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The b quark belongs to the third generation of quarks and
is a weak doublet partner of the t quark. The existence of
the third generation quark doublet was proposed in 1973 by
Kobayashi and Maskawa [1] in their model of the quark mixing
matrix (“CKM” matrix). In this model, the C'P violation can
be explained within the Standard Model (SM) by an irreducible
phase of the 3 x 3 unitary matrix. Since b quark is the lighter
element of the third generation quark doublet, the decay of b-
flavored hadrons should occur via generation-changing processes
through this matrix. Because of this and the CKM matrix being
close to a 3 x 3 unit matrix, many interesting features such as
loop and box diagrams, B?S)P(()S) mixing, as well as the C'P
violations, can be observed in the weak decays of b-flavored
hadrons.

In the summer of 2001—almost four decades after C'P
violation was first discovered in the decay of neutral kaons—the
BABAR and Belle collaborations reported the first observation
of C'P violation in the B meson system [2,3]. The measurement
of the C'P-violation parameter sin23(= sin2¢;) [4] marks the
culmination of a very significant experimental and theoretical
program that started in 1973 [1]. Other recent developments
in the physics of B mesons include new results on penguin
decays, rare hadronic decays where improved measurements on
nonstrange B have been supplemented by first measurements
on strange B, improved limits on BY mixing [5], as well as new
determinations of the CKM matrix elements V., and V, [6],
and of angles o and  of the unitarity triangle.

The structure of this mini-review is organized as follows.
First, we briefly update the results on b quark production
and discuss the spectroscopy and the lifetimes of b-flavored
hadrons. Then after a brief description of basic properties of B
meson decays, we give a short description of the experimental
results on C'P violation in B meson decays. More details about
formalism and implications of C'P violations are described in a
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separate mini-review [7] in this Review. This review closes with
a description and update on hadronic and rare decays of B
mesons. There are separate mini-reviews on the BB mixing [5]
and on the extraction of the CKM matrix elements V,;, and V,,
from B decays [6] in this Review.

Production and spectroscopy: Elementary particles are
characterized by their masses, lifetimes, and internal quantum
numbers. The bound states with a b antiquark and a u, d , s, or
c quark are referred to as the B, (BT), By (B), Bs (BY), and
B (BJ) mesons, respectively. The first excitation is called the
B* meson. B** is the generic name for the four orbitally excited
(L = 1) B-meson states that correspond to the P-wave mesons
in the charm system, D**. Although the b quark was discovered
in a fixed-target experiment at Fermilab in 1977, most of
the experimental information on b-flavored hadrons has come
from colliding-beam machines. Experimental studies of b decay
have been performed at the 7°(4S) resonance near production
threshold, as well as at higher energies in proton-antiproton
collisions and Z decays. Currently, there is no experiment
running at Z resonance; in a year or two, experiments at LHC
with proton-proton collisions will start producing b-flavored
hadrons. The bb production cross-section at the Z and 7°(4S5)
resonances are about 6.6 nb and 1.1 nb, respectively. High-
energy pp collisions at the Tevatron produce b-flavored hadrons
of all species with very large cross-section (op, ~ 50ub), but
due to the large backgrounds, only a selection of modes can
be studied that are easier to trigger and reconstruct, notably
the final states with leptons, and the exclusive modes into all
charged particles.

Large samples of a rich variety of modes of the B? and BT
mesons have been collected by the eTe™ collider detectors run-
ning at 1°(4S5) (“B-Factories”). As of this writing, BABAR and
Belle have accumulated approximately 300 fb~! and 500 fb~!,
respectively. The 7°(4S) resonance decays only to BB’ and
BTB™ pairs; the current experimental limit for non-BB de-
cays of the 7°(45) is less than 4% at the 95% confidence level
(L) 8]
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For quantitative studies of B decays, the initial com-
position of the data sample must be known. In particu-
lar, the ratio fy/fo of charged to neutral 7(4S) decays
is crucial to calculate the decay branching fractions for B-
factory experiments. CLEO and BABAR have measured the
ratio (fy/fo)(7+/m0) with exclusive B — K ®) [9,10] and
B — D*{v [11] decays, where 7. /79 is the BT/BY lifetime
ratio (see next section). By using the world-average value
of 7+ and 79 Belle also extracted the value of fi/fy [12].
Using the current average of 74/79, the average becomes
f+/fo=1.020 £ 0.034 [13]. This is consistent with equal pro-
duction of BYB~ and B'B’ pairs, and unless explicitly stated
otherwise, we will assume f./fy = 1. This assumption is fur-
ther supported by the near equality of the B¥ and BY masses:
our fit of CLEO, ARGUS, and CDF measurements yields
m(B%) = 5279.4+0.5 MeV/c?, m(BT) = 5279.0+£0.5 MeV/c?,
and m(B%) — m(BT) = 0.33 4+ 0.28 MeV/c?.

In high-energy collisions, the produced b (or b) quarks
can hadronize as B?, BT, BY and Bl mesons (or their
antiparticles), or as baryons containing b (or b) quarks; to date,
all mesons, the A; baryon, and various excitations have been
established. Table 1 shows the fractions fg, fu, fs, and fharyon
of BY, B*, BY, and b baryons in an unbiased sample of weakly
decaying b hadrons produced at the Z resonance and in pp
collisions [13]. A detailed account can be found elsewhere in
this Review [5]. The values assume identical hadronization
in pp collisions and in Z decay, even though these could, in
principle, differ because of the different momentum distributions
of the b—quark in these processes. With the availability of
sizeable samples of BY mesons and A, baryons at pp colliders,
the knowledge of these fractions has also become an important
limiting factor in the determination of their branching fractions.
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Table 1: Fractions of weakly-decaying b-hadron
species in Z — bb decay and in pp collisions at
Vs = 1.8 TeV.

b hadron  Fraction [%]

B+, BY 39.8+ 1.0
BY 104+ 1.4
b baryons 9.9