too
large to give any meaningful constraint.

The constraints can be tightened if one is willing to use
theoretical input on the values of R and/or §. One popu-
lar choice is the use of SU(3) symmetry to obtain R by
relating the suppressed decay mode to B decays involving
D; mesons. More details can be found in Refs. [295,425—
428].

4.13 Time-dependent CP asymmetries in b — cus/ucs
transitions

4.13.1 Time-dependent CP asymmetries in
B —» DFKn*

Time-dependent analyses of transitions such as B —
DqEK(S)JtjE can be used to probe sin(28 + y) in a similar
way to that discussed above (Sect. 4.12). Since the final state
contains three particles, a Dalitz plot analysis is necessary to
maximise the sensitivity. BABAR [429] has carried out such
an analysis. They obtain 28 + y = (83 £ 53 £ 20)° (with
an ambiguity 28 + y <> 2 + y + ) assuming the ratio of
the b — u and b — ¢ amplitude to be constant across the
Dalitz plot at 0.3.

Summer 2016

A p . DCPV A7 vs A*
T T T

BaBar

Belle .
B Average

. i

-0.2 0

1
-0.4 0.2 0.4
A

Contours give -2A(In L) = Ax® = 1, corresponding to 39.3% CL for 2 dof

+ +-
vs. Aj - space
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Table 46 Averages for b — cud /ucd modes

Experiment N(BB) c

DF g *

BABAR (full rec.) [290] 232M —0.010 £ 0.023 £+ 0.007 —0.033 + 0.042 £+ 0.012
Belle (full rec.) [294] 386M —0.050 £ 0.021 £+ 0.012 —0.019 + 0.021 £+ 0.012
Average —0.030 £ 0.017 —0.022 + 0.021
Confidence level 0.24 (1.20) 0.78 (0.30)

D*Fr*

BABAR (full rec.) [290] 232M —0.040 £ 0.023 + 0.010 0.049 £ 0.042 £ 0.015
BABAR (partial rec.) [291] 232M —0.034 £+ 0.014 £+ 0.009 —0.019 + 0.022 £+ 0.013
Belle (full rec.) [294] 386M —0.039 + 0.020 + 0.013 —0.011 £ 0.020 £+ 0.013
Belle (partial rec.) [293] 657M —0.046 + 0.013 £+ 0.015 —0.015 + 0.013 £ 0.015
Average —0.039 £ 0.010 —0.010 £ 0.013
Confidence level 0.97 (0.030) 0.59 (0.60)

DFp*

BABAR (full rec.) [290] 232M —0.024 + 0.031 £+ 0.009 —0.098 + 0.055 £+ 0.018

Summer 2016

a parameters

Summer 2016

¢ parameters

Fig. 37 Averages for b — cud /ucd modes

4.13.2 Time-dependent CP asymmetries in B? — DK +

Time-dependent analysis of B — DFK* decays can be
used to determine y — 28 [430,431]. Compared to the situ-
ation for B — D®F* decays discussed in Sect. 4.12, the
larger value of the ratio R of the magnitudes of the suppressed
and favoured amplitudes allows it to be determined from the
data. Moreover, the non-zero value of AT'; allows the deter-
mination of additional terms, labelled A2 and AT, that
break ambiguities in the solutions for y — 28;.

LHCDb [296,432] has measured the time-dependent CP
violation parameters in B? — DFK * decays, using

@ Springer
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5 Y [ o A 2
T BaBar T O TTT0.02440.037 %0009 [T BaBar TR FTTTT00.098' £ 0.055 + 0.018
o PRD 73 (2006) 111101 ! o PRD 73 (2006) 11[TT0 :
0 Average -0.024 + 0.032 0 Average -0.098 + 0.058
HFLAV : HFLAV
-0.3 -0.2 -0.1 0 0.1 0.2 0.5 0.4 -0.3 0.2 -0.1 0 0.1 0.2 0.3 0.4

3.0 fb~! of data. The results are given in Table 47, and
correspond to 3.6 o evidence for CP violation in the inter-
ference between mixing and BY — DFK®* decays. From
these results, and a constraint on 2 8; from independent LHCb
measurements [202], LHCb determine y = (127 fg)o,

8p,x = (358 T12)° and Rp,x = 0.37 T349.

4.14 Rates and asymmetries in B — D™ K ®) decays

As explained in Sect. 4.2.7, rates and asymmetries in BT —
D™ K )% decays are sensitive to y, and have negligible the-
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Fig. 38 Results from b — ciid/ucd modes. (Top) Constraints in ¢ vs. a space. (Bottom) Constraints in 28 + y vs. R space. (Left) D*m and

(right) Dt modes

Table 47 Results for B — DFK*

Experiment [ £dt C AAT

AAT S S

LHCb [432] 3 fb~!

0.74 £ 0.14 £ 0.05 0.40 £ 0.28 £ 0.12 0.31 £ 0.27 £ 0.11

—0.52 £ 0.20 £ 0.07 —0.50 £ 0.20 &+ 0.07

oretical uncertainty [311]. Various methods using different
D™ final states have been used.

4.14.1 D decays to CP eigenstates

Results are available from BABAR, Belle, CDF and LHCb
on GLW analyses in the decay mode BT — DK™. All
experiments use the CP-even D decay final states KK~
and w77 ~; BABAR and Belle in addition use the CP-odd
decay modes K 2710, ng and K 2(;5, though care is taken to
avoid statistical overlap with the K 2K T K~ sample used for
Dalitz plot analyses (see Sect. 4.14.4). BABAR and Belle also

have results in the decay mode BT — D*K™, using both
the D* — Dx¥ decay, which gives CP(D*) = CP(D), and
the D* — Dy decays, which gives CP(D*) = —CP(D).In
addition, BABAR and LHCb have results in the decay mode
Bt — DK*T, and LHCD has results in the decay mode
BT — DKTmx 7. The results and averages are given in
Table 48 and shown in Fig. 39.

LHCb has performed a GLW analysis using the B? —
DK*0 decay with the CP-even D — KTK~ and D —
mtm~ channels [441]. The results are presented sepa-
rately to allow for possible CP violation effects in the
charm decays, which are, however, known to be small.
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Table 48 Averages from GLW analyses of b — ciis/ucs modes. The sample size is given in terms of number of B B pairs, N (B B), for the e e~
B factory experiments BABAR and Belle, and in terms of integrated luminosity, f L dt, for the hadron collider experiments CDF and LHCb

Experiment Sample size  Acp+ Acp— Rep+ Rep—

DcpKTt

BABAR [433] 467M 0.25 £ 0.06 £ 0.02 —0.09 £ 0.07 = 0.02 1.18 £ 0.09 £ 0.05 1.07 £ 0.08 £ 0.04
Belle [434] 275M 0.06 £ 0.14 £ 0.05 —0.12 £ 0.14 £ 0.05 1.13 £ 0.16 &+ 0.08 1.17 £ 0.14 £ 0.14
CDF [435] 1fb~! 0.39 + 0.17 £ 0.04 - 1.30 £ 0.24 £+ 0.12 -

LHCb K K [436] 3fb~! 0.087 £ 0.020 £ 0.008 - 0.968 £ 0.022 £+ 0.021 -

LHCb . [436] 3fb! 0.128 £ 0.037 + 0.012 - 1.002 £ 0.040 £ 0.026 -

LHCb average [436] 3fb~! 0.097 £ 0.018 + 0.009 - 0.978 £ 0.019 £ 0.018 -

Average 0.111 £ 0.018 —0.10 £ 0.07 0.995 £ 0.025 1.09 + 0.08
Confidence level 0.063 (1.90) 0.86 (0.20) 0.21 (1.30) 0.65 (0.50)

Dep Kt

BABAR [437] 383M —0.11 &£ 0.09 + 0.01 0.06 = 0.10 £ 0.02 1.31 &£ 0.13 £ 0.03 1.09 + 0.12 £ 0.04
Belle [434] 275M —0.20 &+ 0.22 £ 0.04 0.13 + 0.30 £ 0.08 1.41 £ 0.25 £+ 0.06 1.15 £ 0.31 £ 0.12
Average —0.12 &+ 0.07 0.13 £ 0.07 1.25 + 0.09 1.06 + 0.09
Confidence level 0.82 (0.20) 0.29 (1.10) 0.52 (0.60) 0.74 (0.30)
DCPK*+

BABAR [438] 379M 0.09 + 0.13 £ 0.06 —0.23 £ 0.21 &£ 0.07 2.17 £ 0.35 £ 0.09 1.03 £ 0.27 + 0.13
LHCb K K [439] 4fb~! 0.12 £ 0.08 £+ 0.01 - 1.31 £ 0.11 £ 0.05 -

LHCb mw [439] 4fb~! 0.08 £ 0.16 £ 0.02 - 0.98 £ 0.17 £ 0.04 -

LHCb average [439] 4fb~! 0.11 + 0.07 - 1.21 £ 0.10 -

Average 0.11 £ 0.06 —-0.23 £ 0.22 1.27 £ 0.10 1.03 £ 0.30
Confidence level 0.97 (0.040) 0.01 (2.60)

DcepKtntn—

LHCb K K [440] 3fb~! —0.045 + 0.064 + 0.011 - 1.043 £ 0.069 + 0.034 -

LHCb mwr [440] 3fb~! —0.054 £ 0.101 £ 0.011 - 1.035 £ 0.108 + 0.038 -

LHCb average [440] 3 fb~! —0.048 £ 0.055 - 1.040 + 0.064 -

LHCD use these results to obtain confidence levels for y,

The results are given in Table 49 where an average is also
reported.

As pointed out in Refs. [313,314], a Dalitz plot analysis
of B - DKt~ decays provides more sensitivity to y =
¢3 than the quasi-two-body DK approach. The analysis
provides direct sensitivity to the hadronic parameters »p and
8 p associated with the B — D K*? decay amplitudes, rather
than effective hadronic parameters averaged over the K*°
selection window as in the quasi-two-body case.

Such an analysis has been performed by LHCb. A simul-
taneous fit is performed to the B — DK*tx~ Dalitz
plots with the neutral D meson reconstructed in the K7 ~,
K™K~ and ntm~ final states. The reported results in
Table 50 are for the Cartesian parameters, defined in Eq. (150)
associated with the B — DK*(892)° decay. Note that,
since the measurements use overlapping data samples, these
results cannot be combined with the LHCb results for
GLW observables in B® — DK*(892)° decays reported
in Table 49.

@ Springer

re(DK*9) and 83 (DK*0). In addition, results are reported
for the hadronic parameters needed to relate these results
to quasi-two-body measurements of B — DK*(892)°
decays, where a selection window of m(K¥m™) within
50 MeV/c? of the pole mass and helicity angle satisfy-
ing |cos(fg+0)| > 0.4 is assumed. These parameters are
the coherence factor «, the ratio of quasi-two-body and
amplitude level rp values, Rp = 7p /rp, and the differ-
ence between quasi-two-body and amplitude level § g values,
Adp = 8p — 8. LHCb [442] obtain
= 09584005 1002
Rg = 1.027007 + 0.06,

Adp =0.021003 £ 0.11. (163)
4.14.2 D decays to quasi-CP eigenstates

As discussed in Sect. 4.2.7, if a multibody neutral D meson
decay can be shown to be dominated by one CP eigenstate,
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Fig. 39 Averages of Acp and Rcp from GLW analyses

Table 49 Results from GLW analysis of B" — DK*0

BaBar 0.25 £ 0.06 +0.02 i BaBar e T.18£0.09 £ 0.05
g Belle H 0.06 £0.14 £0.05 & :Belle s 1.13+0.16 £ 0.08
<: CDF {1 ——k—0.39£0.17+0.04 © CDF ———  1.30£0.24 £0.12
X i  LHCbKK Dok 0.09 £0.02 £0.01 ¥ I LHCbKK : 0.97 £0.02 £ 0.02
& LHCbmr Pk 0.13+0.04£0.01 o iLHCbnn 1.00 + 0.04 +0.03
g Average i S of1+002| | " Average Ml 099+0.02
'S BaBar : -0.09%0.07+0.02 S’ BaBar 1.07+0.08 £0.04
ix Belle -0.12+0.14 £0.05 v | Belle 1.17£0.14£0.14
gl Average e 010007 | | ¢ BiAverage ke 1.09+£0.08
<P ' BaBar 20.11£0.09£0.01 & O BaBar 1.31%0.1310.03
¥ Belle -0.20 +0.22 +0.04 x  iBelle 1.41£0.25+0.06
L Sig Average | pFi 0.12£0.08 GO giAverage G P 138012
0L BaBar 0.06+0.10+0.02 O i BaBar 1.09+0.12£0.04
i Belle 0.13+0.30 +0.08 x | Belle 1.15+0.31 £0.12
nD Average  fed 007£010 | | a0l Average e 110£0.12
£:07 BaBar 0.09%0.1310.06 & 0"t BaBar 24745 L.
<! LHCbKK 0.12+0.08 +0.01 o LHCb KK 1.31+0.11 +£0.05
X i LHCbnrn 0.08 +£0.16 +0.02 < i LHCb nr 0.98 +0.17 +0.04
SigAverage e 011+006 | | S biAverage i B 1.27£0.10
< BaBar -0.23%0.2140.07 BaBar 10340271013
LB Average g 0284022 | | | g5 Average [EEREEREN....... .. 1034030
< :STLHCH KK -0.04£°0.06 £0.01 & STLHCH KK 1.0440.07£0.03
E: LHCbnn -0.05 +0.10 £0.01 E  {LHCbrn 1.03+0.11 £0.04
X Average -0.05 +90.05 xﬂf : Average 1.04 £ 0.06
DU -0.4 d)?Z 0 02 04 06 08 12 14 16 18 2 22 24

Experiment Sample size Acp+ Repy

LHCb KK [441] [Ldt=3fb"" —0.20 £ 0.15 £ 0.02 1.05 7017 £ 0.04

LHCb 77 [441] [Ldt=3fb"! —0.09 £ 0.22 £ 0.02 1217528 + 0.05

Average —0.16 £ 0.12 1.10 £ 0.14

Table 50 Results from Dalitz plot analysis of B® — DK% 7~ decays with D — K*K~ and w*7~

Experiment [ cadr Vit x_ v

LHCb [442] 3fb! 0.04 £ 0.16 £ 0.11 —0.47 £ 0.28 £ 0.22 —0.02 £ 0.13 £ 0.14 —0.35 £ 0.26 + 0.41

Table 51 Averages from GLW-like analyses of b — cus/ucs modes

Experiment Sample size AqGLW RycLw

Dytp—po K

LHCb [444] f[ldt =3fb~! 0.05 + 0.09 + 0.01 0.98 + 0.11 £ 0.05
BABAR [322] N(BB) = 324M —0.02 £ 0.15 + 0.03 -

Average 0.03 4+ 0.08 0.98 + 0.12
Confidence level 0.68 (0.40) -

DK+K_7TOK+

LHCb [444] fﬁdt =3fb! 0.30 &+ 0.20 £ 0.02 0.95 + 0.22 £+ 0.04
Dn*n’ﬂ*n’K+

LHCb [436] f[ldt =3fb~! 0.10 & 0.03 £ 0.02 0.97 + 0.04 £ 0.02

it can be used in a “GLW-like” (sometimes called “quasi-
GLW?”) analysis [318]. The same observables Rcp, Acp as
for the GLW case are measured, but an additional factor

of (2F; — 1), where F is the fractional CP-even content,
enters the expressions relating these observables to y = ¢3.
The Fy factors have been measured using CLEO-c data to
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Table 52 Averages from ADS analyses of b — cus/ucs modes

Experiment Sample size

AADS

Raps

DKT,D—> K n™t

BABAR [445] N(BB) = 467M ~0.86 + 0.47 1012 0.011 % 0.006 £ 0.002
Belle [446] N(BB) =772M —0.39 T9-20 +0.08 0.0163 70000 +0-0007

CDF [447] [Ldt=7f"" —0.82 + 0.44 £ 0.09 0.0220 + 0.0086 £ 0.0026
LHCb [436] [Ldt=3f"" —0.403 £ 0.056 £ 0.011 0.0188 £ 0.0011 £ 0.0010
Average —0.415 =+ 0.055 0.0183 £ 0.0014
Confidence level 0.64 (0.50) 0.61 (0.50)

DK+, D — K~ ntz®

BABAR [448] 474M - 0.0091 00052 +00037

Belle [449] 772M 0.41 £ 030 £ 0.05 0.0198 + 0.0062 % 0.0024
LHCb [444] [Ldt=3f"" —0.20 £ 0.27 £ 0.03 0.0140 £ 0.0047 £ 0.0019
Average 0.07 + 0.20 0.0148 £ 0.0036
Confidence level 0.13 (1.50) 0.59 (0.50)

DKY,D > K ntntn—

LHCb [436] [Ldt=3fb"" ~0.313 + 0.102 £ 0.038 0.0140 + 0.0015 £ 0.0006

D*Kt,D* > D% D > K=t
BABAR [445] N(BB) = 46TM

0.77 £ 035 £ 0.12

0.018 £ 0.009 £ 0.004

D*K*,D* - Dy,D - K n*
BABAR [445] N(BB) = 467TM

0.25
0.36 £ 0.94 1)

0.013 £ 0.014 £+ 0.008

DK**,D — K~nt, K* — Ko™

BABAR [438] N(BB) = 379M —0.34 + 0.43 £ 0.16 0.066 + 0.031 £ 0.010
LHCb [439] [ Ldt =471 - 0.003 + 0.004

Average —0.34 £ 0.46 0.004 + 0.004
Confidence level - 0.06 (1.90)
DK*ntn—,D - K nt

LHCb [440] [Ldt=3fb"" -03210% 0.0082 190038

be Fy(rtn—n% = 0973 + 0017, Fp(KTK 7% =
0.732 £ 0.055, F (ntn~mTw ™) = 0.737 4+ 0.028 [443].

The GLW-like observablesfor D — 7 7~ 7% KtTK 70
and D — w7~ 7T~ have been measured by LHCb. The
AqGLw observable for D — 777~ 70 was measured in an
earlier analysis by BABAR, from which additional observ-
ables, discussed in Sect. 4.2.7 and reported in Table 55 below,
were reported. The results are given in Table 51.

4.14.3 D decays to suppressed final states

For ADS analyses, all of BABAR, Belle, CDF and LHCb
have studied the modes BY — DK™ and Bt — Dr™.
BABAR has also analysed the BT — D*K™ mode. There
is an effective shift of m in the strong phase difference
between the cases that the D* is reconstructed as D” and
Dy [315], therefore these modes are studied separately.
In addition, BABAR has studied the BT — DK*t mode,

@ Springer

where K*1 is reconstructed as K (S)n+, and LHCD has stud-
ied the BY — DKVtmx 7~ mode. In all the above cases
the suppressed decay D — K 7" has been used. BABAR,
Belle and LHCb also have results using BT — DK™ with
D — K~ 7t70 while LHCb has results using B¥ — DK™+
with D — K~ 77~ The results and averages are given
in Table 52 and shown in Fig. 40.

Similar phenomenology as for B — DK decays holds
for B — D decays, though in this case the interference is
between b — cud and b — ucd transitions, and the ratio
of suppressed to favoured amplitudes is expected to be much
smaller, O(1%). For most D meson final states this implies
that the interference effect is too small to be of interest, but
in the case of ADS analysis it is possible that effects due
to y may be observable. Accordingly, the experiments now
measure the corresponding observables in the D final states.
The results and averages are given in Table 53 and shown in
Fig. 41.
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RA[)S Averages Summer 2016 AADS Averages Summer 2016
BaBar j H 0.077 £0.006 ¥ 0.002 : H -0.86 £ 0.47 T51gt
PRD 82 (2010) 072006 Pk ESE?;W : : 0.86+047 -0 16!
Belle H : 0.016 £ 0.004 + 0.001 : N H N +0.26 +0.041
N2 PRL 106 (2011) 231803 : e « EF?E'?DG (2011) 231803 — 1 : 0.39 T0226 “0.03:
§| SR (2011) 091504 K 0.022+0.009£0.003 & EF%FM ) HTTWW_*_ -0.82£0.44 £ 0.09:
a LHCb : ; 0.019 +0.001 + 0.001 I ( X ! ;
PL B760 (2016) 117 H 8 [a Ch : H -0.40+0.06 +0.01;
Average : 0.018 +0.001 PL B760 (2016) 117: ¢ : :
............. Ao Ut SN |1 SO Average : -0.41+0.06;
BaBar 0.009 40,0085 054 HFLAV ! : :
x  PRD84(2011) 012002 < T T Belle T R R s 150.30%0.05:
elle ? 0.020 + 0.006 + 0.002 PRD 88 (201 1104(R '
S&  PRD 88 (2013) 091104(R) i —ghe— ° 86 (2013) 091104(R) ;
5 0.014 + 0.005 + 0.002 § LHCb : -0.20 +0.27 + 0.03:
X, BRDOT (2015) 112014 ; SEEEEE e ¥ PRDOT(2015) 112014 :
O Average : i 0.015 + 0.004 A Average : 0.07 +0.20:
RS LHCB o g goidteorooeit| [ o IELHBQEO(ZM)W oY OB 046 £ 6041 |
3 : ) ) : :
xl N4 A;/&r\?ge 0.014 +0.002 xl « Average -0.31+0.11!
HFLAV : A : :
'-'ﬂ.'ﬁwl F1=F | SR (e Sir A oo{8E6609 0004|000 T . L R S S P
018’ £0.009 + 0. Y 'BaBar : H 077 +0.354 0.12:
o ‘ ;HD 82 (2010) 072006 . ° | PRD 82 (2010) 072006 H 5& v
x K fverage 0.018+0.010 « & Average : 0.72&0.37’
& BaBa T T 0013001400087 |- P N AU OL OURUOURR SRRSO H—— T =5
| OO PRD 82 (2010) 072006 NN BaBar 1 f *0.36 +0.04 107
5- ﬁe,&r\?ge 0.013+0.016 u ;RD 82 (2010) 072006 H -
.................................................................... verage : : b 0.36 %3 g4
*‘DL ¥ P’F?DBSJ(ZOOQ) 0001 0.066'% 6.031 + Q70 - ... HRLAY : ;i * i
X TRIX T BaBar T T R L[ TT0.34 104350161
E II:'_I;IC%%ONF 2016014 0.003 +0.004 = = PRD 80 (2009) 092401 * H :
"CONF-2016- N : i : . :
o Average 0.004 + 0.004 & Average e ; 0.34:£0.46:
g =~ HFLAV"- A L gz e m e e o = o T SRR s = T SR .
S = R D R PR g 51 H R RN R 000879084 E 1THCH " * : 6:32702]
lf PRD 92 (2015) 112005 oo S ZRD 92 (2015) 112005 : o
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Fig. 40 Averages of Raps and Aaps for B — D® K™ decays
Table 53 Averages from ADS analyses of b — ciid /ucd modes
Experiment Sample size AADS RADS

Drt, D —> K~ nt

BABAR [445] N(BB) = 46TM 0.03 £ 0.17 + 0.04 0.0033 =+ 0.0006 + 0.0004
Belle [446] N(BB) =772M —0.04 £ 0.11 7002 0.00328 000038 +0-00012

CDF [447] [Ldt=7fb"" 0.13 £ 0.25 + 0.02 0.0028 =+ 0.0007 % 0.0004
LHCb [436] [Ldt=3fb"" 0.100 =+ 0.031 % 0.009 0.00360 =+ 0.00012 % 0.00009
Average 0.088 =+ 0.030 0.00353 =+ 0.00014
Confidence level 0.66 (0.40) 0.68 (0.40)

Dnt,D — K ntn0

Belle [449] 772M 0.16 + 0.2779% 0.00189 & 0.00054 *000033
LHCb [444] [Ldt=3fb"" 0.44 + 0.19 & 0.01 0.00235 = 0.00049 + 0.00004
Average 0.35 £ 0.16 0.00216 + 0.00038
Confidence level 0.40 (0.80) 0.55 (0.60)

Dnt,D—» K ntntn~

LHCb [436] [Ldt=3fb"" 0.023 + 0.048 £ 0.005 0.00377 <+ 0.00018 + 0.00006

D*nt,D* > Dr% D > K=t
BABAR [445] 467M

—0.09 £ 0.27 £ 0.05

0.0032 £ 0.0009 £ 0.0008

D*nr*t,D* - Dy,D — K nt

BABAR [445] 467TM —0.65 £ 0.55 + 0.22 0.0027 £+ 0.0014 £ 0.0022
Drntntn=,D—> K nt
LHCb [440] fﬁdt =3fp! —0.003 £ 0.090 0.00427 £ 0.00043
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R, . Averages A, Averages
ADS g Summer 2016 ADS g Summer 2016
BaBar H 0.0033 + 0.0006 + 0.0004 BaBar N 0.630.7+0.04
PRD 82 (2010) 072006 PR[? 82 (2010) 072006 v
Belle \ 0.0033 + 0.0004 3005 Belle \ ; -0.04£0.11 79 82
B PRL 106 (2011) 231 803 000e2 B PRL: 106 (2011) 231803 ' o
g CDF <+ 0.0028 + 0.0007 + 0.0004 g CDF : 0.13£0.25+0.02
x‘ PRD 84 (2011) 091504 | : la) xl PRD 84 (2011) 091504 :
[s] LHCb H i 0.0036 + 0.0001 + 0.0001 [s] LHCb 0.10+0.03 +0.01
PL B760 (2016) 117 7 PL B760 (2016) 117 :
Average H 0.0035 + 0.0001 Average 009+003
HFLAV HFLAV
Belie 0.0019 * 0.0005 *3.39% 0.16 +0.27 *883
oﬁ PRD 88 (2013) 091104(R) PRD_ 88 (2013) 091104(R)
B LHCb : 0.0024 + 0.0005 + 0.0000 B LHEb 0.44+0.19 + 0.01
Y PR D91 (2015) 112014 e Y PR D91 (2015) 112014
I Average : 0.0022 + 0.0004 I Avérage 0.35+ o.fs
o HFLAV H a HFL:AV H
® LHCb H I:10.0038 + 0.0002 + 0.0001 ® LHEb we 0.02 % 0.05 + 0. ¢1
& PL B760 (2016) 117 & "‘" & PL B760 (2016) 117 r*‘i
X Average : € 0.0038 + 0.0002 X Avérage TE 0.02+0. 05
A B HRLAY H A B HRAV I!'*‘
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o | PRD82(2010) 072006 . o | PR 82 (2010) 072006 ol
B Average 0.0032 + 0.0012 B Average i -0.09 £ 0. 27
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a8 Average 0.0027 +0.0026 & | Average * : -0.65 + 0. 59
« | HFLAV < | HFLEAV g
O 8 LHC 0.0043 + 0.0004 & LHEb -0.00 £ 0. 09
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><‘ Average H 0.0043 + 0.0004 ><| Avérage -0.00 + 0.@9
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Fig. 41 Averages of Raps and Aaps for B — D®x decays
Table 54 Results from ADS analysis of B® - DK*0, D — K~ nt
Experiment Sample size R+ R_
LHCD [441] JLdt = 3fb~! 0.06 + 0.03 £ 0.01 0.06 = 0.03 + 0.01

BABAR, Belle and LHCb have also presented results from
a similar analysis method with self-tagging neutral B decays:
B - DK*0 with D - K~ nt (all), D - K~ ntx" and
D — K mTntm~ (BABAR only). All these results are
obtained with the K*0 — K*7~ decay. Effects due to the
natural width of the K*° are handled using the parametrisa-
tion suggested by Gronau [312].

The following 95% CL limits are set by BABAR [450]:

Raps(K7) < 0.244 Raps(Knr®) < 0.181

Raps(Knmm) < 0.391, (164)
while Belle [451] obtain
Raps(Km) < 0.16. (165)

The results from LHCb, which are presented in terms of the
parameters R and R_ instead of Raps and Aaps, are given
in Table 54.

Combining the results and using additional input from
CLEO-c[452,453] alimit on the ratio betweenthe b — u and
b — ¢ amplitudes of fB(DK*O) € [0.07,0.41] at 95% CL
limitis setby BABAR. Bellesetalimitofrp < 0.4at95% CL.
LHCb take input from Sect. 8 and obtain 7p = 0.240 +8 822
(different from zero with 2.7¢0 significance).

@ Springer

4.14.4 D decays to multiparticle self-conjugate final states
(model-dependent analysis)

For the model-dependent Dalitz plot analysis, both BABAR
and Belle have studied the modes Bt — DK™T, BT —
D*K* and Bt — DK*t.For Bt — D*K™, both exper-
iments have used both D* decay modes, D* — Dn”
and D* — Dy, taking the effective shift in the strong
phase difference into account.’® In all cases the decay
D — K2n+n_ has been used. BABAR also used the decay
D — KJKTK~.LHCb has also studied B¥ — DK™
decays with D — K (S)n+n_. BABAR has also performed an
analysis of Bt — DK% with D — 77~ 7°. Results and
averages are given in Table 55, and shown in Figs. 42 and 43.
The third error on each measurement is due to D decay model
uncertainty.

36 Belle [454] quote separate results for BT — D*K™T with D* —
Dn% and D* — Dy . The results quoted in Table 55 are from our aver-
age, performed using the statistical correlations provided, and neglect-
ing all systematic correlations; model uncertainties are not included.
The first uncertainty on the quoted results is combined statistical and
systematic, the second is the model error (taken from the Belle results
on B — D*K* with D* — Dr¥).
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Fig. 42 Contours in the (x+, y+) from model-dependent analysis of BY — D®K®+ D — KOh*h~ (h = 7, K). (Lef) BT — DK™,
(middle) BT — D*K™, (right) BT — DK**. Note that the uncertainties assigned to the averages given in these plots do not include model errors

The parameters measured in the analyses are explained in
Sect. 4.2.7. All experiments measure the Cartesian variables,
defined in Eq. (150), and perform frequentist statistical pro-
cedures, to convert these into measurements of y, rp and
8p.Inthe BT — DK™* with D — 77~ 7 analysis, the
parameters (o +,6%) are used instead.

Both experiments reconstruct K * as K 271*, but the treat-
ment of possible nonresonant K 271+ differs: Belle assign an
additional model uncertainty, while BABAR use a parametri-
sation suggested by Gronau [312]. The parameters rp and
8p are replaced with effective parameters x7p and 85; no
attempt is made to extract the true hadronic parameters of
the Bt — DK** decay.

We perform averages using the following procedure,
which is based on a set of reasonable, though imperfect,
assumptions.

e It is assumed that effects due to the different D decay
models used by the two experiments are negligible.
Therefore, we do not rescale the results to a common
model.

e It is further assumed that the model uncertainty is
100% correlated between experiments, and therefore
this source of error is not used in the averaging proce-
dure. (This approximation is compromised by the fact
that the BABAR results include D — K (S)K T K~ decays
in addition to D — Kontm )

e We include in the average the effect of correlations
within each experiment’s set of measurements.

e At present it is unclear how to assign an average model
uncertainty. We have not attempted to do so. Our aver-
age includes only statistical and systematic errors. An
unknown amount of model uncertainty should be added
to the final error.

@ Springer

e We follow the suggestion of Gronau [312] in making the
D K* averages. Explicitly, we assume that the selection
of K*' - K (S)n+ is the same in both experiments (so
that «, 7p and §p are the same), and drop the additional
source of model uncertainty assigned by Belle due to
possible nonresonant decays.

e We do not consider common systematic errors, other
than the D decay model.

Constraints on y = ¢3

The measurements of (x+ , y+) can be used to obtain con-
straints on y = ¢3, as well as the hadronic parameters r g and
3p. BABAR [455], Belle [454,457] and LHCDb [456] have all
done so using a frequentist procedure (there are some differ-
ences in the details of the techniques used).

e BABAR obtain y = (68113 + 4 + 3)° from DK+,
D*K* and DK**.

e Belle obtain ¢3 = (78 7]
D*K*.

e LHCbD obtain y = (84 fig)o from DK+ using 1 fb~! of
data (a more precise result using 3 fb~! and the model-
independent method is reported below).

e The experiments also obtain values for the hadronic
parameters as detailed in Table 56.

o In the BABAR analysis of BY — DK™ with D —
nta 70 decays [322], a constraint of —30° < y <
76° is obtained at the 68% confidence level.

e The results discussed here are included in the HFLAV
combination to obtain a world average value for y = ¢3,
as discussed in Sect. 4.14.7.

+ 4 + 9)° from DK and

BABAR and LHCb have performed a similar analysis
using the self-tagging neutral B decay B — DK*" (with
K*0 — K*tm~). Effects due to the natural width of the
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Fig. 43 Averages of (x4, y+) from model-dependent analyses of
Bt — DWK®F with D — KShTh™ (h = =, K). (Top left) x4,
(top right) x_, (bottom left) y4, (bottom right) y_. The top plots include

K*Y are handled using the parametrisation suggested by
Gronau [312]. LHCb give results in terms of the Cartesian
parameters, as shown in Table 55. BABAR [459] present
results only in terms of y and the hadronic parameters. The
obtained constraints on y = ¢3 are

e BABAR obtain y = (162 £+ 56)°
e LHCb obtain y = (80 3})°
e Values for the hadronic parameters are given in Table 56.
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constraints on x + obtained from GLW analyses (see Sect. 4.14.1). Note
that the uncertainties assigned to the averages given in these plots do
not include model errors

4.14.5 D decays to multiparticle self-conjugate final states
(model-independent analysis)

A model-independent approach to the analysis of BT —
D™ K+ with multibody D decays was proposed by Giri,
Grossman, Soffer and Zupan [309], and further developed
by Bondar and Poluektov [319,320]. The method relies on
information on the average strong phase difference between
DO and D’ decays in bins of Dalitz plot position that can
be obtained from quantum-correlated 1 (3770) — DOBO

@ Springer
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Table 56 Summary of constraints on hadronic parameters from model-dependent analyses of Bt — D® K®* and B® — DK*" decays. Note
the alternative parametrisation of the hadronic parameters used by BABAR in the DK ** mode

rB ]
In DK™
BABAR 0.096 % 0.029 % 0.005 + 0.004 (119710 £3 £ 3)°
Belle 0.160 70030 4+ 0.011 093, (138113 + 4 £+ 23)°
LHCb 0.06 + 0.04 (115F2)e
In D*K*
BABAR 0.133 70912 4+ 0.014 £ 0.003 (—82 £ 21 £ 5+ 3)°
Belle 0.196 70972 4+ 0.012 +0:92 (G2t £3 +23)°
75 S5
In DK**
BABAR Kig = 0.149 T00% + 0.026 + 0.006 (111 £ 32 & 11 £ 3)°
Belle 0.56 7018 £+ 0.04 £ 0.08 (243139 £ 3 £ 50)°
In DK*0
BABAR <0.55 at 95% probability (62 £ 57)°
LHCb 0.39 + 0.13 (197 33)°

events. This information is measured in the form of parame-
ters ¢; and s; that are the amplitude weighted averages of the
cosine and sine of the strong phase difference in a Dalitz plot
bin labelled by i, respectively. These quantities have been
obtained for D — K97 "7~ (and D — KJK+K ™) decays
by CLEO-c [263,460].

Belle [461] and LHCb [462] have used the model-
independent Dalitz plot analysis approach to study the mode
Bt — DK™. Both Belle [463] and LHCb [464] have also
used this approach to study B — DK*(892)? decays. In
both cases, the experiments use D — K2n+n_ decays
while LHCb has also included the D — K 21{ TK~ decay.
The Cartesian variables (x4 , y+), defined in Eq. (150), are
determined from the data. Note that due to the strong statis-
tical and systematic correlations with the model-dependent
results given in Sect. 4.14.4, these results cannot be com-
bined.

The results and averages are given in Table 57, and shown
inFig. 44. Most results have three sets of errors, which are sta-
tistical, systematic, and uncertainty coming from the knowl-
edge of ¢; and s; respectively. To perform the average, we
remove the last uncertainty, which should be 100% correlated
between the measurements. Since the size of the uncertainty
from ¢; and s; is found to depend on the size of the B — DK
data sample, we assign the LHCb uncertainties (which are
mostly the smaller of the Belle and LHCb values) to the
averaged result. This procedure should be conservative. In
the LHCb B® — DK*(892)° results [464], the values of ¢;
and s; are constrained to their measured values within uncer-
tainties in the fit to data, and hence the effect is absorbed in
their statistical uncertainties. The B — DK*(892)? aver-

@ Springer

age is performed neglecting the model uncertainties on the
Belle results.

Constraints on y = ¢3

The measurements of (x4 , y+) can be used to obtain con-
straints on y, as well as the hadronic parameters rp and §p.
The experiments have done so using frequentist procedures
(there are some differences in the details of the techniques
used) (Table 58).

e From BT — DK™, Belle [461] obtain ¢3 = (77.3 7|37
+ 4.1 £ 4.3)°.

e From B* — DK™, LHCb [462] obtain y = (62 ]3)°.

e From B — DK*(892)°, LHCb [464] obtainy = (71 +
20)°.

e The experiments also obtain values for the hadronic
parameters as detailed in Table 59.

e The results discussed here are included in the HFLAV
combination to obtain a world average value for y = ¢3,
as discussed in Sect. 4.14.7.

4.14.6 D decays to multiparticle non-self-conjugate final
states (model-independent analysis)

Following the original suggestion of Grossman, Ligeti and
Soffer [317], decays of D mesons to K(S)K + 7F can be used
in a similar approach to that discussed above to determine
y = ¢3. Since these decays are less abundant, the event
samples available to date have not been sufficient for a fine
binning of the Dalitz plots, but the analysis can be performed
using only an overall coherence factor and related strong
phase difference for the decay. These quantities have been
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Table 57 Averages from model-independent Dalitz plot analyses of b — ciis /ucs modes

Y+

X+

Sample size

Experiment

DK*,D — Kintn~

0.053
0.137 10023 £ 0.015 £ 0.023

0.095 £+ 0.045 £ 0.014 £ 0.010
0.025 £+ 0.025 £ 0.010 £ 0.005

0.044 £ 0.023 £ 0.005

0.39 (0.90)

0.052
—0.050 7032 £ 0.011 =£ 0.007

—0.110 = 0.043 £+ 0.014 £ 0.007
—0.077 + 0.024 £+ 0.010 £ 0.004

—0.085 + 0.023 £+ 0.04

N(BB) =772M

Belle [461]

0.075 £+ 0.029 £ 0.005 £ 0.014

0.090 + 0.026 £+ 0.014

—0.022 + 0.025 £ 0.004 £ 0.010

—0.027 + 0.023 £+ 0.010

[ £dt =3

LHCb [462]
Average

Confidence level

DK*, D — Kdntn~

0l +0.1
0.31 £ 0.21 + 0.05

0.8 +0.1
0.27 £ 0.21

-0.6%05 1

+0.5 40.0 +1.0 40.0
03103400 4 0.1 04710400 4 00

+0.7 40.0
0.1%07400 4 ¢

N(BB) = 772M

Belle [463]

—0.31 &£ 0.20 £ 0.04

—-0.27 £ 0.20

0.38 (0.90)

—0.81 = 0.28 £+ 0.06

—0.63 + 0.26

0.05 £ 0.35 £ 0.02

0.10 £+ 0.30

[ L£dt =3fb!

LHCD [464]
Average

Confidence level

Y DDalitzK X, VS Y, modInd Summer 2016

T T

T T T

Belle B* 7
LHCb B*
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021 I LHCbB |
Averages
L L Il L L
-0.2 -0.1 0 0.1 0.2

Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof

Fig. 44 Contours in the (x4 , y+) plane from model-independent anal-
ysisof Bf — DK* with D — KOhth~ (h =7, K)

determined by CLEO-c [466] both for the full Dalitz plots
and in a restricted region =+ 100 MeV /c? around the peak of
the K*(892)T resonance.

LHCD [465] has reported results of an analysis of BT —
DK* and BT — Dn* decays with D — KQK *7F. The
decays with different final states of the D meson are distin-
guished by the charge of the kaon from the decay of the D
meson relative to the charge of the B meson, and are labelled
“same sign” (SS) and “opposite sign” (OS). Six observables
potentially sensitive to ¥y = ¢3 are measured: two ratios
of rates for DK and D decays (one each for SS and OS)
and four asymmetries (for DK and Dm, SS and OS). This
is done both for the full Dalitz plot of the D decay and for
the K *(892)* -dominated region (with the same boundaries
as used by CLEO-c). Note that there is a significant over-
lap of events between the two samples. The results, shown in
Table 58 do not yet have sufficient precision to set significant
constraints on y = ¢3.

4.14.7 Combinations of results on rates and asymmetries in
B — D™ K™ decays to obtain constraints on

Y =¢3

BABAR and LHCb have both produced constraintson y = ¢3
from combinations of their results on BY — DK™ and
related processes. The experiments use a frequentist proce-
dure (there are some differences in the details of the tech-
niques used).

e BABAR [467] use results from DK, D*K and DK*

modes with GLW, ADS and GGSZ analyses, to obtain
y = (69710

@ Springer
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Table 58 Results from model-independent Dalitz plot analysis of B — DK+, D — KYK £x ¥

Ros Ass, DK Aos, DK Ass,px Aos,pr

Rss

[ Ladr

Experiment

D — KgK + 7F (whole Dalitz plot)

—0.052 + 0.029 £+ 0.017

—0.025 + 0.024 £+ 0.010

0.092 £+ 0.009 £ 0.004 0.066 £+ 0.009 £+ 0.002 0.040 = 0.091 £+ 0.018 0.233 &+ 0.129 £ 0.024

3th!

LHCD [465]

D — K*(892)* KF

—0.054 + 0.043 £ 0.017

—0.012 £ 0.028 £+ 0.010

0.084 £ 0.011 £ 0.003 0.056 £ 0.013 £ 0.002 0.026 £ 0.109 £+ 0.029 0.336 + 0.208 £ 0.026

3fb!

LHCb [465]

e LHCD [468] use results from the DK' mode with
GLW, GLW-like, ADS, GGSZ (K gh+h_) and GLS
(K(S)K + 77F) analyses, as well as D K *° with GLW, ADS
and GGSZ analyses, DK "7~ GLW Dalitz plot anal-
ysis, DKT7~n™ with GLW and ADS analyses and
BY — DFK®* decays. The LHCb combination takes
into account subleading effects due to charm mixing and
CP violation [469]. The resultis y = (72.2 1$%)°.

e Allthe combinations use inputs determined from v (3770)
— DOEO data samples (and/or from the HFLAV Charm
Physics subgroup global fits on charm mixing parame-
ters; see Sect. 8.1) to constrain the hadronic parameters
in the charm system.

e Constraints are also obtained on the hadronic parameters
involved in the decays. A summary of these is given in
Table 60.

e The CKMfitter [252] and UTFit [339] groups perform
similar combinations of all available results to obtain
combined constraints on y = ¢3.

Independently from the constraintson y = ¢3 obtained by
the experiments, the results summarised in Sect. 4.14 are sta-
tistically combined to produce world average constraints on
y = ¢3 and the hadronic parameters involved. The combina-
tion is performed with the GAMMACOMBO framework [470]
and follows a frequentist procedure, similar to those used by
the experiments [467,468,471].

The input measurements used in the combination are listed
in Table 61. Individual measurements are used as inputs,
rather than the averages presented in Sect. 4.14, in order
to facilitate cross-checks and to ensure the most appropri-
ate treatment of correlations. A combination based on our
averages for each of the quantities measured by experiments
gives consistent results.

All results from GLW and GLW-like analyses of BT —
D® K®+ modes, as listed in Tables 48 and 51, are used.
All results from ADS analyses of Bt — D®WEK®+ a5
listed in Table 52 are also used. Regarding B — DK*?
decays, the results of the B — DK+7~ GLW-Dalitz anal-
ysis (Table 50) are included, as are the LHCD results of
the ADS analysis of B® — DK*? (Table 54). Concern-
ing results of GGSZ analyses of Bt — D® K™+ with
D — K2h+h_, the model-dependent results, as listed in
Table 55, are used for the BABAR and Belle experiments,
whilst the model-independent results, as listed in Table 57,
are used for LHCb. This choice is made in order to main-
tain consistency of the approach across experiments whilst
maximising the size of the samples used to obtain inputs for
the combination. For GGSZ analyses of B — DK with
D — K 2h+h’ the model-independent result from LHCb
(given in Table 57) is used for consistency with the treat-
ment of the LHCb BT — DK™* GGSZ result; the model-
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Table 59 Summary of constraints on hadronic parameters from model-
independent analyses of B¥ — DK7* and B - DK*0, D —
K?h*h’ (h = 7, K) decays

Table 60 Summary of constraints on hadronic parameters obtained
from global combinations of results in BT — D® K®+ and B0 —
DK*Y decays

rg(DK™) sp(DK™) re(DK™) Sp(DK™)
Belle 0.145 + 0.030 (129.9 + 15.0 BABAR 0.092 0013 (105 11%)°
+ 0.010 £ 0.011 £38+£4D°  Lhew 0.1019 + 0.0056 (142.6 1370
LHCb 0.080 7001 (134 H2y°
' _ rg(DK*%) §p(DK*0)
Fp(DK*) Sp(DK*)
LHCb 0.218 7.4 (189 723)°
Belle <0.87 at 68%
confidence
level
LHCb 0.56 + 0.17 (204 20)°

independent result by Belle is also included. The result of
the GLS analysis of B¥ — DK™ with D — K** K¥ from
LHCb (Table 58) are used. Finally, results from the time-
dependent analysis of B — DF K * from LHCb (Table 47)
are used.

Several results with sensitivity to y are not included in
the combination. Results from time-dependent analyses of
B — D®Fx* and DF p* (Table 46) are not used as there
are insufficient constraints on the associated hadronic param-
eters. Similarly, results from B — DF Kgn + (Sect.4.13.1)
are not used. Results from the LHCb B — DK*Y GLW
analysis (Table 49) are not used because of the statisti-
cal overlap with the GLW-Dalitz analysis which is used
instead. Limits on ADS parameters reported in Sect. 4.14.3
are not used. Results on BT — Dnt decays, given in
Table 53, are not used since the small value of rg(Dn ™)
means these channels have less sensitivity to y and are more
vulnerable to biases due to subleading effects [468]. Results
from the BABAR Dalitz plot analysis of BY — DK™ with
D — nta—a0 (given in Table 55) are not included due
to their limited sensitivity. Results from the Bt — DK,
D— K gnﬂr’ GGSZ model-dependent analysis by LHCb
(given in Table 55), and of the model-independent anal-
ysis of the same decay by Belle (given in Table 57) are
not included due to the statistical overlap with results from
model-(in)dependent analyses of the same data.

Auxiliary inputs are used in the combination in order to
constrain the D system parameters and subsequently improve
the determination of y = ¢3. These include the ratio of
suppressed to favoured decay amplitudes and the strong
phase difference for D — K * 7 decays, taken from the
HFLAV Charm Physics subgroup global fits (see Sect. 8).
The amplitude ratios, strong phase differences and coher-
ence factors of D — K*¥nF7% D — K*¥gFntn~
and D — KgK *x% decays are taken from CLEO-c
and LHCb measurements [466,472,473]. The fraction of
CP-even content for quasi-GLW D — ntn~ntn™,
D — KtK 7% and D — nt7 70 decays are taken

from CLEO-c measurements [443]. Constraints required
to relate the hadronic parameters of the B — DK*0
GLW-Dalitz analysis to the effective hadronic parameters
of the quasi-two-body approaches are taken from LHCb
measurements [442]. Finally, the value of —28; is taken
from the HFLAV Lifetimes and Oscillations subgroup (see
Sect. 3); this is required to obtain sensitivity to y =
¢3 from the time-dependent analysis of B — DFK*
decays. A summary of the auxiliary constraints is given in
Table 62.

The following reasonable, although imperfect, assump-
tions are made when performing the averages.

e CP violationin D — KTK~and D — n 7~ decaysis
assumed to be zero. The results of Sect. 8 anyhow suggest
such effects to be negligible.

e The combination is potentially sensitive to subleading
effects from DO-D° mixing which is not accounted
for [469,474,475]. The effect is expected to be small
given that rg = 0.1 (for all included modes) whilst
rp ~ 0.05.

e All BT — DK*' modes are treated as two-body decays.
In other words any dilution caused by non-K ** contribu-
tions in the selected regions of the DK 97 or DK *x*
Dalitz plots is assumed to be negligible. As a check of
this assumption, it was found that including a coherence
factor for Bt — DK*' modes, kg(DK*T) = 0.9, had
negligible impact on the results.

e All of the inputs are assumed to be completely uncor-
related. Whilst this is true of the statistical uncertain-
ties, it is not necessarily the case for systematic uncer-
tainties. In particular, the model uncertainties for dif-
ferent model-dependent GGSZ analyses are fully cor-
related (when the same model is used) and similarly the
model-independent GGSZ analyses have correlated sys-
tematic uncertainties originating from the knowledge of
the strong phase variation across the Dalitz plot. The
effect of including these correlations is estimated to be
<1°.
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Table 61 List of measurements used in the y combination

B decay D decay Method Experiment Refs.
BT — DK™ D— KYK=,D—ntn—, GLW BABAR [433]
D — K% D — Kw, D - K%
Bt — DK™ D— K"K™,D—ntn—, GLW Belle [434]
D — K% D — Kdw, D - K¢
BT — DK* D—K'K~,D—ntn~ GLW CDF [435]
BT — DK* D—K'K~,D— ntn~ GLW LHCb [436]
BT — D*KT* D— K'K~,D— ntn—, GLW BABAR [437]
D* — Dy (n9) D — Kn%, D — K0, D - K¢
Bt — D*K* D— KtK=,D— atn—, GLW Belle [434]
D* — Dy (z%) D — K%, D — Kw, D - K%
BT — DK** D—> KtK—,D— atn—, GLW BABAR [438]
D — K% D — Kdw, D - K¢
BT — DK*t D— K'K~,D— ntn—, GLW LHCb [439]
BT — DKtmtm~ D—K'K~,D—ntn~ GLW LHCb [440]
BT — DK™t D— ata—n0 GLW-like BABAR [322]
Bt — DKt D — hth—=° GLW-like LHCb [444]
Bt — DK* D—atnnta™ GLW-like LHCb [436]
Bt — DKt D— K*n¥ ADS BABAR [445]
Bt — DKt D— K*n¥ ADS Belle [446]
Bt — DKt D— K*n¥ ADS CDF [447]
Bt — DKt D— K*n¥ ADS LHCb [436]
BT — DK™t D — K*naFn0 ADS BABAR [448]
Bt — DKt D— K*ng¥F70 ADS Belle [449]
Bt — DK™t D — K*ngFg0 ADS LHCb [444]
BT — DK™t D— K*nFntn— ADS LHCb [436]
BT — D*K* D— K*n¥F ADS BABAR [445]
D* — Dy
BT — D*K* D—> K*n¥ ADS BABAR [445]
D* — Dx*
Bt — DK*t D— K*n¥ ADS BABAR [438]
Bt — DK** D— K*n¥ ADS LHCb [439]
Bt — DKtntm~ D— K*n¥ ADS LHCb [440]
Bt — DKt D— Kdntn~ GGSZ MD BABAR [455]
BT — DK™t D — Kdnta~ GGSZ MD Belle [454]
BT — D*K* D — Kdnta~ GGSZ MD BABAR [455]
D* — Dy (79
Bt — D*Kk+ D— Kdntn~ GGSZMD Belle [454]
D* — Dy (7%
Bt — DK**t D — Kdntn~ GGSZ MD BABAR [455]
BY — DK** D— Kdntn~ GGSZ MD Belle [457]
Bt — DKt D— Kdntn~ GGSZ MI LHCb [462]
Bt — DK™ D — KIK*n~ GLS LHCb [465]
BY - DK*0 D— K*n¥ ADS LHCb [441]
B > DKtn— D — hth™ GLW-Dalitz LHCb [442]
B? — DK*? D — Khth~ GGSZMI Belle [463]
BY — pDk*0 D — Kdnth~ GGSZ MI LHCb [464]
BY - DFK* Df — hth~n* TD LHCb [432]
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Table 62 List of the auxiliary inputs used in the combinations

Decay Parameters Source Refs.
D— K*n¥ rk7, skn HFLAV Sect. 8
D— K*ng¥ngtn~ B S S CLEO+LHCb [472]
D—natnntn~ Fi(ntn—ntn™) CLEO [443]
D— K*n¥Fz0 oKy Kam yKom CLEO+LHCb [472]
D — hth—=° Fo(ntn— %, Fr(KtK—n%) CLEO [443]
D — KK *r~ SRSKT i S KT Bk CLEO [466]
rpskr LHCb [473]
B® — DK*0 Kp(DK*0), RDK AgK*O LHCb [442]
BY - DFKk* b5 HFLAV Sect. 3

Table 63 Averages values obtained for the hadronic parametersin B —
D® K™ decays

Table 65 Averages of y = ¢3 split by method. For GLW method only
the solution nearest the combined average is shown

Parameter Value Method Value
rg(DK™) 0.104 £ 0.005 GLW (82.7 J_rgg)o
rg(D*K™) 0.12 + 0.02 ADS (72 J_rié)o

DK** .05 £ 0. 1yo
rg(DK*") 0.05 + 0.03 GGSZ 673159
rg(DK*Y) 0.55 + 0.16
sp(DK™) (137.713:0)° o

, | :

* 4+ +13\0 (@) - E
Sp(D*K) G115 T L YA -
85(DK*T) (108 33)° g [ N
Sp(DK*0) (203 722y° Th GLW A

[ 7273 Aps ]
Table 64 Averages of y = ¢3 split by B meson decay mode 0.6 - % gfr:éne a
Decay mode Value i ]
18 04~ o/ ]
BY > DFK* (128 +18)° - 68.3% -
B* - DK** (33130 i i
+18 02 ]
BT — D*K™* (64719)° B b
B — DK*0 (92133y° AN %{ -
0 S
B* — DK* (7122130)° 0 150
v [°]
= 1 T ‘ . o . . .
Q - - Fig. 46 World average of y = ¢3, in terms of 1—CL, split by analysis
-~ L HFLAV B method
a3 ]
0.8 i | BoDK
r B—D K™ In total, there are 116 observables and 33 free parameters.
L E= B'—-D"K" A . . 2 :
0.6 — [ B'—D°K™ — The combination has a x“ value of 95.5, which corresponds
i i o to a global p-value of 0.164. The obtained world average for
| [ Combined | o . .
04 ] the Unitarity Triangle angle y = ¢3 is
N 0,
I 68.3% - 58
i 1 Yy =¢3=(74.0 —6:4) . (166)
02 ;/ /] An ambiguous solution at y = ¢3 — y = ¢3 + 7
% 955% ] also exists. The results for the hadronic parameters are listed
0 0 = 150 it in Table 63. Results for input analyses as split by B meson
7 [ decay mode are shown in Table 64 and Fig. 45. Results for

Fig. 45 World average of y = ¢3, in terms of 1—CL, split by decay

mode
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HFLAV

ra™=0.30+0.09
ro<'=0.05+0.03
r0%=0.12+0.02
roK°=0.55+0.16 |
[1r5¢=0.104£0.005 |

1-CL

0.8

0.6

0.4 68.3%1

0.2

LRLRRERR.
e

N -
R

0.4 0.6

Fig. 47 World averages for the hadronic parameters 7 in the different
decay modes, in terms of 1 —CL

input analyses as split by the method are shown in Table 65
and Fig. 46. Results for the hadronic ratios, 7 g, are shown in
Fig. 47. A demonstration of how the various analyses con-
tribute to the combination is shown in Fig. 48.

0.2

‘ ] ‘ T \ "
[ 1B*>D’K*, D"—>hhr"lh3rx HFLAV

[ B'>DK", D°—Kghh 4
[1B*—>D’K*, D"—>h*h"IK{n"/ K{ w/KJ¢

B All B* DK™ modes

0.15 [ World Average @
o @@& *

DK
r'g

T

0.05— 1 1 1 —
0 50 100 150
v [°]
N ‘ T ‘ T ‘ T ‘
L 0.6 [BSDK™, D'>Khh _
LT UL 1B DK™, Dk h KK /K |

0.5 [ Al B*-D°K™ modes HFLAV &
L [ World Average i
0.4 —

Fig. 48 Contributions to the combination from different input mea-
surements, shown in the plane of the relevant rp parameter vs. y = ¢3.
From left to right, top to bottom: B* — DK+, Bt — D*K+ Bt —
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5 Semileptonic B decays

This section contains our averages for semileptonic B meson
decays, i.e. decays of the type B — X/{¢v,, where X refers
to one or more hadrons, ¢ to a charged lepton and v, to its
associated neutrino. Unless otherwise stated, £ stands for an
electron or a muon, lepton universality is assumed, and both
charge conjugate states are combined. Some averages assume
isospin symmetry, this will be explicitly mentioned at every
instance.

Averages are presented separately for CKM favored b —
¢ quark transitions and CKM suppressed b — u tran-
sitions. Among these transitions we distinguish exclusive
decays involving a specific meson (X = D, D*, m, p,...)
from inclusive decay modes, i.e. the sum over all possible
hadronic states, one or more mesons and baryons. Semilep-
tonic decays proceed via first order weak interactions and are
well described in the framework of the standard model (SM).
Their decay rates are sensitive to the magnitude squared of the
CKM elements V., and V,,;, and their determination is one of
the primary goals for the study of these decays. Semileptonic

033 L 1B =D K", D'—sh'h '*/1<‘§n0/1<§w/1<§¢ ‘ .
0.3 [ 1B*—D™K", D">KJhh HFLAV BB
- [ All B*-D™K" modes b
0.25~ [@World Average —

DK
r'g

0.2
0.15

A ‘ ‘ ‘
= [ )
0.8 [1B"=D'K™, D'—h*h™—
r [ 1B*-D'K™, D' —Khh]
- [ All B°—>D°K™ modes
0.6 B [ World Average

0.4}
0.2 @)

0 L 1 L 1 L 1 L 1
0 50 100 150 200

()
7 [°]

DK*tand B — DK*.Contours show the two-dimensional 68 % and
95 % CL regions
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decays involving the 7 lepton might be sensitive to beyond
SM processes because of the high T mass, which might result
in enhanced couplings to a hypothetical charged Higgs boson
or leptoquarks.

The technique for obtaining the averages follows the gen-
eral HFLAV procedure (Sect. 2) unless otherwise stated.
More information on the averages, in particular on the com-
mon input parameters is available on the HFLAV semilep-
tonic webpage.

5.1 Exclusive CKM-favoured decays
5.1.1 B— D*{" iy

The recoil variable w used to describe B — D*£~ 1y decays
is the product of the four-velocities of the initial and final
state mesons, w = vp - Upx. The differential decay rate
for massless fermions as a function of w is given by (see,
e.g., [476])

dT'(B — D*("vy)  Gim3,.
dw T 4873
X X (W) ngwF > (w) | Vep 2,

2
(mp — mpr)

(167)

where G is Fermi’s constant, mp and m p+ are the B and
D* meson masses, x(w) is a known expression of w and
new is a small electroweak correction [477]. Some authors
also include a long-distance EM radiation effect (Coulomb
correction) in this factor. The form factor F(w) for the
B — D*{~ 1y decay contains three independent functions,
ha, (w), Ri(w) and Ra(w),

x (W) F2(w) = hf\l (w)vw? — 1(w + 1)
_ 2 )
X{Z[ﬂ][l +R12(w)w 1]

(1—r)? w+ 1
w— 177
1—r ’

+[1 + (I = Ry (w)) (168)

where r = mp+/mp.

To extract |V |, the experimental analyses we consider
in this section use the parametrization of these form factor
functions by Caprini, Lellouch and Neubert (CLN) [478],

ha, (w) = ha, (D[1 = 8p%z + (53p% — 15)°

—(231p% - 91)z%], (169)
Ri(w) = Ri(1) —0.12(w — 1) + 0.05(w — 1)?, (170)
Ry(w) = Ra(1) + 0.11(w — 1) — 0.06(w — 1)2, (171)

where z = (v/w + 1—+/2)/(+/w + 14+/2). The form factor
F(w) is thus described by the slope p? and the ratios R; (1)
and R>(1).

We use the measurements of these form factor parame-
ters shown in Table 66 and rescale them to the latest val-
ues of the input parameters (mainly branching fractions
of charmed mesons) [479]. Most of the measurements in
Table 66 are based on the decay B — D*t¢~v,. Some
measurements [480,481] are sensitive also to the B~ —
D*0¢~7,, and one measurement [482] is based on the decay
B~ — D*9¢~¥,. Isospin symmetry is assumed in this aver-
age. The earlier results for the LEP experiments and CLEO
have significantly rescaled results, and significantly larger
uncertainties than the recent measurements by the B-factories
Belle and BABAR.

In the next step, we perform a four parameter fit of
newF ()| Vep|, p2, R1(1) and R>(1) to the rescaled measure-
ments, taking into account correlated statistical and system-
atic uncertainties. Only two measurements constrain all four
parameters [483,484], the remaining measurements deter-
mine only the normalization ngwF (1)| V.| and the slope
p2. The result of the fit is

nEw F(D|Vep| = (35.61 + 0.43) x 1073, (172)
0> =1.205 £+ 0.026, (173)
Ri(1) = 1.404 £ 0.032, (174)
R>(1) = 0.854 + 0.020, (175)
and the correlation coefficients are

Pogw F(DVepl,p2 = 0-338, (176)
Prgw F(1)|Vep, Ry (1) = —0.104, (177)
Prgw F ()| Vepl Ro(1) = —0.071, (178)
£p2. R 1y = 0.570, (179)
P2, o1y = —0.810, (180)
PR (1),Rx(1) = —0.758. (181)

The uncertainties and correlations quoted here include both
statistical and systematic contributions. The x2 of the fit is
30.2 for 23 degrees of freedom, which corresponds to a confi-
dence level of 14.4%. An illustration of this fit result is given
in Fig. 49.

Using the latest update from the Fermilab Lattice and
MILC Collaborations [489], the form factor normalization
newF (1) is

newF(1) = 0.912 £ 0.014, (182)

where ngw = 1.0066 £ 0.0050 has been used. The central
value of this number corresponds to the electroweak correc-
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Table 66 Measurements of the Caprini, Lellouch and Neubert (CLN) [478] form factor parameters in B — D*{~ ¥, before and after rescaling.
Most analyses (except [483,484]) measure only ngwF(1)|Vep|, and 02, 50 only these two parameters are shown here

Experiment

nEw F(1)|Vep|[1073] (rescaled)

nEw F (1)|Vep|[107°] (published)

p2 (rescaled)
02 (published)

ALEPH [485]

CLEO [480]

OPAL excl [486]

OPAL partial reco [486]
DELPHI partial reco [487]
DELPHI excl [488]

Belle [483]

BABAR excl [484]

BABAR D*0 [482]

BABAR global fit [481]

30.97 + 1784 £ 129
31.9 4+ 1.8y + 1.9y
39.67 4+ 1224y £ 1624
43.1 + 134y + 1.8y
35.81 4 1.57qu £ 1624
36.8 + 1.65a + 2.05
36.98 + 119 £ 2324
37.5 + 1.2 + 2544
35.15 + 139 £ 2304
35.5 + Lagy T2340u
35.85 + 1684 £ 1984
39.2 + 1.8y + 2.3y
34.39 + 0174 £ 1014
34.6 + 024y + 1.0y
33.59 + 0294y £ 1034y
34.7 + 034y + 1lgy
34.96 + 0.584 £ 1.324q
35.9 £ 0.65a £ L4y
35.49 & 0204y & .09y
35.7 & 0.2 + 1.2

0491 £ 0.2274q £ 0.1464y
0.37 %+ 0.2645 % 0145y
1.366 % 0.0854q £ 0.087yy
1.61 £ 0.09 % 0214y
1.205 £ 0.2074q £ 0.1534y
131 £ 0.21q % 0165y
1.149 + 0.14544 £ 0.2964y
1.12 £ 0.14y5 % 0.294
1.168 % 012640 £ 0.3815yy
1.34 £ 01440 70 335yst
1.084 % 014340 £ 0.1515y
1.32 £ 0.154a % 0.334yy
1.213 £ 0.0344q £ 0.0085yy
1.214 % 0.0344q £ 0.009y5
1.184 £ 0.0484q £ 0.029
1.18 %+ 0.054a % 0.034yy
1.126 % 0.0584a £ 0.0554y
1.16 % 0.065a % 0.085y5
1.185 % 0.0204q £ 0.061 55
121 % 0.024a % 0.07gyy

Average 35.61 £ 0.1 £0.415y4 1.205 £ 0.01544 £0.021 5y
ALEPH (a) = Ayd=1 (b)
310+ 1.8+ 1.3 I : :D L AX CLEO
CLEO : >°
39.7+ 1.2+ 1.6 : e —

OPAL excl o

358+ 1.6+ 1.6 - ‘-‘*B 40

OPAL partial reco S:m ‘ P

37.0+ 1.2+ 23 I

DELPHI partial reco : { 8’"35‘

352+ 14+ 23 ——A— i

DELPHI excl ’ %;JEaILtPIHeI(:O )
358+ 1.7+ 2.0 e AGE . .
BELLE : | A

44+ 02+ 10 —a—i 35 XBAR (Global Fit)
BABAR excl : BABAR (D*0

33.6+ 03+ 1.0 —— ALEPH ( )
BABAR D*0 : L BABAR (excl.)
350+ 0.6+ 1.3 kg BELLE

BABAR global fit :

355+ 02+ 1.1 —

Average : 30 —
356+ 0.1+ 0.4 ey HFLA V

’ |_Summer 2016 |
x3/dof = 30.2/23 (CL = 14.40 %) : HFLAV igg:,?f 202 %?
: L | |
] | ] | | | ] L 1 1
25 30 35 40 0 L5 2

n., FO V| [107]

Fig. 49 Illustration of a the average and b the dependence of ngw F(1)|Vep| on p2. The error ellipses correspond to Ax? = 1 (CL = 39%)
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Table 67 B — D** ¢~V branching fractions calculated from the rescaled CLN parameters in Table 66. For Ref. [482] the published value of
B(B~ — D*0¢~¥,) has been rescaled by the factor 7(B%) /t(B*) for comparison to the other measurements

Experiment

B(EO — D*T¢77,) [%] (calculated)

BB’ — D*F0=%,) [%] (published)

ALEPH [485]

CLEO [480]

OPAL excl [486]

OPAL partial reco [486]
DELPHI partial reco [487]
DELPHI excl [488]

Belle [483]

BABAR excl [484]

BABAR D*0 [482]
BABAR global fit [481]

Average

5.26 £ 0.254 £ 0.305y
5.55 & 0175 £ 0.244y
4.93 £ 0185 £ 0435950
542 & 0.25qy * 0.52
4.85 £ 0.1340 £ 0.724x
5.27 £ 0.20g £ 0.374yst
4.51 £ 0.0350 £ 026595
4.45 £ 0.044a £ 0264y
4.90 £ 0.07a £ 0.34gy5
4.90 £ 0.02a £ 0.19y5

4.88 £ 0.0155 £ 0.105yg

5.53 £ 0.264a £ 0.524y
6.09 £ 0.19g £ 0.404y5

5.1 % 019 £ 0.494y

5.92 £ 0.27ga £ 0.684yst

4.70 £ 0.1340 7039 oyst

5.90 £ 0.224q £ 0.505y5

4.58 £ 0.0340 £ 0.265y5

4.69 £ 0.0440 £ 0.345y5

5.15 £ 0.07ga £ 0.384ys

5.00 £ 0.0240 £ 0.19y5
x?/dof = 30.2/23 (CL = 14.4%)

ALEPH : :
: a | b

5264025+ 0.30 o (@) CLEO ; (b)

CLEO ! :

5.55+0.17+0.24 : —— 6.52+0.20 +0.39 : "

OPAL excl

493+0.18+0.43 : BABAR tagged :

OPAL partial reco H ;

S.42 4+ 025+ 0.52 A 5.4840.15£0.35 :

DELPHI partial reco BABAR untagged

4.85+0.1340.72 R :

DELPHI excl 5 528+ 0.08 +0.40

527+020+0.37 e :

BELLE : BABAR global fit 3

45140.03+0.26 :

BABAR excl 5.36+0.02+021 TR

445+0.04%026 :

BABAR D*( Average 3

4.90+0.07 +0.34 ;

—f—

BABAR global fit 5.59+£0.02£0.19 '

490+ 0.02+0.19 :

Average

4.88+0.0140.10 HFLAV R e

x2/dof = 30.2/23 (CL = 14.40 %) HFLAV Summer 2016

Summer 2016
1 | 1 | 1 : | 1 | 1 Il | Il | Il | Il : | Il
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Fig. 50 Branching fractions of exclusive semileptonic B decays: a EO — D*t¢~7, (Table 67) and b B~ — D*¢~ 7, (Table 68)

tion only. The uncertainty has been increased to accommo-
date the Coulomb effect. Based on Eq. (172), this results in

[Vep| = (39.05 + 0.47¢xp £ 0.584) x 1073, (183)

where the first uncertainty is experimental and the second
error is theoretical (lattice QCD calculation and electro-weak
correction).

From each rescaled measurements in Table 66, we cal-
culate the B — D*¢~ 9, form factor ngwF (w) and, by
numerical integration, the branching ratio of the decay

BY — D*t¢~v,. For measurements that do not determine
the parameters Ry (1) and R,(1) we assume the average val-
ues given in Eqgs. (174) and (175). The results are quoted in
Table 67 and Fig. 50a. The branching ratio is

B(EO — D*Te7vy) = (4.88 £ 0.10)%. (184)

We have also performed a one-dimensional average of
measurements of the decay B~ — D*0¢— V¢, which is shown
in Table 68 and Fig. 50b. The result of this average, (5.59 £
0.02 £ 0.19)%, is consistent with the average including both
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Table 68 Average of the B~ — D*¢~ 1, branching fraction measurements

Experiment

B(B~ — D*0¢=1y) [%] (rescaled)

B(B~ — D*0¢~ %) [%] (published)

CLEO [480]
BABARtagged [490]
BABAR [482]
BABAR [481]

Average

6.52 £ 0.205a £ 0.39yst
5.48 £ 0.155 £ 0.355yst
5.28 &+ 0.084a¢ £ 0.404ys¢
5.36 £ 0.020 £ 0.215y5
5.59 £ 0.025tat =019yt

6.50 £ 0.20 + 0434y
5.83 £ 0.154 % 0.304ys
5.56 £ 0.085 + 0414y
5.40 £ 0.024y + 0214y
x?2/dof = 8.3/3 (CL = 3.94%)

charge states given in Eq. (184) rescaled by the lifetime ratio
(B*)/t(BY), (5.26 £ 0.11)%.

512 B— D¢ v,

The differential decay rate for massless fermions as a function
of w (introduced in the previous section) is given by (see,
e.g., [476])

G%mSD

B — DUy
T = ey gt mp)tw? — )2

X Niw G (W) Ve |, (185)

where G is Fermi’s constant, and mp and mp are the B
and D meson masses. Again, ngw is the electroweak cor-
rection introduced in the previous section. In contrast to
B — D*{™ 1y, G(w) contains a single form-factor function

fr(w),

4r

2 _
W=y

frw), (186)
where r =_mD/mB.

As for B — D*{~ v, decays, we adopt the prescription
by Caprini, Lellouch and Neubert [478], which describes the
shape and normalization of the measured decay distributions

in terms of two parameters: the normalization G(1) and the
slope pz,

G = GM)[1 - 8p*z + (51p* — 10)2?
—(252p° — 84)2°], (187)

where z = (vVw + 1 — /2)/(Vw + 1 ++/2).

Table 69 shows experimental measurements of the two
CLN parameters, which are corrected to match the latest val-
ues of the input parameters [479]. Both measurements of
EO — D1t¢ v, and B~ — D% ¥, are used and isospin
symmetry is assumed in the analysis.

The form factor parameters are extracted by a two-
parameter fit to the rescaled measurements of npw G (1)| Ve |
and p? taking into account correlated statistical and system-
atic uncertainties. The result of the fit is

nEwG ()| Vep| = (41.57 £ 1.00) x 1073, (188)
p? = 1.128 £ 0.033, (189)

with a correlation of

PogwG()|Vay).p2 = 0.751. (190)

The uncertainties and the correlation coefficient include both
statistical and systematic contributions. The x 2 of the fitis 4.7

Table 69 Measurements of the Caprini, Lellouch and Neubert (CLN) [478] form factor parameters in B — D~ v, before and after rescaling

Experiment nEwG ()| Vep| [1073] (rescaled) p? (rescaled)
nEwG(1)|Vep| [1073] (published) 02 (published)
ALEPH [485] 36.67 £ 10.055a £ 7.335yst 0.845 £ 0.879 £ 0.4485y4
31.1 £ 9.9 £ 8.64s 0.70 £ 0.985 £ 0.505y5
CLEO [491] 44.18 £ 5704 £ 3474y 1.270 £ 0.2154a £ 0.1214y4

44.8 £ 6.15ac = 3.7syst
41.94 £ 0.605 £ 1.215y5

Belle [492]
42.29 £+ 1.37
BABAR global fit [481]

BABAR tagged [493]

Average

42.23 £ 0. 745 £ 2.144y5t
43.1 £ 0.8ga £ 2.35yt
42.60 £ 1. 715 £ 1.264yst
42.3 £ 1.9 = 1.0syst
41.57 £ 0.45a £ 0.89ys¢

1.30 & 0.275tac = 0.14gys¢
1.090 £ 0.0365¢ £ 0.019ys
1.09 £ 0.05

1.186 £ 0.03555 £ 0.0624ys
1.20 & 0.045a = 0.075ys
1.200 4 0.088star = 0.0435ys;
1.20 & 0.09tar = 0.045ys
1.128 4 0.024 gt & 0.023ys5¢
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Fig. 51 Illustration of a the average and b dependence of ngwG(w)|Vep| on pz. The error ellipses correspond to A X2 =1(CL=39%%)

Table 70 B° — D¢~ branching fractions calculated from the rescaled CLN parameters in Table 69, which are based on both charged and

neutral B decays, combined under the assumption of isospin symmetry

Experiment B(B® — D1~ 9;) [%)] (calculated) B(B® — Dt¢~vy) [%] (published)
ALEPH [485] 2.09 £ 0.15 £ 0.374ys 2.35 £ 0.20u £ 0.444y5
CLEO [491] 2.12 %+ 0.23 £ 0.29y5 2.20 £ 0.165a £ 0.194y5

Belle [492]
BABAR global fit [481]
BABAR tagged [493]

Average

224 4 0.03gu + 0.114y
2.09 + 0.034u + 0.134
2.10 £ 0.07ga + 0084y
213 £ 0.02 £ 0.0y

2.31 £ 0.034 % 0.114yy
2.34 £ 0.034y % 0134y
2.23 £ 0.11gy % 0.114yy
x?2/dof = 4.7/8 (CL = 79.3%)

for 8 degrees of freedom, which corresponds to a probability
of 79.3%. An illustration of this fit result is given in Fig. 51.

The most recent lattice QCD result obtained for the form
factor normalization is [494]

G(1) = 1.0541 % 0.0083. (191)

Using again ngw = 1.0066 £+ 0.0050, we determine |V, |
from Eq. (188),

[Vep| = (39.18 = 0.94¢xp =+ 0.361,) x 1073, (192)

where the first error is experimental and the second theo-
retical. This number is in excellent agreement with |V |
obtained from B — D*¢~ iy decays given in Eq. (183).
From each rescaled measurement in Table 69, we have cal-
culated the B — D~ v, form factor G(w) and, by numerical
integration, the branching ratio of the decay B~ DYy,
The results are quoted in Table 70 and illustrated in Fig. 52.

The branching ratio for the average values of npw G (1)|Vep|
and p? is

B@B" — D¢ v,) = (2.13 + 0.07)%. (193)

We have also performed one-dimensional averages of
measurements ofEO — D¢ v, and B- — D% ¥
decays. The results are shown in Tables 71 and 72. The
EO — D¢ v, average, (2.20 + 0.04 = 0.09)%, is con-
sistent with the result in Eq. (193), (2.13 £ 0.07)%. The
B~ — DOIZ’EZ average, (2.33 £ 0.04 £ 0.09)%, also com-
pares well to the result in Eq. (193), rescaled by the lifetime
ratio (B1)/t(BY), (2.30 %+ 0.07)%.

513 B— D®Wxe i,

The average inclusive branching fractions for B — D®x
£~y decays, where no constraint is applied to the D™
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ALEPH
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BELLE
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Fig. 52 Tllustration of Table 70

system, are determined by the combination of the results
provided in Table 73 for B° — DOz+¢v,, B —
D0t~ 9y, B~ — Dtn ¢ ¥y, and B~ — D*tn 4"y
decays. The measurements included in the average are scaled
to a consistent set of input parameters and their uncertain-
ties [479]. For both the BABAR and Belle results, the B
semileptonic signal yields are extracted from a fit to the miss-
ing mass squared distribution for a sample of fully recon-
structed BB events. Figure 53 shows the measurements and
the resulting average for the four decay modes.

Table 71 Average of B - D¢~ v, branching fraction measurements

514 B— D*{ ™,

D** mesons contain one charm quark and one light anti-
quark with relative angular momentum L = 1. According to
Heavy Quark Symmetry (HQS) [496], they form one dou-
blet of states with angular momentum j = s, + L = 3/2
[D1(2420), D3(2460)] and another doublet with j = 1/2
[D(’)‘ (2400), D; (2430)], where s, is the light quark spin.
Parity and angular momentum conservation constrain the
decays allowed for each state. The D and Dj states decay
via a D-wave to D*7 and D™, respectively, and have
small decay widths, while the D and D] states decay via
an S-wave to Dr and D*rm and are very broad. For the
narrow states, the averages are determined by the com-
bination of the results provided in Tables 74 and 75 for
B(B~ — DYt ;) x B(DY — D* x~) and B(B~ —
DY0™vg) x B(DY — D*T7 ™). For the broad states, the aver-
ages are determined by the combination of the results pro-
vided in Tables 76 and 77 for B(B~ — D’ ) x B(D}? —
D**x~)and B(B~ — D¢ ) xB(DE® — D*x~). The
measurements are scaled to a consistent set of input param-
eters and their uncertainties [479].

For both the B-factory and the LEP and Tevatron results,
the B semileptonic signal yields are extracted from a fit to
the invariant mass distribution of the D®)* 7~ system. Apart
for the CLEO, Belle and BABAR results, the other measure-
ments are for the B — D**(D*7 )X ¥, final state and
we assume that no particles are left in the X system. The
BABAR tagged B — D3£7 v, has been measured select-
ing DY — D final state and it has been translated in a
result on D5 — D*m decay mode, assuming B(D; —
Dm)/B(D; — D*m) = 1.54 £ 0.15 [327]. Figures 54
and 55 show the measurements and the resulting averages.

Experiment B(F0 — D1TL7V,) [%] (rescaled) B(E0 — DT477,) [%)] (published)
ALEPH [485] 2.14 £ 0.18stat £ 0.364yst 2.35 £ 0.205tac £ 0.44gyst
CLEO [491] 2.09 £ 0.135ta¢ £ 0.164ys 2.20 £ 0.165ta¢ £ 0.19ys

Belle [492]
BABAR [490]

Average

230 £ 0.04gu & 0.124
2.08 & 0.1 & 0.14gy
2.20 £ 0.04g £ 0.09y5

239 £ 0.04gq & 0.1y
221 £ 0.1 & 0.124
x2/dof = 1.7/3 (CL = 63.9%)

Table 72 Average of B~ — D¢~ 7, branching fraction measurements

Experiment

B(B~ — D% 1y) [%] (rescaled)

B(B~ — D% y) [%] (published)

CLEO [491]
BABAR [490]
Belle [492]

Average

2.16 £ 0.134a + 0.174
221 £ 009 % 0.124
248 £ 0044y + 0.124
2.33 £ 0.04450 + 0.095y5

232 + 0.17gu % 0.205
2.33 4 0.09u £ 0.09ys
2.54 + 0.044y £ 013
x2/dof = 2.8/2 (CL = 25.2%)
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Table 73 Averages of the B — D™ 7~ ¢~ branching fractions and individual results

Experiment B(B~ — DYm=£7v;)[%] (rescaled) B(B~ — DYn =€ )[%] (published)
Belle [495] 0.42 % 0.04ga £ 0.055y 0.40 % 0.045a £ 0.065y

BABAR [490] 0.40 % 0.065 £ 0.035y 0.42 % 0.065 £ 0.035y

Average 0.41 £+ 0.04 Xz/dof = 0.073 (CL =78.9%)
Experiment B(B~ — D*Tmw £ v;)[%] (rescaled) B(B~ — D**r =€ vy)[%] (published)

Belle [495]
BABAR [490]

0.68 £ 0.0845 £ 0.07yst
0.57 £ 0.055a £ 0.04gy5

0.64 £ 0.085 £ 0.09yst
0.59 £ 0.055a £ 0.04gy5

Average 0.60 + 0.06 x2/dof=0.778 (CL = 37.9%)
Experiment B(BY — D% te~y)[%] (rescaled) B(BY — D% t¢~y)[%] (published)
Belle [495] 0.43 £ 0.07ga £ 0.054 0.42 £ 0.074a £ 0.065y5

BABAR [490] 0.40 £ 0.084a £ 0.034yg 0.43 £ 0.08ga £ 0.034yy

Average 0.42 + 0.06 x2/dof= 0.061 (CL = 80.5%)
Experiment B(BY — D*0nt¢=9,)[%)] (rescaled) B(B® — D*07+¢=9,)[%)] (published)

Belle [495]
BABAR [490]

Average

0.58 £ 0.215a £ 0.075yst
0.46 £ 0.084a £ 0.04yst
0.47 £ 0.08

0.56 £ 0.21 £ 0.085yg
0.48 £ 0.084 £ 0.04gyg
x?2/dof= 0.262 (CL = 60.9%)

5.2 Inclusive CKM-favored decays
5.2.1 Global analysis of B — X 0™ vy

The semileptonic decay width I'(B — X €7 vy) has been
calculated in the framework of the operator production
expansion (OPE) [55-57]. The result is a double-expansion
in Agcp/mp and o, which depends on a number of
non-perturbative parameters. These parameters describe the
dynamics of the b-quark inside the B hadron and can be
measured using observables in B — X.£” v decays, such
as the moments of the lepton energy and the hadronic mass
spectrum.

Two renormalization schemes are commonly used to
defined the b-quark mass and other theoretical quantities:
the kinetic [504—507] and the 1S [508] schemes. An indepen-
dent set of theoretical expressions is available for each, with
several non-perturbative parameters. The non-perturbative
parameters in the kinetic scheme are: the quark masses
myp and me, ,u% and ,uzG at O(l/mi), and pi’) and pzs at
o(l/ mi). In the 1S scheme, the parameters are: my, A at
O(l/mi), and p1, 71, 72 and 13 at 0(1/m137). Note that the
numerical values of the kinetic and 1S b-quark masses can-
not be compared without converting one or the other, or both,
to the same renormalization scheme.

We used two kinematic distributions for B — X £~ ¥,
decays, the hadron effective mass to derive moments (M%)
of order n = 2,4,6, and the charged lepton momentum
to derive moments <E2> of order n = 0, 1, 2, 3. Moments
are determined for different values of E¢y, the lower limit
on the minimum lepton momentum. The moments derived

from the same distributions with different value of E .y
are highly correlated. The list of measurements is given in
Table 78. The only input is the average lifetime tp of neu-
tral and charged B mesons, taken to be (1.579 £ 0.004) ps
(Sect. 3).

In the kinetic and 1S schemes, the moments in B —
X.€ v, are not sufficient to determine the b-quark mass
precisely. In the kinetic scheme analysis we constrain the
c-quark mass (defined in the MS scheme) to the value of
Ref. [515],

mMS (3 GeV) = 0.986 & 0.013 GeV. (194)

In the 1S scheme analysis, the b-quark mass is constrained
by measurements of the photon energy moments in B —
Xy [516-519].

5.2.2 Analysis in the kinetic scheme

The fit relies on the calculations of the lepton energy and
hadron mass moments in B — X ¢y decays described
in Refs. [506,507] and closely follows the procedure of
Ref. [520]. The analysis determines |V,;| and the six non-
perturbative parameters mentioned above.

The detailed fit result and the matrix of the correlation
coefficients is given in Table 79. The fit to the lepton energy
and hadronic mass moments is shown in Figs. 56 and 57,
respectively. The result in terms of the main parameters is

IVep| = (42.19 + 0.78) x 1073, (195)
min = 4.554 + 0.018 GeV, (196)
u2 =0.464 + 0.076 GeV?, (197)
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Fig. 53 Average branching fraction of exclusive semileptonic B decays a B — DOzt ¢=9%,, b B® - D*On*t¢=9,,¢ B~ — D7 £ ¥y, and d

B~ — D*"m~ £~ 1y. The corresponding individual results are also shown

with a x2 of 15.6 for 43 degrees of freedom. The scale 1 of
the quantities in the kinematic scheme is 1 GeV.

The inclusive B — X.£~ 1y branching fraction deter-
mined by this analysis is

B(B — X vy) = (10.65 + 0.16)%. (198)

@ Springer

Including the rate of charmless semileptonic decays
(Sect. 5.4), B(B — X,07¥y) = (2.13 £ 0.31) x 1072,
we obtain the semileptonic branching fraction,

B(B — Xt ;) = (10.86 + 0.16)%. (199)
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Table 74 Published and rescaled individual measurements and their averages for of the branching fraction B(B~ — D?E* ve) X B (D? — D*Tx7)

Experiment B(B~™ — D?(D*+ﬂ_)f_|_)z)[%] (rescaled) B(B~™ — D?(D*+ﬂ_)ﬁ_l_)z)[%] (published)
ALEPH [497] 0.437 £ 0.0855¢ £ 0.0564ys 0.47 £ 0.10stac £ 0.075yst
OPAL [498] 0.570 £ 0.210s¢ar £ 0.101ys¢ 0.70 £ 0.215tat £ 0.104ys
CLEO [499] 0.347 £ 0.0855¢ £ 0.0564ys 0.373 £ 0.0855ta £ 0.057yst
DO [500] 0.214 £ 0.0184 £ 0.0354yst 0.219 £ 0.018 £ 0.0354yst
Belle Tagged B~ [495] 0.443 £ 0.0705tac £ 0.059yst 0.42 £ 0.07stat £ 0.075yst
Belle Tagged B® [495] 0.612 & 0.200515; = 0.077yg 0.42 £ 0.07ga £ 0.075ys¢
BABAR Tagged [501] 0.274 £ 0.030515 = 0.029y 0.29 % 0.03g5 £ 0.034y5
BABAR Untagged B~ [502] 0.290 % 0.01755 £ 0.0164y 0.30 £ 0.0245 £ 0.02y5
BABAR Untagged B [502] 0.294 £ 0.0265¢ £ 0.0275ys 0.30 £ 0.025tat £ 0.02y5
Average 0.281 £ 0.010 + 0.015 x?2/dof = 12.7/8 (CL = 11.7%)

Table 75 Published and rescaled individual measurements and their averages for B(B~ — Dgﬁ_ V) X B( Dg — D*tg7)

Experiment B(B~ — DY(D**7 7)€ vg)[%] (rescaled) B(B~ — DY(D**77)¢~v)[%] (published)
CLEO [499] 0.055 £ 0.0664ta %+ 0.0114yg 0.059 £ 0.0664 £ 0.0114yg

DO [500] 0.086 £ 0.018a % 0.0204ys 0.088 & 0.0184s % 0.0204y

Belle [495] 0.190 £ 0.060515 % 0.025ys 0.18 =£ 0.065iac £ 0.035y5t

BABAR tagged [501] 0.075 £ 0.013t5 % 0.009y 0.078 £ 0.0135 % 0.0104y

BABAR untagged B~ [502] 0.087 £ 0.009ta %+ 0.007yst 0.087 £ 0.0135 % 0.007ys

BABAR untagged B® [502] 0.065 £ 0.010 £ 0.004yg 0.087 £ 0.0134s £ 0.0075yy

Average 0.077 £ 0.006 + 0.004 x?2/dof =5.3/5 (CL =37.7%)

Table 76 Published and rescaled individual measurements and their averages for B(B~ — D;OZ* V) X B (D/l0 — D*tg)

Experiment B(B~™ — D/IO(D*Jrn*)Z’Dg)[%] (rescaled) B(B™ — D’IO(DHN*)E’T)[)[%] (published)
DELPHI [503] 0.71 £ 0.175tat £ 0.18sygt 0.83 £ 0.175tat £ 0.18yst

Belle [495] —0.03 £ 0.065tat = 0.07yst —0.03 £ 0.065tat £ 0.075yst

BABAR [501] 0.26 £ 0.04stat = 0.045ys 0.27 £ 0.04stat = 0.054yst

Average 0.13 £ 0.03 £ 0.02 x2/dof = 18./2 (CL = 0.0001%)

Table 77 Published and rescaled individual measurements and their averages for B(B~

— D00 5y) x B(DE® — DY)

Experiment BB~ — DSO(D+71_)£_17[)[%] (rescaled) BB~ — DSO(D+n_)E_\7[)[%] (published)
Belle Tagged B~ [495] 0.25 £ 0.045tac £ 0.06ys 0.24 £ 0.045tat £ 0.064ys

Belle Tagged BY [495] 0.23 4 0.084 £ 0.064y5t 0.24 4 0.04gy % 0.065y5

BABAR Tagged [501] 0.31 & 0.0445c £ 0.054ys 0.26 & 0.054a £ 0.04gys5

Average 0.28 4+ 0.03 + 0.04 Xz/dof = 0.49/2 (CL =78.0%)

5.2.3 Analysis in the 1S scheme The detailed result of the fit using the B — Xy con-

straint is given in Table 80. The result in terms of the main

The fit relies on the same set of moment measurements  parameters is

and the calculations of the spectral moments described in
Ref. [508]. The theoretical uncertainties are estimated as

— -3
explained in Ref. [521]. Only trivial theory correlations, i.e. |VIC§ | = (41.98 & 0.45) > 1077, (200)
between the same moment at the same threshold are included my” =4.691 &+ 0.037 GeV, (201)
in the analysis. The fit determines |V,;| and the six non- A1 = —0.362 £ 0.067 GeV2, (202)

perturbative parameters mentioned above.
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B(DY® — D7)

with a x 2 of 23.0 for 59 degrees of freedom. We find a good
agreement in the central values of |V,,| between the kinetic
and 1S scheme analyses. No conclusion should, however,
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been drawn regarding the uncertainties in | V.| as the two
approaches are not equivalent in the number of higher-order
corrections included.
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Table 78 Experimental inputs used in the global analysis of B — X.£™y. n is the order of the moment, c is the threshold value of the lepton
momentum in GeV. In total, there are 23 measurements from BABAR, 15 measurements from Belle and 12 from other experiments

Experiment Hadron moments (M) Lepton moments (E7)
BABAR n=2,¢=091.1,13,1.5 n=0,¢c=06,12,15
n=4,¢c=038,10,12,14 n=1¢c=0.6,08,1.0,1.2,1.5
n=6,c=0.9,1.3[509] n=2,¢=0.6,10,15
n=3,c=0.8,1.2[509,510]
Belle n=2,¢=071.1,13,1.5 n=0,c=06,14
n=4,¢=0.7,09,1.3[511] n=1,c=10,14
n=2,¢c=06,14
n=3,¢c=0..8,12[512]
CDF n=2c¢=0.7
n=4,¢c=0.7[513]
CLEO n=2¢c=10,15
n=4,¢c=10,15[514]
DELPHI n=2,¢=0.0 n=1,¢=0.0
n=4,¢c=0.0 n=2,¢=0.0

n=6,c=0.0[503]

n=3,c=0.0[503]

Table 79 Fit result in the kinetic scheme, using a precise c-quark mass
constraint. The error matrix of the fit contains experimental and theoret-
ical contributions. In the lower part of the table, the correlation matrix

of the parameters is given. The scale p of the quantities in the kinematic
scheme is 1 GeV

[Vep| (1073) mkin (GeV) mMS (GeV) uZ (GeVv?) 03 (GeV3) 1% (GeV?) P35 (GeV3)
Value 42.19 4.554 0.987 0.464 0.169 0.333 —0.153
Error 0.78 0.018 0.015 0.076 0.043 0.053 0.096
[Ves| 1.000 —0.257 —0.078 0.354 0.289 —0.080 —0.051
mkin 1.000 0.769 —0.054 0.097 0.360 —0.087
mMS 1.000 —0.021 0.027 0.059 —0.013
uz 1.000 0.732 0.012 0.020
o3 1.000 —0.173 —0.123
e 1.000 0.066
03¢ 1.000

5.3 Exclusive CKM-suppressed decays

In this section, we give results on exclusive charmless
semileptonic branching fractions and the determination of
|Vup| based on B — mlv decays. The measurements are
based on two different event selections: tagged events, in
which the second B meson in the event is fully (or partially)
reconstructed, and untagged events, for which the momen-
tum of the undetected neutrino is inferred from measure-
ments of the total momentum sum of the detected particles
and the knowledge of the initial state. The LHCb experi-
ment recently reported a direct measurement of |V,,5|/| Vep|
[522] reconstructing the Ag — puv decays and normaliz-
ing the branching fraction to the Ag — AN (= pKm)pv
decays. We show a combination of |V,;| — |V,p| using the
LHCb constraint on | V5| /| Vep |, the exclusive determination

of |V,p| from B — mlv and |V,p| from both B — D*{v
and B — D¢{v. We also present branching fraction aver-
ages for B — pt¢Tv, Bt — wttv, Bt — nttv and
BT — n/ttv.

5.3.1 B — mlv branching fraction and q* spectrum

Currently, the four most precise measurements of the dif-
ferential B — mlv decay rate as a function of the
four-momentum transfer squared, g2, from BABAR and
Belle [523-526] are used to obtain an average g> spec-
trum and an average for the total branching fraction. The
measurements are presented in Fig. 58. From the two
untagged BABAR analyses [525,526], the combined results
for B — 7 ¢*v and Bt — 70ty decays based
on isospin symmetry are used. The hadronic-tag analysis
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Fig. 56 Fitto the inclusive partial semileptonic branching ratios and to
the lepton energy moments in the kinetic mass scheme. In all plots, the
grey band is the theory prediction with total theory error. BABAR data

by Belle [524] provides results for B — 7~ ¢*v and
BT — 790y separately, but not for the combination of
both channels. In the untagged analysis by Belle [523],
only B — 7~ ¢*v decays were measured. The exper-
imental measurements use different binnings in ¢2, but
have matching bin edges, which allows them to be easily
combined.

To arrive at an average ¢~ spectrum, a binned maximum-
likelihood fit to determine the average partial branching frac-
tion in each ¢? interval is performed differentiating between
common and individual uncertainties and correlations for the
various measurements. Shared sources of systematic uncer-
tainty of all measurements are included in the likelihood
as nuisance parameters constrained using standard normal
distributions. The most important shared sources of uncer-
tainty are due to continuum subtraction, branching fractions,
the number of B-meson pairs (only correlated among mea-
surement by the same experiment), tracking efficiency (only
correlated among measurements by the same experiment),
uncertainties from modelling the b — u £ vy contamination,
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are shown by circles, Belle by squares and other experiments (DELPHI,
CDF, CLEO) by triangles. Filled symbols mean that the point was used
in the fit. Open symbols are measurements that were not used in the fit

modelling of final state radiation, and contamination from
b — c £vy decays.

The averaged ¢> spectrum is shown in Fig. 58. The
probability of the average is computed as the x2 proba-
bility quantifying the agreement between the input spec-
tra and the averaged spectrum and amounts to 6%. The
partial branching fractions and the full covariance matrix
obtained from the likelihood fit are given in Tables 81 and
82. The average for the total B — 7~ ¢*v, branching
fraction is obtained by summing up the partial branching
fractions:

B(B® — 77 €Tvp) = (1.50 £ 0.02 £ 0.06y5) x 1074,
(203)

5.3.2 |\Vup| from B — mlv

The |V,| average can be determined from the averaged q2
spectrum in combination with a prediction for the normal-
ization of the B — 7 form factor. The differential decay rate
for light leptons (e, 1) is given by
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Fig. 57 Same as Fig. 56 for the fit to the hadronic mass moments in the kinetic mass scheme

Table 80 Fit result in the 1S scheme, using B — Xy moments as a constraint. In the lower part of the table, the correlation matrix of the

parameters is given

m)S (GeV) 1 (GeV?) p1 (GeV?3) 71 (GeV?) 7 (GeV?) 73 (GeV?) [Vep] (1073)
Value 4.691 —0.362 0.043 0.161 —0.017 0.213 41.98
Error 0.037 0.067 0.048 0.122 0.062 0.102 0.45
m}js 1.000 0.434 0.213 —0.058 —0.629 —-0.019 —-0.215
A 1.000 —0.467 —0.602 —0.239 —0.547 —0.403
P1 1.000 0.129 —0.624 0.494 0.286
7] 1.000 0.062 —0.148 0.194
12} 1.000 —0.009 —0.145
73 1.000 0.376
[Vep] 1.000
AT = AT(g,,, qﬁigh) where G is Fermi’s constant, |py| is the absolute four-
Ran 8172 | G2 [V 242 momentum of the final state 77 (a function of ¢2), m p the B°-
= 2 TLoE H}(g?* |, (204)  meson mass, and Hy(q?) the only non-zero helicity ampli-
2 3 25673 m?
Tiow B

tude. The helicity amplitude is a function of the form factor

I+
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Fig. 58 The B — mlv ¢ spectrum measurements and the average
spectrum obtained from the likelihood combination (shown in black)
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Va?

The form factor f can be calculated with non-perturbative
methods, but its general form can be constrained by the dif-
ferential B — /v spectrum. Here, we parametrize the form
factor using the BCL parametrization [527].

The decay rate is proportional to |V, 12| f+(g®)|%. Thus to
extract | V,;| one needs to determine £ (g2) (at least at one
value of ¢2). In order to enhance the precision, a binned x>
fit is performed using a x? function of the form

Hy = —=—=" f1(g%. (205)

T
= (B — AT 7,') c! (B‘ — AT t) + XEQCD + Xicsr
(206)

W1th C denoting the covariance matrix given in Table 82,
B the vector of averaged branching fractions and AT 7 the
product of the vector of theoretical predictions of the par-
tial decay rates and the B%-meson lifetime. The form factor
normalization is included in the fit by the two extra terms in
Eq. (206): xLqcp uses the latest FLAG lattice average [222]
from two state-of-the-art unquenched lattice QCD calcula-
tions [528,529]. The resulting constraints are quoted directly
in terms of the coefficients b; of the BCL parameterization
and enter Eq. (206) as

T
XEQCD = <b - bLQCD) Cfécn (b - bLQCD), (207)

with b the vector containing the free parameters of the 2 fit
constraining the form factor, ELQCD the averaged values from
Ref. [222], and Crqcp their covariance matrix. Additional
information about the form factor can be obtained from light-
cone sum rule calculations. The state-of-the-art calculation
includes up to two-loop contributions [530]. It is included in
Eq. (206) via

2
x&m=<ﬁ““ﬁﬂf=mm)m@m. (208)

The |V,p| average is obtained for two versions: the first
combines the data with the LQCD constraints and the sec-
ond additionally includes the information from the LCSR
calculation. The resulting values for |V,;| are

Table 81 Partial B — 7~ ¢T v, branching fractions per GeV? for the input measurements and the average obtained from the likelihood fit. The

uncertainties are the combined statistical and systematic uncertainties

Ag® (GeV?)  AB(B® — n—ttv)/Ag? [1077]
Belle untagged (BY Belle tagged (BY Belle tagged (BT) BABAR untagged BABAR untagged Average
(B%*, 12 bins) (B, 6 bins)

0-2 58.7 + 12.9 97.5 + 16.7 84.1 £ 15.5 58.7 £ 9.4 799 + 9.1 720 £ 7.0
2-4 76.3 + 8.0 53.0 + 13.8 653 + 7.1 71.4 + 4.6
4-6 60.6 + 6.4 75.5 £ 14.5 73.0 + 16.2 673 + 6.4 80.1 £ 5.3 67.0 + 3.9
6-8 733 £ 7.6 48.5 £ 11.8 747 £ 7.1 75.6 + 4.3
8-10 73.7 + 8.1 39.0 £ 11.2 50.2 + 12.8 679 + 7.8 58.7 £ 5.5 64.4 + 4.3
10-12 70.2 + 8.8 79.5 + 14.6 81.3 £ 8.2 71.7 + 4.6
12-14 72.5 £ 9.1 67.5 + 13.9 86.0 + 16.4 62.4 + 7.4 549 + 6.2 66.7 + 4.7
14-16 63.0 + 8.4 68.0 + 144 64.0 + 7.9 63.3 + 4.8
16-18 593 + 7.8 53.5 + 12.8 49.7 £ 133 66.1 + 8.2 502 £ 5.7 62.0 + 4.4
18-20 36.8 £ 7.2 58.0 + 12.8 40.5 £ 7.6 432 + 43
20-22 47.1 £ 6.2 59.0 £ 14.3 23.7 + 12.1 420+ 75 18.4 + 3.2 425 + 4.1
22-24 399 +£ 6.2 33.5 £ 10.6 16.8 +£ 5.9 34.0 £ 42
24-26.4 132 £ 2.9 12.4 + 13.0 17.8 + 194 11.7 £ 2.6
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o e o 4 e o o Table 83 Best fit values and uncertainties for the combined fit to data,
\_T @ ° 12 g Q % = g LQCD and LCSR results
< AT T N~ O on
— N Parameter Value
- - e [Vip| (3.67 + 0.15) x 1073
— o N
1{ BRI H by 0.418 £ 0.012
S| T Tens g by —0.399 + 0.033
= by —0.578 = 0.130
IO N <t 0 O O O O
= | % = ¥ % F I
| TS LS 0o o
Clo | & v + &N — —
|~ IS
g
= [Viup| = <3.7O 4 0.10 (exp) £+ 0.12 (theo))
N vw — oo >~ <
2lel 2 F % & S 3
o T x 1077 (data + LQCD), (209)
)
o
§ | V| = <3.67 + 0.09 (exp) £ 0.12 (theo))
= O v o
5 228 S
fo @ ~ cls % x 107 (data + LQCD + LCSR), (210)
=
£
Q
g
4_’5 T 5 2 for the first and second fit version, respectively. The result of
< . . . . .
= i = gl - the fit including both LQCD and LCSR is shown in Fig. 59.
= The x? probability of the fit is 47%. We quote the result of
Y the fit including both LQCD and LCSR calculations as our
St
% E grl\o average for |V,|. The best fit values for |V,;| and the BCL
2 I -4 parameters and their covariance matrix are given in Tables 83
bS] and 84.
s
& —
<
Ela] 2
gl = ; :
£ 5.3.3 Combined extraction of |Vyp| and | Vep|
S (\;\ The LHCb experiment reported the first observation of the
Q| < CKM suppressed decay A — puv [522] and the measure-
E(‘D’ Ixex2l93%8 t of th t'ft'l}i) hing fracti t high ¢ f
Zlsla 1 e = E = 7 89 T 9 ment of the ratio of partial branching fractions at high ¢~ for
Eldldd+d 22T 22K T A) — puvand A) - AF(— pKm)pv decays
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Table 84 Covariance matrix for the combined fit to data, LQCD and LCSR results

Parameter [Viup| by by by

[ Viw | 2.064 x 1078 —1.321 x 1076 —1.881 x 107 7.454 x 1076
bo 1.390 x 10~4 8.074 x 1073 —8.953 x 10~
b 1.053 x 1073 —2.879 x 1073
by 1.673 x 1072
BA) = puv)g-is ev? SR = s T | B AL
= 0 + b C B—DIv .
B(Ab - Ac /UJ)q2>7 GeV? = ask /B\_””V [ E
S s PRV nc usive._ - .
— (1.00 + 0.04 & 0.08) x 102, @I = F O avemseavicr | ]
. [ Average ay=1 V3] global fit in KS N
The ratio R is proportional to (|V,,;,|/|VC;,|)2 and sensitive : | :
to the form factors of Ag — p and Ag — AT transitions 3.5F .
that have to be computed with non-perturbative methods, C ]
like lattice QCD. The uncertainty on B(A}f — pK) is the 3 -

largest source of systematic uncertainties on R. Using the C aliald
recent HFLAV average B(Al — pKm) = (6.46 & 0.24)% 25 RS TIO
reported in Table 296, which includes the recent BESIII mea- 34 36 38 40 42 44

. -3

surements [531], the rescaled value for R is [Vl [107]

R = (0.95 £ 0.04 + 0.07) x 1072 (212)

With the precise lattice QCD prediction [532] of the form fac-
tors in the experimentally interesting ¢2 region considered,
results in

|Vub|
|Vcb|

= 0.080 £ 0.004g,p. £ 0.004F . (213)

where the first uncertainty is the total experimental error and
the second one is due to the knowledge of the form factors. A
combined fit for |V,;| and | V.| that includes the constraint
from LHCb, and the determination of |V,;| and |V,p| from
exclusive B meson decays, results in

|Vl = (3.50 + 0.13) x 1073 (214)
|Vep| = (39.13 + 0.59) x 1073 (215)
o Vuplls [Vep|) = 0.14 (216)

where the uncertainties are considered uncorrelated. The x>
of the fitis 4.4 for 2 d.o.f corresponding toa P (x?) of 11.0%.
The fit result is shown in Fig. 60, where both the A x? and
the two-dimensional 68% C.L. contours are indicated. The
[Vub|/1Vep| value extracted from R is more compatible with
the exclusive determinations of |V,,;|. Another recent calcu-
lation, by Faustov and Galkin [533], based on a relativistic
quark model, gives a value of |V,;|/| V| closer to the inclu-
sive determinations.

@ Springer

Fig. 60 |V,p|-|Vep| combined average including the LHCb measure-
ment of |V,,5|/|Vep|, the exclusive |V,;,| measurement from B — mlv,
and |V,p| measurements from both B — D*¢v and B — D{v. The
point with the error bars corresponds to the inclusive | V| from the
kinetic scheme Sect. 5.2.2, and the inclusive |V,,;| from GGOU calcu-
lation Sect. 5.4.3

Table 85 Summary of exclusive determinations of B® — p£*v. The
errors quoted correspond to statistical and systematic uncertainties,
respectively

B[1074]

2.77 £ 0.41 £ 0.52
2.93 £ 0.37 £ 0.37

CLEO (untagged) p* [536]
CLEO (untagged) o [537]

Belle (hadronic tag) p* [524]
Belle (hadronic tag) p° [524]
Belle (semileptonic tag) pT [538]
Belle (semileptonic tag) p° [538]
BABAR (untagged) p* [525]
BABAR (untagged) p° [525]

Average

322 £0.27 £ 0.24
3.39 £ 0.18 £ 0.18
2.24 £ 0.54 £+ 0.31
2.50 £ 0.43 £+ 0.33
1.96 £ 0.21 £+ 0.38
1.86 &+ 0.19 £ 0.32
2.94 £ 0.09 &+ 0.17

5.3.4 Other exclusive charmless semileptonic B decays

We report the branching fraction average for B? —
ottv, Bt — ottv, Bt — npttv and BT — /ety
decays. The measurements and their averages are listed in
Tables 85, 86, 87, 88, and presented in Figs. 61 and 62.



Eur. Phys. J. C (2017) 77:895

Page 107 of 335 895

Table 86 Summary of exclusive determinations of B — w{*v. The
errors quoted correspond to statistical and systematic uncertainties,
respectively

Table 88 Summary of exclusive determinations of BT — n'¢™v.
The errors quoted correspond to statistical and systematic uncertain-
ties, respectively

B[1074

1.30 £ 0.40 £+ 0.36
1.19 £ 0.16 £+ 0.09
1.21 £ 0.14 £ 0.08
1.07 £ 0.16 £ 0.07
1.35 £ 0.21 £ 0.11
1.19 £ 0.08 £+ 0.06

Belle (untagged) [539]

BABAR (loose v reco.) [526]
BABAR (untagged) [540]

Belle (hadronic tag) [524]
BABAR (semileptonic tag) [541]

Average

Table 87 Summary of exclusive determinations of BT — n¢*v. The
errors quoted correspond to statistical and systematic uncertainties,
respectively

B[1074]

CLEO [542]

BABAR (untagged) [543]
BABAR (semileptonic tag) [544]
BABAR (loose v-reco.) [526]

0.45 £ 0.23 £ 0.11
0.31 £ 0.06 £ 0.08
0.64 £ 0.20 £ 0.04
0.38 &£ 0.05 £ 0.05

Average 0.38 £ 0.04 = 0.04

In the B — p~¢*v average, both the B — p~¢*v and
BT — pO%*y decays are used, where the BT — p%*v
are rescaled by 2tz0/7g+ assuming the isospin symmetry.
For BY — wt™v and BT — n€*v decays, the agreement
between the different measurements is good. BT — n'¢Tv
shows a discrepancy between the old CLEO measurement
and the BABAR untagged analysis, but the statistical uncer-
tainties of the CLEO measurement are large. The B® —
LT v results, instead, show significant differences, in partic-
ular the BABAR untagged analysis gives a branching fraction
significantly lower (by about 2¢') that the Belle measurement
based on the hadronic-tag. A possible reason for such discrep-
ancy could be the broad nature of the p resonance that makes
the control of the background under the p mass peak more
difficult in the untagged analysis than in the hadronic-tag
analysis.

We do not report |V,;| for these exclusive charmless
decays, because the form factor calculations have not yet
reached the precision achieved for B — mfv decays.
Unquenched lattice QCD calculations of the form factors are
not available for these decays, but LCSR calculations exist
for all these decay modes. The most recent of these calcula-
tions for the B — pfv and B — w/lv decays are reported in
Refs. [534,535].

5.4 Inclusive CKM-suppressed decays

Measurements of B — X, £Tv decays are very chal-
lenging because of the fifty times larger rates Cabibbo-

B[1074]
CLEO [542] 2.71 £ 0.80 £ 0.56
BABAR (semileptonic 0.04 £ 0.22 £ 0.04,
tag) [544] (<0.47 @ 90%C.L.)
BABAR (untagged) [526] 0.24 £ 0.08 = 0.03
Average 0.23 + 0.08 £ 0.03

favoured B — X £Tv decays. Cuts designed to suppress
this dominant background severely complicate the perturba-
tive QCD calculations required to extract |V,;|. For strict
phase space limitations, parameterizations of the so-called
shape functions are required to describe the unmeasured
regions of the phase space. In this update, we use sev-
eral theoretical calculations to extract |V,,| and do not
advocate the use of one method over another. The authors
of the different calculations have provided codes to com-
pute the partial rates in limited regions of phase space cov-
ered by the measurements. Latest results by Belle [545]
and BABAR [546] explore large portions of phase space,
with a consequent reduction of the theoretical uncertain-
ties.

In the averages, the systematic errors associated with the
modeling of B — X £ vy and B — X, £ v, decays and the
theoretical uncertainties are taken as fully correlated among
all measurements. Reconstruction-related uncertainties are
taken as fully correlated within a given experiment. Mea-
surements of partial branching fractions for B — X, €1 v,
transitions from 7" (45) decays, together with the correspond-
ing selected region, are given in Table 89. The signal yields
for all the measurements shown in Table 89 are notrescaled to
common input values of the B meson lifetime (see Sect. 3)
and the semileptonic width [327]. We use all results pub-
lished by BABAR in Ref. [546], since the statistical correla-
tions are given. To make use of the theoretical calculations
of Ref. [547], we restrict the kinematic range of the invari-
ant mass of the hadronic system, My, and the square of the
invariant mass of the lepton pair, ¢2. This reduces the size of
the data sample significantly, but also the theoretical uncer-
tainty, as stated by the authors [547]. The dependence of
the quoted error on the measured value for each source of
uncertainty is taken into account in the calculation of the
averages.

It has been first suggested by Neubert [548] and later
detailed by Leibovich, Low, and Rothstein (LLR) [549] and
Lange, Neubert and Paz (LNP) [550], that the uncertainty of
the leading shape functions can be eliminated by comparing
inclusive rates for B — X, €7 vy decays with the inclusive
photon spectrum in B — Xy, based on the assumption that
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Fig. 61 a Summary of exclusive determinations of B(B® — p£Tv) and their average. Measurements of B* — p°¢* v branching fractions have
been multiplied by 2750 /75+ in accordance with isospin symmetry. b Summary of exclusive determinations of BT — w¢*v and their average
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2
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Fig. 62 a Summary of exclusive determinations of B(B+ — n£*v) and their average. b Summary of exclusive determinations of B(B+ — n'£7v)

and their average

the shape functions for transitions to light quarks, u or s, are
the same at first order. However, shape function uncertain-
ties are only eliminated at the leading order and they still
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enter via the signal models used for the determination of
efficiency.
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Table 89 Summary of measurements of partial branching fractions for
B — X, 0" v, decays. The errors quoted on AB correspond to statisti-
cal and systematic uncertainties. E, is the electron energy in the B rest
frame, p* the lepton momentum in the B frame and m is the invariant

mass of the hadronic system. The light-cone momentum P, is defined

in the B rest frame as P, = Ey — |px|. The s;'®* variable is described

in Refs. [552,553]

Measurement Accepted region AB[1074] Notes

CLEO [554] E, > 2.1GeV 33 +£02+07

BABAR [553] E, >2.0GeV, sy"™ <3.5 GeV? 44+£04£04

BABAR [555] E, > 2.0GeV 57+£04+05

Belle [556] E, > 1.9GeV 85+ 04+£15

BABAR [546] My < 1.7GeV/c2, ¢ > 8GeV¥/c* 6.9+ 0.6 + 04

Belle [557] My < 1.7GeV/c?, g* > 8GeV¥/c* 74 £09 + 13

Belle [558] My < 17GeV/c?, g* > 8GeV?/c* 85£09 £1.0 Used only in BLL average
BABAR [546] Py < 0.66GeV 99 +£09 £0.38

BABAR [546]
BABAR [546]
Belle [545]

BABAR [546]
BABAR [546]

Mx < 1.7GeV/c?

My < 1.55GeV/c?
(Mx, g fit, pi > 1GeV/c
(Mx, qz) fit, p; > 1GeV/c
p; > 13GeV/c

11.6 £ 1.0 £ 0.8
109 £ 0.8 £ 0.6
19.6 £ 1.7 £ 1.6
182+ 13 £ 15
15513 +14

In the following, the different theoretical methods and the
resulting averages are described. A recent BABAR measure-
ment of the inclusive electron spectrum [551] was released
at the time of this writing and could not be included in the
averages.

5.4.1 BLNP

Bosch, Lange, Neubert and Paz (BLNP) [559-562] provide
theoretical expressions for the triple differential decay rate
for B — X,£Tv events, incorporating all known contri-
butions, whilst smoothly interpolating between the “shape-
function region” of large hadronic energy and small invari-
ant mass, and the “OPE region” in which all hadronic kine-
matical variables scale with the b-quark mass. BLNP assign
uncertainties to the b-quark mass, which enters through
the leading shape function, to sub-leading shape function
forms, to possible weak annihilation contribution, and to
matching scales. The BLNP calculation uses the shape
function renormalization scheme; the heavy quark param-
eters determined from the global fit in the kinetic scheme,
described in Sect. 5.2.2, were therefore translated into the
shape function scheme by using a prescription by Neu-
bert [563,564]. The resulting parameters are m;(SF) =
(4.582 + 0.023 + 0.018) GeV, u2(SF) = (0.202 +
0.089f8:8§8) GeV/cz, where the second uncertainty is due
to the scheme translation. The extracted values of |V,;| for
each measurement along with their average are given in
Table 90 and illustrated in Fig. 63a. The total uncertainty

is fg:g% and is due to: statistics (f%:i%), detector effects

(ﬂ:g%), B — X ¢1v; model (J_r{:%%), B — X, ¢Tv, model

¢t } :g %), heavy quark parameters (J_rg:g %), SF functional form
(fg%%), sub-leading shape functions (J_rgjg%), BLNP the-
ory: matching scales w, ui, in (fg:g%), and weak annihi-
lation (t?:g%). The error assigned to the matching scales
is the source of the largest uncertainty, while the uncer-
tainty due to HQE parameters (b-quark mass and ;L%) is
second. The uncertainty due to weak annihilation has been
assumed to be asymmetric, i.e. it only tends to decrease
[Vib |-

5.4.2 DGE

Andersen and Gardi (Dressed Gluon Exponentiation, DGE)
[565] provide a framework where the on-shell b-quark cal-
culation, converted into hadronic variables, is directly used
as an approximation to the meson decay spectrum without
the use of a leading-power non-perturbative function (or, in
other words, a shape function). The on-shell mass of the b-
quark within the B-meson (mj) is required as input. The
DGE calculation uses the M S renormalization scheme. The
heavy quark parameters determined from the global fit in
the kinetic scheme, described in Sect. 5.2.2, were there-
fore translated into the MS scheme by using a calcula-
tion by Gardi, giving mp(MS) = (4.188 + 0.043) GeV.
The extracted values of |V,;| for each measurement along
with their average are given in Table 90 and illustrated in
Fig. 63b. The total error is fi:g%, whose breakdown is:
statistics (ﬂ:g%), detector effects (ﬂ:;%), B — X Ty
model (f%:g%), B — X, tTv, model (f%;;%), strong cou-
pling o (fgzg%), mp (733%), weak annihilation (*99%),
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Table 90 Summary of input parameters used by the different theory calculations, corresponding inclusive determinations of |V, | and their average.
The errors quoted on |V,,;| correspond to experimental and theoretical uncertainties, respectively

BLNP DGE GGOU ADFR BLL
Input parameters
Scheme SF MS Kinetic MS I
Refs. [563,564] Ref. [565] See Sect. 5.2.2 Ref. [566] Ref. [547]
mp (GeV) 4.582 + 0.026 4.188 +0.043 4.554 £0.018 4.188 £0.043 4.704 +0.029
12 (GeV?) 0.145 10001 - 0.414 £0.078 - -
Ref. |Vip| values [1073]
CLEO E, [554] 4.22 £ 049702 386 £ 04570% 423 £0497027 342 +£ 0407077 -

Belle My, g2 [557]
Belle E, [556]
BABARE, [555]

+0.27

451 + 047102
0.26

4.93 £ 046130
0.26

452 +£0.26730
BABAR E,, s [553] 471 £ 0.327033
Belle pj. (Mx. ¢ fit[545]  4.50 % 0.27793
BABAR My [546] 424 £ 0.19%0%
BABAR My [546] 4.03 £ 0.227033
BABAR My, g2 [546] 432 4+ 0237038
BABAR Py [546] 4.09 + 0257033
BABAR pf, (Myx, ¢%) fit[546]  4.33 + 0.24101
BABAR pj [546] 434 + 0277020
Belle My, g% [558] - -

+0.21
Average 4.44 £ 01575,

4.43 £ 047105
4.82 £ 0451033
4.30 + 0.247923
435 £ 020103~
4.62 £ 0.287013
4.47 £ 020708
4.22 £ 023793 410 £ 0237018
4.24 £ 0221008 433 +£ 023702
4.17 £ 0257928
445 £ 0247013 ~0.10
4.43 £ 0277013

0.15
452 £ 0.167 12

0.25
452 + 04843
0.16
4.95 £ 04613
0.17
4.52 £ 0.26705)

3.93 £ 0417015 4.68 £ 0.49703
4.48 £ 04200 -

393 + 0221020 _

3.81 + 0.197013

4.50 £ 030103 -

3.83 +0.1870%  —

375 £ 021708 -

375 £ 0207017 450 £ 0.247539
357 £ 0227018 -

433 £ 0247010 -

428 £ 027701 -

5.01 + 0397032
4.62 £ 0.207029

+0.09

4.62 + 028+
0.20

4.30 £ 0.20773)

0.26
4.25 £+ 0.2617935
4.44 £ 0.2470%
4.43 £ 027709

0.11 0.18
4.52 £ 01501 4.08 + 0137018

matching scales in DGE (fg:i%). The largest contribution
to the total error is due to the effect of the uncertainty
on mp. The uncertainty due to weak annihilation has been
assumed to be asymmetric, i.e. it only tends to decrease

|Vub|-
5.4.3 GGOU

Gambino, Giordano, Ossola and Uraltsev (GGOU) [567]
compute the triple differential decay rates of B — X, £ 7 vy,
including all perturbative and non—perturbative effects
through O (053 Bo)and O(1/ mi). The Fermi motion is param-
eterized in terms of a single light—cone function for each
structure function and for any value of g2, accounting for
all subleading effects. The calculations are performed in
the kinetic scheme, a framework characterized by a Wilso-
nian treatment with a hard cutoff © ~ 1 GeV. GGOU
have not included calculations for the “(E,, s;'**)” anal-
ysis [553]. The heavy quark parameters determined from
the global fit in the kinetic scheme, described in Sect.
5.2.2, are used as inputs: m’;i” = (4.554 £ 0.018) GeV,
w2 = (0.464 £ 0.076) GeV/c?. The extracted values of
|Vup| for each measurement along with their average are
given in Table 90 and illustrated in Fig. 64a. The total error
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is fi:é% whose breakdown is: statistics (f%:g%), detector

effects (ﬂ:;%), B — X.¢%v; model (ﬂ:g%), B — X, bty
model (f}:g%), ag, mp and other non-perturbative parame-
ters (“_Li:j%), higher order perturbative and non-perturbative
corrections (f}:g%), modelling of the q2 tail (f}é%), weak
annihilations matrix element (“_L(l):g%), functional form of
the distribution functions (J_rg:%%). The leading uncertain-
ties on |V,;| are both from theory, and are due to pertur-
bative and non-perturbative parameters and the modelling
of the ¢? tail. The uncertainty due to weak annihilation has
been assumed to be asymmetric, i.e. it only tends to decrease
|Vub|~

5.4.4 ADFR

Aglietti, Di Lodovico, Ferrera and Ricciardi (ADFR) [568]
use an approach to extract |V,;|, that makes use of the
ratio of the B — X.£Tv, and B — X,¢1Tv, widths.
The normalized triple differential decay rate for B —
X, 0 ve [566,569-571] is calculated with a model based
on (i) soft-gluon resummation to next-to-next-leading order
and (ii) an effective QCD coupling without Landau pole.
This coupling is constructed by means of an extrapola-
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Fig. 63 Measurements of |V,;,| from inclusive semileptonic decays and their average based on the BLNP (a) and DGE (b) prescription. The labels
indicate the variables and selections used to define the signal regions in the different analyses
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Fig. 64 Measurements of |V, | from inclusive semileptonic decays and their average based on the GGOU (a) and ADFR (b) prescription. The
labels indicate the variables and selections used to define the signal regions in the different analyses
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tion to low energy of the high-energy behaviour of the
standard coupling. More technically, an analyticity princi-
ple is used. The lower cut on the electron energy for the
endpoint analyses is 2.3 GeV [566]. The ADFR calcula-
tion uses the M S renormalization scheme; the heavy quark
parameters determined from the global fit in the kinetic
scheme, described in Sect. 5.2.2, were therefore translated
into the M S scheme by using a calculation by Gardi, giv-
ing m;(MS) = (4.188 =+ 0.043) GeV. The extracted values
of |V,p| for each measurement along with their average are
given in Table 90 and illustrated in Fig. 64b. The total error

is fg:g% whose breakdown is: statistics (ﬂ:g%), detector

effects (717%), B — X" v, model (*]3%), B — X, v
model (F3%), &y (F1:4%), [Vep| (F1:9%), my (F07%), m.
(ﬂ:g%), semileptonic branching fraction (fg:g%), theory
model (fg:g%). The leading uncertainty is due to the theory

model.

5.4.5 BLL

Bauer, Ligeti, and Luke (BLL) [547] give a HQET-based
prescription that advocates combined cuts on the dilep-
ton invariant mass, qz, and hadronic mass, my, to min-
imise the overall uncertainty on |V,;|. In their reckoning
a cut on my only, although most efficient at preserving
phase space (~80%), makes the calculation of the partial
rate untenable due to uncalculable corrections to the b-
quark distribution function or shape function. These cor-
rections are suppressed if events in the low ¢ region are
removed. The cut combination used in measurements is
M, < 1.7 GeV/c? and g > 8 GeV?/c*. The extracted val-
ues of |V,;| for each measurement along with their average
are given in Table 90 and illustrated in Fig. 65. The total error

is f;:;% whose breakdown is: statistics (fg:g%), detector

effects (730%), B — X vy model (*]8%), B — X, v
model (*_‘H%), spectral fraction (mp) (fg:g%), perturbative
approach: strong coupling o (fg:g%), residual shape func-
tion (f%:g%), third order terms in the OPE (fi:g%). The
leading uncertainties, both from theory, are due to resid-
ual shape function effects and third order terms in the OPE
expansion. The leading experimental uncertainty is due to
statistics.

5.4.6 Summary

The averages presented in several different frameworks are
presented in Table 91. In summary, we recognize that the
experimental and theoretical uncertainties play out differ-
ently between the schemes and the theoretical assumptions
for the theory calculations are different. Therefore, it is dif-
ficult to perform an average between the various determina-
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Fig. 65 Measurements of |V,;| from inclusive semileptonic decays
and their average in the BLL prescription

Table 91 Summary of inclusive determinations of |V,;|. The errors
quoted on | V,,;, | correspond to experimental and theoretical uncertainties

Framework [Vup| (1073)
0.21
BLNP 444 £ 0.1572)
0.15
DGE 452 + 0.167 12
GGOU 4.52 £ 0.15791}
ADFR 4.08 £ 0.13%013

BLL (mx /¢ only) 4.62 + 020 + 0.29

tions of |V,5|. Since the methodology is similar to that used
to determine the inclusive |V, | average, we choose to quote
as reference value the average determined by the GGOU cal-
culation, which gives |V,p|= (4.52 £ 0.1575:11) x 1073

5.5 B — D™ty decays

In the SM the semileptonic decay are tree level processes
which proceed via coupling to the W * boson. These cou-
plings are assumed to be universal for all leptons and are
well understood theoretically, (see Sects. 5.1, 5.2). This uni-
versality has been tested in purely leptonic and semileptonic
B meson decays involving a t lepton, which might be sensi-
tive to a hypothetical charged Higgs boson or other non-SM
processes.
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Table 92 Measurements of R(D*) and R (D), their correlations and the combined average

Experiment R(D*)

BABAR [574,575] 0.332 £ 0.0245 £ 0.018gyst

Belle [582] 0.293 £ 0.038ia £ 0.0154ys
LHCb [583] 0.336 £ 0.0275ia £ 0.030gyst
Belle [584] 0.302 £ 0.030star £ 0.0115y5¢

Belle [585] 0.270 £ 0.0354, 70028

—0.025syst

R(D) o

0.440 £ 0.0584a £ 0.042y5 —0.27
0.375 £ 0.064s £ 0.0264yst —0.49
0.403 £ 0.040 £ 0.024 -0.23

Average 0.310 £ 0.015 £ 0.008
o 0.5 — T T .
[ ——— BaBar, PRL109,101802(2012) 2 ]
e [ ——— Belle, PRD92,072014(2015) Ay = 1.0 contours ]
R~ 045 LHCb, PRL115,111803(2015) == SM Predictions —
[ ——— Belle, PRD94,072007(2016) R(D)=0.300(8) HPQCD (2015) .
[ — Belle, PRL118.211801(2017) R(D)=0.299(11) FNALMILC (2015)
0.4 | [0 Average R(D*)=0.252(3) S. Fajfer et al. (2012) —]
0.35f —
03 =
025 A ]
L Moriond 2017 |
r P(x?) = 67.4%
0_% T R R N
2 0.3 0.4 0.5 0.6
R(D)

Fig. 66 Measurement of R(D) and R(D*) and their average com-
pared with the prediction for R(D*) [577] and R(D) [494,573]. The
dashed ellipses corresponds to the 2 and 4 o contours

Compared to BT — rtv,, the B — D™ty decay
has advantages: the branching fraction is relatively high,
because it is not Cabibbo-suppressed, and it is a three-
body decay allowing access to many observables besides
the branching fraction, such as D® momentum, q2 dis-
tributions, and measurements of the D* and 7 polarisa-
tions (see Ref. [572] and references therein for recent
calculations).

Experiments have measured two ratios of branching frac-
tions defined as

R(D) = M (217)
B(B — Dtvy)’
R(D*) = M (218)

B(B — D*Lvy)

where ¢ refers either to electron or w. These ratios are inde-
pendent of |V, | and to a large extent, also of the B — D™
form factors. As a consequences the SM predictions for these
ratios are quite precise:

e R(D) = 0.300 £ 0.008, which is an average obtained
by FLAG [222] by combining the most recent lattice cal-
culations of the B — D{v form factors [494,573];

e R(D*) = 0.252 + 0.003, which is a prediction, [574,
575] that updates recent QCD calculations [576,577]
based on the recent B — D* measurements from the
B-Factories.

Recently, in Ref. [578] Bigi and Gambino re-analysed the
recent experimental results and theoretical calculation of
B — D¢y obtaining R(D) = 0.299 + 0.003, compati-
ble with the predictions reported above but with a total error
reduced by a factor three.

From the experimental side, in the case of the leptonic
T decay, the ratios R(D(*)) can be directly measured, and
many systematic uncertainties cancel in the measurement.
The BY — D*trv, decay was first observed by Belle [579]
performing an “inclusive” reconstruction, which is based
on the reconstruction of the By, from all the particles of
the events, other than the D™ and the lepton candidate,
without looking for any specific B, decay chain. Since
then, both BABAR and Belle have published improved mea-
surements and have found evidence for the B — D1y,
decays [580,581].

The most powerful way to study these decays at the B-
Factories exploits the hadronic Byq,. Using the full dataset
and an improved By, selection, BABAR measured [574]:

R(D) = 0.440 £ 0.058 £+ 0.042,

R(D*) =0.332 £ 0.024 £+ 0.018 (219)

where decays to both e* and u* were summed and B® and
B~ were combined in a isospin-constrained fit. The fact that
the BABAR result exceeded SM predictions by 3.40, raised
considerable interest.

Belle published various measurements using different
techniques, and LHCb also joined the effort with a mea-
surement of R(D*). The most important sources of system-
atic uncertainties correlated for the different measurement
is due to the B — D** background components that are
difficult to disentangle from the signal. In the average the
systematic uncertainties due to the B — D** composition
and kinematics are considered fully correlated among the
measurements.
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Fig. 67 a Measurement of
*
R(D) ar}d b R(D ). The BaBar had. tag (a) [})?»zl;irohgj:%goz i (b)
average is th::a projection of the 0.44 £ 0.06 £ 0.04 —_—
average obtained from the Belle had. tag
combined fit Belle had. tag 0.29 £0.04 £ 0.01
0.38 +0.06 +0.03 A LHCb
0.34 +0.03 +0.03 —
Average
v Belle sl.tag
0.403 £ 0.040 + 0.024 — 0.30 + 0.03 £ 0.01 —_——
FNAL/MILC (2015) Belle (hadronic tau)
0299 + 0011 - 0.270 £ 0.035 £ 0.02
Average
HPQCD (2015) 0310 +0.015 £ 0.008 1
el
0-300 £ 0.008 S.Fajfer et al. (2012)
0.252 £0.003 -1
HFLAV HFLAV
Il I l Il Il I l 1
0.2 0.4 0.6 0.2 0.3 0.4
R(D) R(D*)

The results of the individual measurements, their averages
and correlations are presented in Table 92 and Fig. 66. The
combined results, projected separately on R(D) and R(D*),
are reported in Fig. 67a, b respectively.

The averaged R(D) and R(D*) exceed the SM pre-
dictions by 2.20 and 3.40 respectively. Considering the
R(D) and R(D*) total correlation of —0.23, the differ-
ence with respect to the SM is about 3.9 o, the com-
bined x2 = 18.83 for 2 degrees of freedom corresponds
to a p-value of 8.3 x 1079, assuming Gaussian error
distributions.

6 Decays of b-hadrons into open or hidden charm
hadrons

Ground state B mesons and b baryons dominantly decay
to particles containing a charm quark via the b — ¢
quark transition. In this section, measurements of such
decays to hadronic final states are considered; semilep-
tonic decay modes, which are usually used to determine
the strength of the b — ¢ transition as quantified in
the magnitude of the CKM matrix element |V,,|, are dis-
cussed in Sect. 5. Some B meson decays to open or hid-
den charm hadrons that are fundamental for the measure-
ments of CP-violation phases — like ¢§ES (Sect. 3), B =
¢1 and y = ¢3 (Sect. 4) — are discussed elsewhere in
this report. Similarly, the use of b — ¢ decay modes
for the determination of important properties of b-hadrons,
like their masses or (absolute, relative or effective) life-
times, is discussed in Sect. 3. The properties of certain b
hadron decays to open or hidden charm hadrons, such as
small Q values and similar topologies for different modes,

@ Springer

allow the minimization of systematic uncertainties in these
measurements.

The fact that decays to final states containing open or
hidden charm hadrons dominate the »-hadron widths makes
them a very important part of the experimental programme in
heavy flavor physics. Understanding the rate of charm pro-
duction in b-hadron decays is crucial to validate the HQE
that underpins much of the theoretical framework for b
physics (see, for example, Ref. [586] for a review). More-
over, such decays are often used as normalization modes
for measurements of rarer decays. In addition, they are the
dominant background in many analyses. To model accu-
rately such backgrounds with simulated data, it is essential
to have precise knowledge of the contributing decay modes.
In particular, with the expected increase in the data sam-
ples at LHCb and Belle II, the enhanced statistical sensitiv-
ity has to be matched by low systematic uncertainties due
to knowledge of the dominant b-hadron decay modes. For
multibody decays, knowledge of the distribution of decays
across the phase-space (e.g., the Dalitz plot density for three-
body decays or the polarization amplitudes for vector-vector
final states) is required in addition to the total branching
fraction.

The large yields of b — ¢ decays to multibody
final states make them ideal to study the spectroscopy of
both open and hidden charm hadrons. In particular, they
have been used to both discover, and measure the prop-
erties of, exotic particles such as the X (3872) [587,588],
Z(4430)™ [589,590] and P.(4450)™ [591] states. The large
yields available similarly make decays involving b —
c transitions very useful to study baryon-antibaryon pair
production.
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In addition to the dominant b-hadron decays to final states
containing charmed hadrons, there are several decays in this
category that are expected to be highly suppressed in the
Standard Model. These are of interest to probe particular
decay topologies (e.g., the B~ — Dg ¢ decay, which is
dominated by the annihilation diagram) and thereby con-
strain effects in other hadronic decays or to search for new
physics. There are also other decays involving b — ¢
transitions, such as B - D;n™, that are mediated by
the W emission involving the |V,;| CKM matrix element.
Finally, some b — ¢ decays involving lepton flavour or
number violation are extremely suppressed in the Stan-
dard Model, and therefore provide highly sensitive null
tests.

In this section, we give an exhaustive list of mea-
sured branching ratios of decay modes to hadrons con-
taining charm quarks. The averaging procedure follows the
methodology described in Sect. 2. Where available, corre-
lations between measurements are taken into account. If an
insignificant measurement and a limit for the same param-
eter are provided the former is taken so that it can be
included in averages. The confidence level of an average
is quoted if it is below 1%. We provide averages of the
polarization amplitudes of B meson decays to vector-vector
states, but we do not currently provide detailed averages of
quantities obtained from Dalitz plot analyses, due to the
complications arising from the dependence on the model
used.

The results are presented in subsections organized accord-
ing to the type of decaying bottom hadron: B’ (Sect. 6.1),
B~ (Sect. 6.2), B' /B~ admixture (Sect. 6.3), B. (Sect. 6.4),
B (Sect. 6.5), b baryons (Sect. 6.6). For each subsec-
tion the measurements are arranged according to the final
state into the following groups: a single charmed meson,
two charmed mesons, a charmonium state, a charm baryon,
or other states, like for example the X (3872) meson.
The individual measurements and averages are shown as
numerical values in tables followed by a graphical rep-
resentation of the averages. The symbol B is used for
branching ratios, f for production fractions (see Sect. 3),
and o for cross sections. The decay amplitudes for lon-
gitudinal, parallel, and perpendicular transverse polariza-
tion in pseudoscalar to vector-vector decays are denoted
Ao, Ay, and A, respectively, and the definitions 8 =

arg(Aj/Ao) and 8, = arg(A, /Ap) are used for their rel-
ative phases. The inclusion of charge conjugate modes is
always implied.

Following the approach used by the PDG [327], for
decays that involve neutral kaons we mainly quote results
in terms of final states including either a K° or K
meson (instead of a Kg or Kg). In some cases where the
decay is not flavour-specific and the final state is not self-
conjugate, the inclusion of the conjugate final state neu-
tral kaon is implied — in fact, the flavour of the neutral
kaon is never determined experimentally, and so the spec-
ification as K° or ?0 simply follows the quark model
expectation for the dominant decay. An exception occurs
for some B‘? decays, specifically those to CP eigenstates,
where the width difference between the mass eigenstates
(see Sect. 3) means that the measured branching fraction,
integrated over decay time, is specific to the studied final
state [592]. Therefore it is appropriate to quote the branch-
ing fraction for, e.g., E? — J/l/ng instead of E? —
JIWK".

Several measurements assume I'(Y'(4S) — BYB™) =
(Y 4S) — BYBY%. While there is no evidence for isospin
violation in 7" (4S) decays, deviations from this assumptions
can be of the order of a few percent, see Sect. 3.1.1 and
Ref. [593]. As the effect is negligible for many averages, we
do not apply a correction or additional systematic uncertainty,
but we point out that it can be relevant for averages with a
percent level uncertainty.

6.1 Decays of B mesons

Measurements of B® decays to charmed hadrons are summa-
rized in Sects. 6.1.1-6.1.5.

6.1.1 Decays to a single open charm meson

Averages of B decays to a single open charm meson are
shown in Tables 93, 94, 95, 96, 97, 98, 99, 100, 101, 102,
103, 104, 105 and Figs. 68, 69, 70, 71, 72, 73, 74, 75, 76,
77, 78, 79, 80. In this section D** refers to the sum of all
the non-strange charm meson states with masses in the range
2.2-2.8 GeV/c2.
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Table 93 Decays to a D®) meson and one or more pions I [1073]

Parameter Measurements Average

B(B® - Dtrn) BABAR[594]: 2.55 £ 0.05 + 0.16 2.65 £ 0.15
BABAR [595]:3.03 + 0.23 + 0.23

B(B® — D*(2010)t7 ™) BABAR[594]: 2.79 + 0.08 + 0.17 2.84 £ 0.16
BABAR [595]:2.99 &+ 0.23 + 0.24

B(B® — D*(2010) 7w ~n 7 ™) Belle [596]: 6.81 £ 0.23 &+ 0.72 7.19 + 0.30
BABAR[597]: 7.26 & 0.11 % 0.31

B(B® — D*(2007)°7~ntrn—n™t) Belle [596]: 2.60 & 0.47 + 0.37 2.60 + 0.60

B(B® — D*(2010)*rntn—ntn) Belle [596]: 4.72 + 0.59 + 0.71 472 £+ 0.92

B(B® — D*(2010) T w(782)7 ™) Belle [598]: 2.31 + 0.11 + 0.14 241 £ 0.16
BABAR[599]: 2.88 + 0.21 + 0.31

Table 94 Decays to a D™ meson and one or more pions II [10

Parameter Measurements Average

B(B® — D) Belle [600]: 2.25 4 0.14 + 0.35 2.62 + 0.15

BABAR[601]: 2.69 + 0.09 £ 0.13

B(B® — D*(2007)°79)

Belle[600]: 1.39 + 0.18 £ 0.26

BABAR[601]: 3.05 &+ 0.14 £ 0.28

2.23 £ 0.22 CL = 0.2%,

B(BY - Dntx) LHCb [602]: 8.46 + 0.14 + 0.49 8.42 £+ 0.49
Belle [603]: 8.0 £+ 0.6 &+ 1.5 8.42 + 0.49

B(BY - D*(2007)°7tx ) Belle [603]: 6.2 + 1.2 + 1.8 6.2 £22

Table 95 Decays to a D®)° meson and a light meson [1074]

Parameter Measurements Average

B(B® — D°p(770)°) Belle [603]: 2.9 &+ 1.0 & 0.4 29+ 1.1

B(B® — D*(2007)°p(770)%)
B(BY — Don)

Belle [603]: <5.1 <5.1
Belle [600]: 1.77 &+ 0.16 + 0.21

BABAR[601]:2.53 £+ 0.09 £ 0.11

B(B® — D*(2007)n)

Belle [600]: 1.40 £ 0.28 £ 0.26

BABAR [601]: 2.69 £ 0.14 + 0.23

B(B® — D% (958))
B(B® — D*(2007)°7/(958))

B(BY - D°w(782))

2.36 £ 0.13

2.26 £ 0.22 CL =5.8%

Belle [604]: 1.14 £ 0.20 7019 1.38 £ 0.12
BABAR[601]: 1.48 £ 0.13 = 0.07

Belle [604]: 1.21 =+ 0.34 + 0.22 1.40 £ 0.22
BABAR[601]: 1.48 £ 0.22 + 0.13

LHCb [602]: 2.81 £ 0.72 7039

Belle [600]: 2.37 £ 0.23 + 0.28 2.54 £ 0.16

BABAR [601]: 2.57 £ 0.11 &+ 0.14

B(B® — D*(2007)°w(782))

B(BY — D°£,(1270))

Belle [600]: 2.29 =+ 0.39 %+ 0.40
BABAR[601]: 4.55 £ 0.24 %+ 0.39
LHCb [602]: 1.61 £ 0.117)12

+0.22
1.61753]

3.64 + 0.35 CL = 1.8%,
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Table 96 Decays to a D™+ meson and one or more kaons [1073]

Parameter Measurements Average
B(B" - DtK™) LHCb [47]: 0.220 £ 0.003 £ 0.013 0.219 + 0.013
Belle [605]: 0.204 + 0.045 + 0.034
B(B® — D*(2010)*K ) Belle [605]: 0.204 + 0.041 =+ 0.023 0.204 + 0.047
B(BY - DTK*(892)") BABAR [606]: 0.46 & 0.06 & 0.05 0.46 + 0.08
B(B® — D*(2010)T K*(892)7) BABAR [606]: 0.32 & 0.06 + 0.03 0.32 + 0.07
B(B® - DtKO7 ) BABAR[606]: 0.49 £ 0.07 + 0.05 0.49 + 0.09
B(B® = D*(2010)* K%z ™) BABAR [606]: 0.30 + 0.07 & 0.03 0.30 & 0.08
B(B® - DtK—K?) Belle [607]: <0.31 <0.31
B(B® - D*(2010)t K~ K?) Belle [607]: <0.47 <0.47
B(B® - DtK~K*(892)%) Belle [607]: 0.88 + 0.11 & 0.15 0.88 + 0.19
B(B® — D*(2010)* K~ K*(892)%) Belle [607]: 1.29 & 0.22 + 0.25 1.29 4 0.33
Table 97 Decays to a D®0 meson and a kaon [1074]
Parameter Measurements Average
B(B® — D°K?) Belle [608]: 0.50 7913 + 0.06 0.52 £ 0.07
BABAR[609]: 0.53 £ 0.07 £ 0.03
B(B® — D*(2007)°K?) Belle [608]: <0.66 0.36 & 0.12
BABAR[609]: 0.36 + 0.12 £ 0.03
B(B® — D°K—n) BABAR[610]: 0.88 £ 0.15 + 0.09 0.88 + 0.17
B(B® — DYK*(892)%) Belle [608]: 0.48 7011 + 0.05 0.42 £ 0.06
BABAR[609]: 0.40 & 0.07 £ 0.03
B(B® — D°K*(892)%) x B(K*(892)° — K~ n ™) BABAR [610]: 0.38 & 0.06 &+ 0.04 0.38 & 0.07
B(BY - D*(2007)°K*(892)%) Belle [608]: <0.69 <0.69
B(B® — D*(2007)°K*(892)") Belle [608]: <0.40 <0.40
B(B® - D°K—n) BABAR [610]: <0.19 <0.19
B(B® — D°K*(892)%) Belle [608]: <0.18 0.00 + 0.06
BABAR[609]: 0.00 & 0.05 £ 0.03
Table 98 Decays to a D'g*) meson [1074]
Parameter Measurements Average
B(B® — D;yn™) Belle [611]: 0.199 + 0.026 & 0.018 0.216 + 0.026
BABAR[612]: 0.25 4 0.04 & 0.02
B(B® — D nt) Belle [613]: 0.175 + 0.034 =+ 0.020 0.207 + 0.032
BABAR [612]: 0.26 003 + 0.02
B(B® — Dy p(770)*) BABAR[612]: 0.11 7092 + 0.03 0.11 709
B(B — D~ p(770)") BABAR[612]: 0.41 713 + 0.04 0.41 914
B(B® — Dy ag(980)%) BABAR[614]: 0.06 7011 + 0.01 0.06 711
B(B — Di~ap(980)") BABAR[614]: 0.14 104 £ 0.03 0.14 92
B(B® — Dy ax(1320)*) BABAR[614]: 0.64 702 £ 0.15 0.64 1%
B(BY — D¥~ay(1320)%) BABAR [614]: <2.0 <2.0
BB — DFK™) Belle [611]: 0.191 £ 0.024 £ 0.017 0.221 £ 0.025
BABAR [612]: 0.29 + 0.04 4 0.02
B(B® — DI*K™) Belle [613]: 0.202 + 0.033 + 0.022 0.219 + 0.031

B(B® — D} K*(892)7)
B(B® — DT K*(892)7)
B(B® — Df K9n™)
B(B® — DiTKO7™)

BABAR [612]: 0.24 + 0.04 + 0.02
BABAR[612]: 0.35 7009 + 0.04
BABAR[612]: 0.32 7015 + 0.04
BABAR[615]: 0.55 % 0.13 = 0.10
BABAR[615]: <0.55

0.1
0.35 75110
0.15
0.327513
0.55 = 0.17

<0.55
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Table 99 Relative decay rates I

Parameter Measurements Average
B(BY — D°p(770)%)/B(B® — D%w(782)) Belle [603]: 1.6 & 0.8 1.6 £ 0.8
BB® - Dtntn—n7)/B(B® - Dtn™) LHCb [616]: 2.38 £ 0.11 + 0.21 2.38 + 0.24
B(B® — D*(2010)T7~)/B(B® — DTn™) BABAR[595]: 0.99 & 0.11 & 0.08 0.99 + 0.14
B(B® — D**77)/B(B® — Dtn™) BABAR[595]: 0.77 + 0.22 £ 0.29 0.77 £ 0.36
B(B® — DfK~ntn~)/B(BY - DfK~ntn™) LHCb [617]: 0.54 & 0.07 + 0.07 0.54 + 0.10
Table 100 Relative decay rates 11

Parameter Measurements Average

B(B® - D°Kk—7t)/B(B" - D'n—nt) LHCb [618]: 0.106 £ 0.007 £ 0.008 0.106 + 0.011
B(B® - D°k~K*)/B(B® - DOz~ nt) LHCb [619]: 0.056 & 0.110 £ 0.007 0.056 £ 0.110

B(B® - DtK~)/B(B° - DTn™)

LHCb [47]: 0.0822 £+ 0.0011 £ 0.0025

Belle [605]: 0.068 + 0.015 £ 0.007
LHCb [620]: 0.059 £+ 0.011 £ 0.005
Belle [605]: 0.074 £ 0.015 £ 0.006
BABAR[610]: 0.0776 £ 0.0034 £ 0.0029
LHCb [621]: 0.0129 £ 0.0005 £ 0.0008

B(B® - DtK—n*tn~)) B(B® — Dtntrn—n")
B(B® — D*(2010)* K ~)/B(B® — D*(2010)* 7 ™)

B(B® — DFK~)/B(B° — D¥r™)

0.0818 £ 0.0027

0.059 £ 0.012
0.0773 £ 0.0043

0.0129 £ 0.0009

Table 101 Absolute product decay rates to excited D mesons I [1074]

Parameter Measurements

Average

B(B® — D (2420) ™) x B(D;(2420)" — Dtx—nt) Belle [622]: 0.89 £ 0.15 )37

0.23
0.89 73,

B(B° — D{(H)w(782)) x B(DY(H) — D*(2010)*7~) BABAR [599]: 4.1 £ 1.2 + 1.1 41+ 1.6

Table 102 Absolute product decay rates to excited D mesons II [107]

Parameter Measurements Average

B(BY — D (2420)" ™) x B(D(2420)" — D*(2010)T7w 7 1) Belle [622]: <3.3 <33

B(B® — D3(2460)t7~) x B(D3(2460)" — D*(2010)t7 =) Belle [622]: <2.4 <24

B(B® — D} (2460)tK ™) x B(D3(2460)* — D7) BABAR[610]: 1.83 £ 0.51
1.834+0.40 £0.31

B(B® — Dy;(2460)"t) x B(Dy;(2460)~ — D[ y) Belle [623]: <0.40 <0.40

B(B® — DJ;(2460)K ) x B(D},(2460) — D} y) Belle [623]: <0.94 <0.94

B(B® — D¥;(2317)"n*) x B(D?;(2317)~ — D; %) Belle [623]: <2.5 <25

B(B® — D¥;(2311)T K ) x B(D};(2317)" — D} =0 Belle [623]:5.3F]3 £ 1.6 53132

Table 103 Absolute and relative decay rates to excited D mesons [1072]

Parameter Measurements Average

B(B® — D*tx™) BABAR[595]: 0.234 + 0.065 + 0.088 0.234 £ 0.109

(BB — Dix) x BODF — Drtr)y LHCb [616]: 2.1 + 0.5+03 217455

B(B® - Dtntr—n")
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Table 104 Baryonic decays I [107%]

Parameter Measurements Average

B(B® — Dtppn—) BABAR[624]: 3.32 + 0.10 + 0.29 3.32 £ 0.31

B(B® — D*(2010)* pprr ™) BABAR [624]: 4.55 + 0.16 & 0.39 4.55 £ 0.42

B(B® - Dpprn—nt) BABAR[624]: 2.99 + 0.21 £ 0.45 2.99 + 0.50

B(B® — D*(2007)°ppr—n™t) BABAR[624]: 1.91 + 0.36 £ 0.29 1.91 4+ 0.46

Table 105 Baryonic decays II [107]

Parameter Measurements Average

BB — D%pp) Belle [625]: 11.8 + 1.5 + 1.6 10.4 £+ 0.7
BABAR[624]: 10.2 £ 0.4 £ 0.6

B(B® — D*(2007)°pp) Belle [625]: 12.0 33 + 2.1 9.9 + 1.1
BABAR[624]:9.7 + 0.7 & 0.9

B(B® — D Ap) Belle [626]: 2.9 + 0.7 & 0.6 29 + 09

B(B® — DYA%A%) Belle [627]: 1.05 7037 + 0.14 1.00 & 0.28
BABAR[628]: 0.98 7032 + 0.19

BB — D204 + B — D°A%0) BABAR [628]: 1.5 709 + 0.3 15709

BB — Dt Ap) Belle [629]: 3.36 + 0.63 =+ 0.44 3.36 &+ 0.77

B(BY — D** Ap) Belle [629]: 2.51 + 0.26 & 0.35 2.51 + 0.44

BB =D+ r) | s TR e o] Summer 2016

B(BO—D*(2010) 1) |-+ + rrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrr

B(B'—D*(2010) 1 7t ) | AR TR A —_—
B(B'—D*(2007)' 7t 71" e TP e ]

B(BY—D*(2010) rmmmt ) frooeoo

B(B"—D*(2010) " w(782)77) 7—0— rrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrr ,,,,,,,,,,,,,,,,,,,,

Fig. 68 Summary of the averages from Table 93
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i i ‘ ‘ i
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Fig. 69 Summary of the averages from Table 94
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Fig. 70 Summary of the averages from Table 95

B(BO—sDH K T) [ st
B(B'—=D*(2010)*K ") |- + rrrrrrrrrrrrrr rrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr g
B(B"=D+K*(892)7) |- rrrrrrrrrrrr + rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr g
B(B"—D*(2010) " K*(892) ) |- + rrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr —————————————————————————————————————— .
SPCZT8 A1 WU SPUE S S T ,
B(B"—=D*(2010) " K7~ ) f- oo | | §
B(B"~»D*K~K"°) l(—| rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr —————————————————————————————————————— .
B(B'—D*(2010)" K K°) | Jo rrrrrrrrrrrrrr S rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr .
B(B"=D* K~ K*(892)%) |- —————————————— rrrrrr & — rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr R
B(B*—~D*(2010) " K~ K*(892)%) |-+ rrrrrrrrrrrrrr rrrrrrrrrrrrrr rrrrrrr O g
0.0 012 014 016 0‘8 1‘0 1‘2 1‘.4 1‘6 1.8

Fig. 71 Summary of the averages from Table 96
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Fig. 72 Summary of the averages from Table 97
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Fig. 73 Summary of the averages from Table 98
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Summer 2016
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Fig. 74 Summary of the averages from Table 99

T T T T T
B(B'»D K~ r*) : : . . I . Summer 2016

B(B"—»Dr7t)

B(B'»D'K-K*) : : PN

B(B*>D*K") : : ; Py : ;
B(B'~D'r") : : : : :

B(B°-D'K n'n")

BB =D | . + """"""" e

B(B"—D*(2010)* K ™) : : 3 3 3
BB-D010) 7)) | . cow B SR o

B(B"=DSK") : : . : : :
BE=D ) : : : : :

i i
-0.10 —0.05 0.00 0.05 0.10 0.15 0.20

Fig. 75 Summary of the averages from Table 100
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Fig. 76 Summary of the averages from Table 101
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Fig. 77 Summary of the averages from Table 102
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Fig. 78 Summary of the averages from Table103
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Fig. 79 Summary of the averages from Table 104
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Fig. 80 Summary of the averages from Table 105

6.1.2 Decays to two open charm mesons

Averages of BY decays to two open charm mesons are shown in Tables 106, 107, 108, 109, 110, 111, 112, 113, 114, 115 and

Figs. 81, 82, 83, 84, 85, 86, 87, 88, §9.

Table 106 Decays to D™+ D™~ [1073]

Parameter

Measurements

Average

B(B® - DtD"™)
B(B® — D*(2010)~ D)

B(BY — D*(2010)~ D*(2010)™)

Belle [287]: 0.212 4 0.016 £ 0.018
BABAR[630]: 0.28 4+ 0.04 £ 0.05
Belle [287]: 0.614 £+ 0.029 £ 0.050
BABAR[630]: 0.57 & 0.07 £ 0.07
Belle [352]: 0.782 £ 0.038 £ 0.060
BABAR[630]: 0.81 + 0.06 £ 0.10

0.220 £+ 0.023

0.603 £ 0.050

0.790 % 0.061

B(B® — D°DY%) Belle [631]: <0.043 <0.043
BABAR[630]: <0.06

B(B® — D°D*(2007)%) BABAR[630]: <0.29 <0.29

B(B® — D*(2007)° D*(2007)%) BABAR[630]: <0.09 <0.09

Table 107 Decays to two D mesons and a kaon I [1073]

Parameter Measurements Average

B(B® — D*(2010)* D~ KY) BABAR[632]: 6.41 + 0.36 & 0.39 6.41 +0.53

B(B® — D*(2010)~ D*(2010)* K?) BABAR[632]: 8.26 + 0.43 4 0.67 8.26 4 0.80

B(B° — D*(2010)* D*(2010)~ K9) Belle [266]: 3.4 0.4 £ 0.7 3.9+0.6

BABAR[265]: 4.4 £ 0.4+ 0.7

B(B® — D*(2010)* DK ) BABAR[632]: 2.47 £0.10 - 0.18 2474021

B(B® — DtD*(2007)°K ~) BABAR[632]: 3.46 & 0.18 +0.37 3.46 £0.41

B(B® — D*(2010)* D*(2007)°K ) BABAR[632]: 10.6 0.3 £ 0.9 10.6 0.9

B(BY - D°D*(2007)°K9) BABAR[632]: 1.08 + 0.32 4 0.36 1.08 £0.48

B(BY — D*(2007)° D*(2007)° K ) BABAR [632]: 2.40 + 0.55 + 0.67 2.40 £0.87
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Table 108 Decays to two D mesons and a kaon II [1074]

Parameter Measurements Average
B(BY - DtD~KY) BABAR[632]: 7.5 £ 1.2 + 1.2 75+ 1.7
B(B® - DtDYK ) BABAR[632]: 10.7 £ 0.7 £ 0.9 10.7 £ 1.1
B(B® — D°DYK0) BABAR[632]:2.7 £ 1.0 + 0.5 2.7+ 1.1
B(B" — D°D°xOK0) Belle [633]: 1.73 £ 0.70 102} 17379700
Table 109 Decays to DS~ D™+ 1[1073]
Parameter Measurements Average
B(B® — Dy DY) Belle [634]: 7.5 + 0.2 &+ 1.1 7.8 £ 1.0
BABAR[635]:9.0 = 1.8 &+ 1.4
B(B® — Dy D*(2010)*) BABAR[635]:5.7 &+ 1.6 &+ 0.9 6.8+ 1.6
BABAR[636]: 10.3 + 1.4 £+ 2.9
B(B® — D~ D*(2010)%) BABAR[635]: 16.5 + 2.3 &+ 1.9
BABAR[637]: 18.8 + 0.9 £+ 1.7 18.1 £ 1.6
BABAR[636]:19.7 + 1.5 £ 5.7
B(B® — D~ DY) BABAR[635]: 6.7 £ 2.0 + 1.1 6.7 £23
Table 110 Decays to DY~ D™+ I1[10~4]
Parameter Measurements Average
B(B® — D7 D%) x B(D;7 — ¢(1020)7 ™) BABAR[635]: 2.67 £ 0.61 + 0.47 2.67 £ 0.77
B(B® — D7 D*(2010)") x B(Dy — ¢(1020)77) BABAR[635]: 5.11 + 0.94 + 0.72 5.11 + 1.18
B(B® — D~DT) x B(Dy — ¢(1020)77) BABAR[635]: 4.14 + 1.19 + 0.94 4.14 £ 1.52
B(B® — D~ D*(2010)%) x B(D; — ¢(1020)7 ™) BABAR [635]: 12.2 4+ 2.2 £ 2.2 122 + 3.1
Table 111 Decays to DT D~ [1073]
Parameter Measurements Average
B(B® — D7 D) Belle [634]: <0.036 <0.036
BABAR [638]: <0.10
B(B® — Dy DiF) BABAR[638]: <0.13 <0.13
B(B® — D*Di™) BABAR[638]: <0.24 <0.24
Table 112 Relative decay rates [1073]
Parameter Measurements Average
B(B® — D°DY)/B(B~ — D°D;) LHCb [639]: 1.4 + 0.6 £ 0.2 1.4 £ 0.6
Table 113 Absolute decay rates to excited D; mesons [1073]
Parameter Measurements Average
B(B® — D,;(2460)~ D) BABAR [635]: 2.6 £ 1.5 + 0.7 26+ 1.7
B(B® — Dy ;(2460)~ D*(2010)*) BABAR [635]: 8.8 &+ 2.0 + 1.4 8.8 +24
B(B® — Dy(2536)~ D*(2010)T) BABAR [265]:92 + 24 + 1 92 + 24
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Table 114 Product decay rates to excited Dy mesons I [1073]

Parameter Measurements Average
B(B® — D* Dy;(2460)7) x B(Dy;(2460)~ — Dy y) Belle [640]: 0.82 1042 + 0.25 0.81 + 0.23
BABAR[641]: 0.8 + 0.2103
B(B" — D" Dy;(2460)7) x B(Dy;(2460)~ — D*~7°) Belle [640]: 2.27 1053 + 0.68 2.47 £ 0.76
BABAR [641]: 2.8 + 0.8 (¢
B(B® — Dy;(2460)~ D*(2010)*) x B(Dy;(2460)~ — D~ =) BABAR [641]:5.5 + 1.21%} 5513
B(B® — Dy;(2460)~ D*(2010)*) x B(Dy;(2460)~ — Dy y) BABAR[641]:2.3 + 0.3 107 23799
B(BY — D, (2317)~D*(2010)*) x B(D,(2317)~ — D °) BABAR[641]: 1.5 & 0.4 703 15707
B(B® — DT D?,(2317)7) x B(D},(2317)~ — Dy n¥) Belle [642]: 1.02 7013 + 0.11 1.03 £ 0.16
BABAR[641]: 1.8 £ 0.4 707
B(B® — DT D?,(2317)7) x B(D?;(2317)~ — D;"y) Belle [640]: <0.95 <0.95
Table 115 Product decay rates to excited Dy mesons 11 (1074
Parameter Measurements Average
B(B® — Dy1(2536)~ D) x B(Dy1(2536)~ — D*(2010)"K") BABAR[643]: 2.61 £ 1.03 £ 0.31 2.61 & 1.08
B(B® — Dy1(2536)~ D) x B(Dy1(2536)~ — K~ D*(2007)°) BABAR[643]: 1.71 £ 0.48 £ 0.32 171 &+ 0.58
B(B® — Dy1(2536)~ D*(2010)") x B(Dy1(2536)~ — D*(2010)~K?) BABAR[643]: 5.00 + 1.51 £ 0.67 5.00 & 1.65
B(B® — Dy1(2536)~ D*(2010)T) x B(Dy1(2536)~ — D*(2007)°K T) BABAR [643]:3.32 £ 0.88 & 0.66 3.32 & 1.10
B(B® — Dy1(2536)T D7) x B(Dy1(2536)" — D*(2007)°K+ + D*(2010)* K ©) Belle [644]: 2.75 £ 0.62 £ 0.36  2.75 + 0.72
B(B® — Dy (2536)* D*(2010)7) x B(Dy1(2536)" — D*(2007)°K*+ + D*(2010)*K°) Belle [644]: 5.01 £ 1.21 £ 0.70  5.01 £ 1.40
B(B® — Dy (2536)* D*(2010)7) x B(Dy1(2536)T — D*(2010)* K ?9) Belle [266]: <6.0 <6.0
B(B® — DT Dy;(2460)7) x B(Dy;(2460)~ — Dyntn™) Belle [640]: <2.0 <2.0
B(B® — D*D;;(2460)7) x B(Ds;(2460)~ — D %) Belle [640]: <3.6 <3.6
B(B® — D* Dy, (2460)7) x B(Dy,;(2460)~ — D}~ y) Belle [640]: <6.0 <6.0
T T
BB DD ) R T S PP A L L .. | Summer 2016
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B(B°—D*(2007)°D*(2007)°) l4—| rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
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Fig. 81 Summary of the averages from Table 106
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Fig. 82 Summary of the averages from Table 107
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Fig. 83 Summary of the averages from Table 108
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Fig. 84 Summary of the averages from Table 109
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Fig. 85 Summary of the averages from Table 110
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Fig. 86 Summary of the averages from Table 111
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Fig. 87 Summary of the averages from Table 113
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Fig. 88 Summary of the averages from Table 114
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Fig. 89 Summary of the averages from Table 115

6.1.3 Decays to charmonium states

Averages of BY decays to charmonium states are shown in Tables 116, 117, 118, 119, 120, 121, 122, 123, 124 and Figs. 90,

91,92, 93, 94, 95, 96, 97, 98.

Table 116 Decays to J /v and one kaon [1073]

Parameter Measurements Average
B(B® — J/yK®) CDF [645]: 1.15 + 0.23 £ 0.17
Belle [646]: 0.79 £ 0.04 £ 0.09 0.863 + 0.035
BABAR[10]: 0.869 & 0.022 + 0.030
BB — J/YyK ) Belle [647]: 1.15 £ 0.01 £ 0.05 1.15 + 0.05
B(BY — J /¥ K*(892)%) CDF [648]: 1.74 + 0.20 + 0.18
Belle [647]: 1.19 £ 0.01 £ 0.08 1.270 £ 0.056
BABAR[10]: 1.309 £ 0.026 + 0.077
BB — J/YyKOrntm™) LHCb [649]: 0.430 + 0.030 + 0.037
CDF [650]: 1.03 + 0.33 + 0.15 0.440 + 0.047
B(BY — J/y KO p(770)%) CDF [650]: 0.54 + 0.29 + 0.09 0.54 + 0.30
B(BY — J/YyK*(892) nt) CDF [650]: 0.77 & 0.41 £ 0.13 0.77 £ 0.43
B(B® — J/yw(7182)K?) BABAR[651]: 0.23 + 0.03 £ 0.03 0.23 + 0.04
B(B® — J/y¢(1020)K?) BABAR([652]: 0.102 & 0.038 + 0.010 0.102 £ 0.039
B(B® — J/yK?(1270)) Belle [653]: 1.30 & 0.34 + 0.31 1.30 + 0.46

B(B® — J/ynKD)

B(B® — J/yK*(892)7tn )

Belle [654]: 0.0522 £ 0.0078 £ 0.0049
BABAR[655]: 0.084 £+ 0.026 £ 0.027
CDF [650]: 0.66 &+ 0.19 £ 0.11

0.0540 £ 0.0089

0.66 £ 0.22
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Table 117 Decays to charmonium other than J /v and one kaon I [1073]

Parameter Measurements Average
B(BY — ¢ (25)K?) Belle [646]: 0.67 + 0.11 0.655 + 0.066
BABAR[10]: 0.646 £ 0.065 + 0.051
B(BY — ¥ (25)K*(892)°) CDF [648]: 0.90 £ 0.22 + 0.09 0.696 + 0.103
BABAR[10]: 0.649 £ 0.059 £ 0.097
B(B® — (25K LHCb [649]: 0.47 + 0.07 + 0.07 0.47 + 0.10
B(B® — K*(892)°(25)) Belle [656]: 0.552 fg;ggi fg:g;g 0.552 tgiggg
B(B® — Belle [657]: 0.68 & 0.10 £ 0.07 0.68 + 0.12
V(28K x B (28) = xe1v)
B(B® — Belle [657]: 0.47 & 0.16 £ 0.08 0.47 + 0.18
Y (28)K%) x By (28) = xe2v)
BB = x.0K% BABAR [658]: <1.24 <1.24
BB = x.0K*(892)%) BABAR [658]: <0.77 0.17 #+ 0.04
BABAR [659]: 0.17 = 0.03 =+ 0.02
B(B® — xc1K°) Belle [660]: 0.378 70017 + 0.033 0.396 & 0.028
BABAR [661]: 0.42 & 0.03 £ 0.03
B(B® = xa K~ nt) Belle [662]: 0.497 + 0.012 + 0.028 0.500 + 0.027
BABAR [663]: 0.511 4 0.014 + 0.058
B(BY — xc1K*(892)%) Belle [664]: 0.31 £ 0.03 & 0.07
BABAR [661]: 0.25 & 0.02 =+ 0.02 0.26 + 0.03
B(B® = xa K~ ntn0) Belle [662]: 0.352 + 0.052 + 0.024 0.352 + 0.057
BB® — x 1 K'7tm™) Belle [662]: 0.316 + 0.035 4 0.032 0.316 =+ 0.047
B(B® — n.K®) Belle [665]: 1.23 £ 0.23 704
BABAR [666]: 0.64 1032 1018 0.85 + 0.24
BABAR [667]: 1.14 £ 0.15 + 0.34
B(B® — 1.K*(892)°) Belle [665]: 1.62 & 0.32 703
BABAR [668]: 0.57 £ 0.06 =+ 0.09 0.61 %+ 0.10
BABAR [666]: 0.80 7021 +0-37
B(B® — n.(25)K*(892)%) BABAR [668]: <0.39 <0.39
B(B® — h.(1P)K*(892)°) x BABAR [668]: <0.22 <0.22
B(he(1P) = ncy)
Table 118 Decays to charmonium other than J /v and one kaon II [10~%]
Parameter Measurements Average
B(B® — % (3770)K°) x B(y(3770) — D°D°) BABAR [643]: <1.23 <1.23
B(B" — ¢(3770)K°) x B((3770) — DT D"™) BABAR [643]: <1.88 <1.88
B(B® — x2K0) Belle [660]: <0.15 0.15 + 0.09
BABAR [661]: 0.15 & 0.09 £ 0.03
B(BY — x2K*(892)%) BABAR [661]: 0.66 & 0.18 £ 0.05 0.66 + 0.19
B(B® = xoK nt) Belle [662]: 0.72 £ 0.09 + 0.05 0.72 + 0.10
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Table 119 Decays to charmonium and light mesons I [107°]

Parameter Measurements Average
BB® — J/yr0) Belle [646]: 2.3 4+ 0.5 + 0.2 1.74 + 0.15
BABAR[353]: 1.69 £ 0.14 £+ 0.07
BB — J/yrtaT) BABAR [669]: <1.2 <1.2
B(B® — J/yp(770)°) BABAR [669]: 2.7 & 0.3 £ 0.2 2.7 +04
B(B® — J/yn) Belle [670]: 1.23 1018 + 0.07 1231018
BABAR[652]: <2.7
B(B® — J /v (958)) Belle [670]: <0.74
BABAR [652]: <6.3 <0.74
B(B® — J /v f>(1270)) BABAR[669]: <0.46 <0.46
B(B® — J /¥ f1(1285)) LHCb [671]: 0.837 =+ 0.195 70072 0.837 10509
B(BY — J/Yy K K* nF) LHCDb [649]: <2.1 <2.1
BB — J/YyK°KtK™) LHCD [649]: 2.02 + 0.43 4 0.19 2.02 + 0.47
B(B® — x.179) Belle [672]: 1.12 £ 0.25 & 0.12 1.12 + 0.28
Table 120 Decays to charmonium and light mesons IT [107°]
Parameter Measurements Average
B(B® — J/¥ap(980)) x B(ap(980) — KT K ™) LHCb [673]: <0.090 <0.090
B(BY — J /v f5(980)) x B(f5(980) — mtzx™) LHCb [674]: <0.11 <0.11
B(BY — J/y f1(1285)) x B(f1(1285) — ntm~mwtzn™) LHCb [671]: 0.0921 + 0.0214 =+ 0.0064 0.0921 + 0.0223
BB — J/YyKTK™) LHCb [673]: 0.253 £ 0.031 + 0.019 0.253 £ 0.036
B(B® — J/y¢(1020)) LHCb [673]: <0.019
Belle [675]: <0.094 <0.019
BABAR[652]: <0.9
Table 121 Decays to J /¢ and photons, baryons, or heavy mesons [10*5]
Parameter Measurements Average
B(B® — J/yry) LHCb [676]: <0.15 <0.15
BABAR[677]: <0.16
B(B® — J/ypp) LHCb [678]: <0.052
Belle [679]: <0.083 <0.052
BABAR [680]: <0.19
B(B® — J /YD) Belle [681]: <2.0 <13

BABAR [682]: <1.3
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Table 122 Relative decay rates I

Parameter Measurements Average
BB — J/yK{(1270))/B(B~ — J/¥K™) Belle [653]: 1.30 + 0.34 & 0.28 1.30 + 0.44
B(BY — J/yK*(892)%)/B(B® — J/yKO) CDF [683]: 1.39 £ 0.36 & 0.10

BABAR[10]: 1.51 + 0.05 + 0.08 1.50 & 0.09
B(B® — J/yw(782)/B(B® — 1/vp) LHCb [684]: 0.89 + 0.19 %3] 0.89 7033
B(BY — J/yw(782)K°)/B(B~ — J /Y (182)K ) BABAR [651]:0.7 £ 0.1 & 0.1 0.7 £ 0.1
B(B® — J/yKdn~at)/BB® — J/YKD) LHCb [649]: 0.493 + 0.034 £ 0.027 0.493 + 0.043
[B(BY — v (28)KY) x By (28) — J/yrn~nH)/BBY — J/YKD) LHCb [649]: 0.183 & 0.027 % 0.015 0.183 + 0.031
B(BY — v (25)K*(892)%)/B(B° — ¢ (25)K?) BABAR[10]: 1.00 & 0.14 £ 0.09 1.00 £ 0.17
B(BY — ¢ (28)K (892)*)/B(B® — J /¥ K (892)*") LHCb [685]: 0.476 + 0.014 + 0.016 0.476 + 0.021
BB® - y(2S)nta~ /BB — J/ymtn LHCb [686]: 0.56 =+ 0.07 + 0.05 0.56 + 0.09
BB® - n.K%/B(B~ — n.K~) BABAR[667]: 0.87 & 0.13 £ 0.07 0.87 £ 0.15
B(B® — n.K%)/B(B° — J/¥K) BABAR [667]: 1.34 & 0.19 £ 0.40 1.34 + 0.44
B(B® — n.K*(892)%)/B(B~ — n.K™) BABAR[668]: 0.62 + 0.06 & 0.05 0.62 £ 0.08
B(BY = neK*(892)%)/B(B® — 5.K?) Belle [665]: 1.33 + 0.36 1024 1337048
BB - xa K 7t)/B(BY - J/y K~ zt) BABAR[663]: 0.474 £ 0.013 + 0.054 0.474 £+ 0.056
B(B® — x.1K*(892)°)/B(B° — x1K®) BABAR [10]: 0.72 £ 0.11 £ 0.12 0.72 + 0.16
[B(B® — h.(1P)K*(892)") x B(he(1P) = n¢y)1/B(B~ — n.K ™) BABAR [668]: <0.236 <0.236
Table 123 Relative decay rates 11
Parameter Measurements Average

BB — J/yn)/B(BY — J/yrn)
B(B® — J/yn)/B(BY — J/yn')
B(B® — J/YKIKEnF) /BB — J/yKIntn™)

LHCb [687]: 0.0185 & 0.0061 & 0.0014
LHCb [687]: 0.0228 £ 0.0065 £ 0.0016
LHCb [649]: <0.048

0.0185 £ 0.0063
0.0228 £ 0.0067
<0.048

B(B® — J/YKIKTKT) /BB — J/yKIntn™) LHCb [649]: 0.047 + 0.010 £ 0.004 0.047 + 0.011
Table 124 Polarization fractions

Parameter Measurements Average
| A2 (B® — J /¥ K*(892)%) /| A4912(BY — J /v K*(892)7) BABAR[688]: <0.32 <0.32

| A2 (B® — J/ywK*(892)%) /| 491>(B® — J /vy K*(892)°) BABAR[688]: <0.26 <0.26
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Fig. 91 Summary of the averages from Table 117
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6.1.4 Decays to charm baryons
Averages of BY decays to charm baryons are shown in Tables 125, 126, 127, 128 and Figs. 99, 100, 101.
Table 125 Absolute decay rates to charm baryons I [10™4]
Parameter Measurements Average
B(B® — At pr®) BABAR[689]: 1.94 + 0.17 + 0.52 1.94 + 0.55
B(B® - Afprtn™) Belle [690]: 11.07}3 £ 3.5
BABAR[691]: 12.3 £ 0.5 £ 3.3 119 £ 3.2
B(B® — T}t pr™) Belle [692]: 2.1 & 0.2 & 0.6
BABAR [691]:2.13 £ 0.10 £ 0.56 2.12 £ 0.55
B(BY — Ej*’*’ﬁn’_) Belle [692]: 1.2 £ 0.1 £ 0.4
BABAR [691]: 1.15 £ 0.10 £ 0.30 1.16 £ 0.32
B(B® — =%pm) Belle [692]: 1.4 & 0.2 & 0.4
BABAR [691]: 0.91 £ 0.07 £ 0.24 0.77 +£ 0.23
B(B® — A AZKY) Belle [693]: 7.9 135 + 4.3
BABAR[694]: 3.8 4+ 3.1 £+ 2.1 4.8 £ 3.5
BB — Afprtay, 5) BABAR[691]: 7.9 & 0.4 & 2.0 7.9 £ 2.1
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Table 126 Absolute decay rates to charm baryons IT [107°]

Parameter Measurements Average
B(B® — AFpKTK™) BABAR[695]: 2.5 + 0.4 + 0.6 25407
B(B® — A} p¢(1020)) BABAR[695]: <1.2 <12
B(B® — £0pt) Belle [692]: <3.3

BABAR [691]:2.2 & 0.7 £ 0.6 22409
BB — A} p) Belle [696]: 2.19 7035 £ 0.65

BABAR [697]: 1.89 & 0.21 + 0.49 1.90 + 0.54
B(B® — A} pK*(892)°) BABAR [698]: 1.60 £ 0.61 + 0.44 1.60 £ 0.75
B(B® — SHtpK™) BABAR [698]: 1.11 £ 0.30 £ 0.30 1.11 £ 043
BB - EXA;) x B(EF — E-ntrt) Belle [699]: 9.3 137 + 3.1

BABAR [694]: 1.5 £ 1.1 + 0.4 17412
B(B® — AFAD) Belle [700]: <5.7 <57
B(B® — AFAK™) BABAR[701]: 3.8 + 0.8 + 1.0 3.8+ 1.3
B(B® — AFpK~nt) BABAR[698]: 4.33 + 0.82 + 1.18 433 £+ 1.43
Table 127 Absolute decay rates to charm baryons III [1079]
Parameter Measurements Average
B(B® — I+ p) x B(A} — pK~n™) BABAR[689]: <1.5 <15
B(B® — Afppp) x B(A} — pK~n™) BABAR [702]: <0.14 <0.14
Table 128 Relative decay rates to charm baryons [1073]
Parameter Measurements Average
B(B® — A7 AD)/BB° — D*D;) LHCb [703]: <2 <2
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Fig. 99 Summary of the averages from Table 125
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6.1.5 Decays to other (XY Z) states

Averages of BY decays to other (XY Z) states are shown in Tables 129, 130, 131, 132, 133, 134 and Figs. 102, 103, 104, 105.

Table 129 Decays to X (3872) [107]

Parameter

B(BY — X(3872)K") x B(X(3872) — J/ymntm™)
B(BY — X(3872)K%) x B(X(3872) — J /Y w(782))
B(B® — X(3872)K®) x B(X(3872) — J/¥ry)

B(B® — X (3872)K*(892)%) x B(X (3872) — J/¥y)
B(B® - X(3872)K%) x B(X(3872) — ¥ (25)y)

B(B® — X (3872)K*(892)%) x B(X(3872) — ¥ (2S)y)
B(B® - X(3872)K%) x B(X (3872) — c17)
B(B® — X(3872)K0) x B(X (3872) — xc2)

Measurements Average
BABAR[704]: 0.35 &+ 0.19 £ 0.04 0.35 £ 0.19
BABAR[651]: 0.6 £ 0.3 £ 0.1 0.6 £03
Belle [660]: 0.24 1013 £ 0.07

BABAR[661]: 0.26 &+ 0.18 £ 0.02 0.25 £ 0.12
BABAR [661]: 0.07 £ 0.14 £+ 0.01 0.07 £ 0.14

Belle [660]: 0.662 10130 + 0.070
BABAR[661]: 1.14 £ 0.55 £ 0.10
BABAR[661]: —0.13 + 0.31 + 0.03
Belle [657]: <0.96

Belle [657]: <1.22

0.695 £+ 0.147
—0.13 £ 0.31
<0.96
<1.22

@ Springer



Eur. Phys. J. C (2017) 77:895

Page 139 of 335 895

Table 130 Decays to X (3872) with X (3872) — DD 1074

Parameter Measurements Average
B(B® — X(3872)K%) x B(X (3872) — D*(2007)°D?) BABAR [643]: <4.37 <4.37
Table 131 Decays to neutral states other than X (3872) [1074]

Parameter Measurements Average
B(BY — X (3823)K%) x B(X(3823) — xc1¥) Belle [657]: <0.099 <0.099
B(BY — X (3823)K%) x B(X(3823) — xc2¥) Belle [657]: <0.228 <0.228
B(BY — Y (3940)K%) x B(Y(3940) — J /¥ w(782)) BABAR[651]: 0.21 + 0.09 + 0.03 0.21 + 0.09

B(BY — Z,(4050)K ~) x B(Z1(4050) — xcimt)

B(BY — Z,(4250)K ™) x B(Z>(4250) — xeim)

. 0.15 +0.37
Belle [705]: 0.30 002 To16

BABAR[663]: <0.18

. 0.23 +1.97
Belle [705]: 0.40 050 Tor04

BABAR[663]: <0.47

+0.40
0.30 77

0.404—1498

—0.10
Table 132 Decays to charged states I [10%]
Parameter Measurements Average
B(B® — X (3872)TK ") BABAR [706]: <5.0 <5.0

Table 133 Decays to charged states II [107°]

Parameter

Measurements

Average

B(BY - X(3872)" K ) x B(X(3872)* — J/yntx0)
B(BY — Z(4430)"K ) x B(Z(4430)" — J/ym™)

B(B® — Z(4430)" K~) x B(Z(4430)" — ¢ (2S)n™)

B(B® — Z.(3900)t K ~) x B(Z.(3900)t — J/ywt)
B(B® — Z.(42000tK~) x B(Z.(42000t — J/ywt)

BABAR[707]: <0.54
. 0.40 +0.11
Belle [6471: 0.54 7010 1000
BABAR[708]: —1.2 £ 0.4 £ 0.0
. +1.8 +5.3
Belle [656]: 3.2 15 172
BABAR [708]: 1.9 £ 0.8 £ 0.0
Belle [647]: <0.09

Ch 407 +1.1
Belle [647]: 2.2 107 1L

<0.54

—0.11 £ 0.24 CL = 0.6%y

1.9 £ 0.8
<0.09

+1.3
22703

Table 134 Relative decay rates

Parameter Measurements Average
B(B® — X (3872)K°)/B(B~ — X (3872)K ") BABAR [651]: 1.0 708 70

BABAR [704]: 0.41 4 0.24 =+ 0.05 0.47 + 0.23
B(B® - Y(3940)K%)/B(B~ — Y (3940)K ) BABAR[651]:0.7 704 £ 0.1 07754
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Fig. 102 Summary of the averages from Table 129

0.5
1075

B(B"—X(3823)K°) x B(X(3823)—x17)

l‘_|, T S SRR L o Summer 2016

B(B"—X(3823)K°) x B(X(3823)—Xc2y) [+ i oo T TP TR
B(B'—Y(3940) K°) x B(Y(3940)—J/¢ow(782)) |- - et i S A
B(B"— 7, (4050)K ~) x B(Z(4050)—xa7t) | o ——7 i
B(B "~ Z,(4250) K ~) x B(Z5(4250)—xa7*) | —— f 1
I I I I
0.0 0.5 1.0 1.5 2.0 2.5
10°*
Fig. 103 Summary of the averages from Table 131
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Fig. 104 Summary of the averages from Table 133
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Fig. 105 Summary of the averages from Table 134
6.2 Decays of B~ mesons
Measurements of B~ decays to charmed hadrons are summarized in Sects. 6.2.1-6.2.5.
6.2.1 Decays to a single open charm meson
Averages of B~ decays to a single open charm meson are shown in Tables 135, 136, 137, 138, 139, 140, 141, 142, 143, 144,

145, 146, 147, 148, 149 and Figs. 106, 107, 108, 109, 110, 111, 112, 113, 114, 115, 116, 117, 118, 119. In this section D**
refers to the sum of all the non-strange charm meson states with masses in the range 2.2-2.8 GeV/c?.

Table 135 Decays to a D™ meson and one or more pions [1072]
Parameter Measurements Average
B(B~ — D*(2010)~7%) Belle [709]: <0.00036 <0.00036
BB~ — D7) BABAR([594]: 0.490 £+ 0.007 £ 0.022

BABAR([595]: 0.449 + 0.021 £ 0.023 0.475 £ 0.019
B(B~ — D*(2007)°7 ™) BABAR[594]: 0.552 4 0.017 £ 0.042

BABAR [595]: 0.513 £ 0.022 + 0.028 0.528 £ 0.028
B(B~ — DYtnn™) Belle [710]: 0.102 & 0.004 £ 0.015

BABAR [711]: 0.108 £ 0.003 % 0.005 0.107 £ 0.005
B(B~ — D*(2010)*7n~7") Belle [710]: 0.125 4+ 0.008 £ 0.022

BABAR [712]: 0.122 £ 0.005 % 0.018 0.123 £+ 0.015
B(B~ — D*(2007)°z~ntz™) Belle [596]: 1.055 £+ 0.047 £ 0.129 1.055 £ 0.137
B(B~ — D*Q010)*r nta—m™) Belle [596]: 0.256 + 0.026 £ 0.033 0.256 £+ 0.042
B(B~ — D*(2007)°z ~ntnntm™) Belle [596]: 0.567 & 0.091 £ 0.085 0.567 £ 0.125

Table 136 Decays to a D0 meson and one or more kaons [1073]

Parameter Measurements Average

B(B~ — D°K™) Belle [713]: 0.383 £ 0.025 + 0.037 0.383 + 0.045
B(B~ — D*(2007)°K ) Belle [605]: 0.359 =+ 0.087 + 0.051 0.359 + 0.101
B(B~ — D°K~K?) Belle [607]: 0.55 + 0.14 & 0.08 0.55 £ 0.16
B(B~ — D*(2007)°K~K9) Belle [607]: <1.06 <1.06

B(B~ — DK~ K*(892)%) Belle [607]: 0.75 + 0.13 & 0.11 0.75 £+ 0.17
B(B~ — D*(2007)° K~ K*(892)") Belle [607]: 1.53 + 0.31 & 0.29 1.53 + 0.42
B(B~ — D°K*(892)7) BABAR[714]: 0.529 + 0.030 & 0.034 0.529 + 0.045
B(B~ — D*(2007)°K*(892)7) BABAR [715]: 0.83 £ 0.11 + 0.10 0.83 £+ 0.15
B(B~ — DtK~n™) LHCb [716]: 0.0731 £ 0.0019 £ 0.0045 0.0731 + 0.0049

@ Springer



895 Page 142 of 335

Eur. Phys. J. C (2017) 77:895

Table 137 Decays to a D™~ meson and a neutral kaon or a kaon and a pion [1079]
Parameter Measurements Average
B(B~ — DK") BABAR [717]: =3.8 732 12 -3.8722
B(B~ — D~K*(892)") BABAR [717]: =5.3 733 714 —537%27
BB~ — D K~ mt) LHCb [718]: 5.31 £+ 0.90 £ 0.59 5.31 £ 1.08
B(B~ — D*(2010)~K©) BABAR [719]: <9 <9
Table 138 Relative decay rates to D° mesons I
Parameter Measurements Average
B(B~ — D% 7)/B(B® - Dtn™) CDF [720]: 1.97 &+ 0.10 + 0.21 1.97 + 0.23
BB~ — D’zntn—n7)/B(B~ — D7) LHCb [616]: 1.27 £+ 0.06 £ 0.11 1.27 £ 0.13
Table 139 Relative decay rates to DY mesons II [1072]
Parameter Measurements Average
B(B~ — D°K~)/B(B~ — D°K™) Belle [721]: <19 <19
B(B~ — D°K~)/B(B~ — D’z~) LHCb [436]: 7.79 £+ 0.06 & 0.19

Belle [721]: 6.77 £+ 0.23 £ 0.30

Belle [713]: 7.7 £ 0.5 &£ 0.6

BABAR[722]: 8.31 &+ 0.35 £ 0.20 7.69 £ 0.16
B(B~ — D°K~ntn=)/B(B~ — Dntn—n") LHCb [620]: 9.4 £ 1.3 + 0.9 94 + 1.6
Table 140 Absolute decay rates to excited D mesons [1073]
Parameter Measurements Average
B(B~ — D*0x) BABAR([595]: 5.50 + 0.52 £ 1.04 5.50 £ 1.16
Table 141 Absolute product decay rates to excited D mesons I [1073]
Parameter Measurements Average
B(B~ — D?(2420)n*) X B(D?(2420) — D*(2010)T7 ™) Belle [710]: 0.68 £+ 0.07 + 0.13

BABAR [712]: 0.59 £ 0.03 + 0.11 0.62 £+ 0.09

B(B~ — DY(2420)7~) x B(D?(2420) — D’z ~rnt)
B(B~ — D’n™) x B(DYP® — DFTrn™)

. +0.035
Belle [622]: 0.185 &+ 0.029 753

Belle [710]: 0.61 £ 0.06 = 0.18

+0.045
0.185 " 063

BABAR [711]: 0.68 & 0.03 + 0.20 0.63 + 0.19
B(B~ — DY(H)n~) x B(DY(H) — D*(2010)* 7 ™) Belle [710]: 0.50 + 0.04 &+ 0.11 0.50 & 0.11
B(B~ — D3%(2460)7 ) x B(D;°(2460) — D*(2010)* ™) Belle [710]: 0.18 =+ 0.03 £ 0.04

BABAR [712]: 0.18 + 0.03 + 0.05 0.18 £ 0.04
B(B~ — D3°(2460)7 ™) x B(D3°(2460) — D+x~) Belle [710]: 0.34 + 0.03 £ 0.07

BABAR [711]: 0.35 & 0.02 + 0.04 0.35 + 0.05
Table 142 Absolute product decay rates to excited D mesons IT [107°]
Parameter Measurements Average
B(B~ — DY(2420)7~) x B(DY(2420) — D*(2007)°7 ~x*) Belle [622]: <0.6 <0.6
B(B~ — D3°(2460)7 ™) x B(D3°(2460) — D*(2007)°7 7 F) Belle [622]: <2.2 <22
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Table 143 Relative decay rates to excited D mesons

Parameter Measurements Average

B(B~ — D*(2007)°7~)/B(B~ — D%z ™) BABAR [595]: 1.14 + 0.07 + 0.04 1.14 + 0.08
B(B~ — D*%7~)/B(B~ — D7) BABAR[595]: 1.22 + 0.13 + 0.23 1.22 + 0.26
B(B~ — D3°(2460)7~)/B(B~ — D{(2420)7 ") BABAR [712]: 0.80 £ 0.07 % 0.16 0.80 & 0.17

B(B~ — D*(2007)°K~)/B(B~ — D*(2007)°7 ™)

Belle [605]: 0.078 =+ 0.019 % 0.009
BABAR [723]: 0.0813 =+ 0.0040 700032

0.0811 & 0.0053

Table 144 Relative product decay rates to excited D mesons

Parameter Measurements Average

[B(B~ — DVn~) x B(DY — D’n*n™)1/B(B~ — DnFn=n") LHCb [616]: 0.040 & 0.007 & 0.005 0.040 =+ 0.009

[B(B~ — D7 ~) x B(D¥® — D**7z7)1/B(B~ — Dntn—n") LHCbD [616]: 0.093 + 0.016 + 0.009 0.093 + 0.018

[B(B~ — D{%%~) x B(D{® — D7 *n7)1/B(B~ — Dntn—n") LHCb [616]: 0.103 + 0.015 + 0.009 0.103 & 0.017

[B(B~ — D7) x B(D}* — D**7n)1/B(B~ — Dntn—n") LHCb [616]: 0.039 + 0.012 + 0.004 0.039 + 0.013

[B(B~ — D3%77) x B(D3® — Dntx)1/B(B~ — Dntn—n~) LHCb [616]: 0.040 & 0.010 =+ 0.004 0.040 =+ 0.011

[B(B~ — D3tn™) x B(D3" — Dn~=))/B(B~ — Dx*n—n7) LHCb [616]: 0.014 + 0.006 + 0.002 0.014 + 0.006

Table 145 Decays to DS(*> mesons 1 [107%]

Parameter Measurements Average

B(B~ — Dy K~m™) Belle [724]: 1.94 1(.00 1030 1.97 £ 0.23
BABAR [615]:2.02 + 0.13 + 0.38

B(B~ — D¥*K~n") Belle [724]: 1.47 013 1023 1.54 £ 0.22
BABAR [615]: 1.67 + 0.16 + 0.35

Table 146 Decays to DAE*) mesons I [1077]

Parameter Measurements Average

B(B~ — DfK~K™) BABAR[615]: 1.1 & 0.4 + 0.2 1.1 £04

B(B~ — DITK~K™) BABAR[615]: <1.5 <15

B(B~ — D; =¥ BABAR[725]: 1.5703 £ 0.2 15103

B(B~ — D7 ¢(1020))

LHCb [726]: 0.187 1033 & 0.037
BABAR [727]: <0.19

+0.130
0.187 25032

B(B~ — D¥~¢(1020)) BABAR[727]: <1.2 <12

Table 147 Baryonic decays I [107%]

Parameter Measurements Average
BB~ — D°ppn—) BABAR [624]: 3.72 & 0.11 £ 0.25 3.72 £ 0.27
B(B~ — D*(2007)°ppm~) BABAR[624]: 3.73 & 0.17 & 0.27 3.73 4+ 0.32
B(B~ — Dtppr—m™) BABAR [624]: 1.66 + 0.13 + 0.27 1.66 + 0.30
B(B~ — D*(2010)* ppr—m ™) BABAR[624]: 1.86 & 0.16 & 0.19 1.86 + 0.25
Table 148 Baryonic decays II [107]

Parameter Measurements Average
B(B~ — D°Ap) Belle [728]: 1.43 1038 + 0.18 1437037
B(B~ — D*(2007)° A p) Belle [728]: <4.8 <48
B(B~ — D™ pp) Belle [625]: <1.5 <l.5
B(B~ — D*(2010)~ pp) Belle [625]: <1.5 <15
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Table 149 Lepton number violating decays [10™

Parameter Measurements Average
B(B~™ — D~ete™) Belle [729]: <2.6 <2.6
BB~ — D~ etu™) Belle [729]: <1.8 <1.8
BB~ — D utut) Belle [729]: <1.0 <1.0

B(B~—D*(2010) 7) lq

BB DY) [ —_— P — S S— :
B(B~—=D*(2007)%7 ) f- oo rrrrrrrrrrrrrrrrrrrr rrrrrrrrrr + rrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrr R
B(B ™D i) oo @ e .
B(B~—D*(2010) fm m ) foooeeeeen ® rrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrr ,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,, .
B(B~—D*(2007) 7wt m =) oo rrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrr —————————————————— ——————————— ¢
SR B — S S S f
B(B~—D*(2007) 7t mrtm ) freeeeee e ¢ rrrrrrrrrrr rrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrr .
0.0 0‘2 O.‘4 0‘.6 0.‘8 110 1.2
1072

Fig. 106 Summary of the averages from Table 135
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Fig. 107 Summary of the averages from Table 136
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Fig. 108 Summary of the averages from Table 137
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Fig. 109 Summary of the averages from Table 138
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Fig. 110 Summary of the averages from Table 139
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Fig. 111 Summary of the averages from Table 141
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Fig. 112 Summary of the averages from Table 142
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Fig. 113 Summary of the averages from Table 143
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Fig. 114 Summary of the averages from Table 144
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Fig. 115 Summary of the averages from Table 145
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Fig. 116 Summary of the averages from Table 146
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Fig. 117 Summary of the averages from Table 147
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Fig. 118 Summary of the averages from Table 148
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Fig. 119 Summary of the averages from Table 149
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6.2.2 Decays to two open charm mesons

Averages of B~ decays to two open charm mesons are shown in Tables 150, 151, 152, 153, 154, 155, 156, 157, 158 and
Figs. 120, 121, 122, 123, 124, 125, 126, 127.

Table 150 Decays to D™~ D0 [1073]

Parameter Measurements Average

B(B~ — D~ D% Belle [631]: 0.385 + 0.031 £ 0.038 0.384 £ 0.042
BABAR [630]: 0.38 £+ 0.06 + 0.05

B(B~ — D*'D™) BABAR[630]: 0.63 + 0.14 £ 0.10 0.63 £ 0.17

B(B~ — D; D% Belle [730]: 0.459 4+ 0.072 £ 0.056 0.385 £ 0.046
BABAR [630]: 0.36 & 0.05 + 0.04

B(B~ — D*(2007)° D*(2010) ") BABAR [630]: 0.81 £ 0.12 + 0.12 0.81 £ 0.17

Table 151 Decays to two D mesons and a kaon I [1072]

Parameter Measurements Average

B(B~ — D*(2007)°D°K ) BABAR [632]: 0.226 & 0.016 & 0.017 0.226 + 0.023

B(B~ — D°D*(2007)°K ) BABAR[632]: 0.632 £ 0.019 + 0.045 0.632 + 0.049

B(B~ — D*(2007)° D*(2007)°K ) BABAR [632]: 1.123 £ 0.036 £ 0.126 1.123 £ 0.131

B(B~ — D*(2007)°D~K?) BABAR[632]: 0.206 4+ 0.038 £ 0.030 0.206 £ 0.048

B(B~ — D°D*(2010)~K%) BABAR [632]: 0.381 + 0.031 + 0.023 0.381 4 0.039

B(B~ — D*(2007)°D*(2010)~ K°) BABAR [632]: 0.917 + 0.083 £ 0.090 0917 £ 0.122

Table 152 Decays to two D mesons and a kaon II [1073]

Parameter Measurements Average

B(B~ — DDk ™) Belle [731]: 2.22 + 0.22 1029 1.44 £ 0.13

B(B~ — D°DO7O0Kk )

BABAR [632]: 1.31 & 0.07 % 0.12
Belle [633]: 0.107 £ 0.031 703

+0.036
0.107 2y 015

B(B~ — DtD K") Belle [732]: <0.90 0.22 £+ 0.07
BABAR [632]: 0.22 & 0.05 + 0.05

B(B~ — D*(2010)* D~ K™) BABAR [632]: 0.60 & 0.10 £ 0.08 0.60 &+ 0.13
B(B~ — DtD*(2010)"K ") BABAR [632]: 0.63 & 0.09 £ 0.06 0.63 £+ 0.11
B(B~ — D*(2010)~ D*(2010)* K ™) BABAR [632]: 1.32 & 0.13 £ 0.12 1.32 £ 0.18
B(B~ — D°D~K9) BABAR[632]: 1.55 + 0.17 + 0.13 1.55 + 0.21
Table 153 Decays to D~ D™+ [1072]

Parameter Measurements Average
B(B~ — Dy DY BABAR [635]: 1.33 & 0.18 £ 0.32 1.33 £ 0.37
B(B~ — D7 D*(2007)°) BABAR[635]: 1.21 £ 0.23 & 0.20 1.21 £ 0.30
B(B~ — D~ D% BABAR[635]: 0.93 + 0.18 + 0.19 0.93 + 0.26
B(B~ — D¥~D*(2007)°) BABAR[635]: 1.70 & 0.26 & 0.24 1.70 + 0.35
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Table 154 Product decays rates to Dg*)fD(*)Jr [1074]

Parameter Measurements Average

B(B~ — D7 D°% x B(D; — ¢(1020)7 ™) BABAR[635]: 4.00 £+ 0.61 £ 0.61 4.00 + 0.86

B(B~ — D7 D*(2007)°) x B(Dy — ¢(1020)7 ™) BABAR [635]: 2.95 £+ 0.65 + 0.36 295 £ 0.74

B(B~ — D~ D% x B(Dy — ¢(1020)77) BABAR [635]:3.13 £ 1.19 &+ 0.58 3.13 £ 1.32

B(B~ — D~ D*(2007)°) x B(D; — ¢(1020)7 ™) BABAR[635]: 8.57 + 1.48 £+ 1.12 8.57 £ 1.86

Table 155 Relative decay rates

Parameter Measurements Average

BB~ — Dy D%/B(B* — DFfD™) LHCb [639]: 1.22 + 0.02 + 0.07 1.22 + 0.07

Table 156 Absolute decays rates to excited Dy mesons [1073]

Parameter Measurements Average

B(B~ — Dy;(2460)~ D°) BABAR[635]:4.3 £ 1.6 £ 1.3 43 + 2.1

B(B~ — Dy;(2460)~ D*(2007)%) BABAR[635]: 11.2 + 2.6 + 2.0 11.2 £ 3.3

Table 157 Product decays rates to excited Dy mesons | [1073]

Parameter Measurements Average

B(B~ — D°D;;(2460)7) x B(Ds;(2460)~ — D}~ 70) Belle [640]: 1.19 fg:% + 0.36 1.56 £ 0.57

BABAR [641]:2.7 + 0.7 739

B(B~ — Dy ;(2460)~ D*(2007)°) x B(Dy;(2460)~ — D[ y) BABAR[641]: 1.4 + 0.4 108 14707

B(B~ — Dy;(2460)~ D*(2007)°) x B(Ds;(2460)~ — D} =) BABAR [641]: 7.6 + 1.7 133 76735

Table 158 Product decays rates to excited Dy mesons 11 [10~3

Parameter Measurements Average

B(B~ — DOD;‘J(2317)*) x B(D¥;(2317)” — Dy %) Belle [642]: 0.80 fg}% + 0.12 0.82 + 0.17
BABAR [641]: 1.0 + 0.3 103

BB~ — DOD;*J(2317)*) x B(D};(2317)~ — D{™y) Belle [640]: <0.76 <0.76

B(B~ — D¥,;(2317)~ D*(2007)°) x B(D¥,(2317)~ — Dy =°) BABAR [641]: 0.9 + 0.6 103 0.9707

B(B~ — D°Dy;(2460)) x B(Dy;(2460)~ — Dy y) Belle [640]: 0.56 T01$ + 0.17 0.58 + 0.18
BABAR [641]: 0.6 + 0.2 102

B(B~ — D°D,;(2460)7) x B(D;;(2460)~ — D "y) Belle [640]: <0.98 <0.98

B(B~ — DDy ;(2460)7) x B(Dy;(2460)~ — Dy %) Belle [640]: <0.27 <0.27

B(B~ — DDy ;(2460)7) x B(D;;(2460)~ — Dy ™) Belle [640]: <0.22 <0.22

BBt — Dy1(2536)" D) x B(Ds1(2536)T — D*(2007)°K+ 4+ D*(2010)TK°)  Belle [644]: 0.397 + 0.085 + 0.056 0.397 £+ 0.102

B(B~ — Dy (2536)~ D°) x B(Dy(2536)~ — D*(2007)°K ™) BABAR [643]: 0.216 £+ 0.052 £ 0.045 0.216 £ 0.069

B(B~ — Dy (2536)~ D°) x B(Dy1(2536)~ — D*(2010)~ K?) BABAR [643]: 0.230 £ 0.098 £ 0.043  0.230 £ 0.107

B(B~ — Dy (2536)~ D*(2007)%) x B(Dy1(2536)~ — D*(2007)°K ™) BABAR[643]: 0.546 + 0.117 £ 0.104  0.546 + 0.157

B(B~ — Dy (2536)~ D*(2007)°) x B(Dy1(2536)~ — D*(2010)~ K?) BABAR[643]: <1.069 <1.069

@ Springer
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Fig. 120 Summary of the averages from Table 150
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Fig. 121 Summary of the averages from Table 151
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Fig. 122 Summary of the averages from Table 152
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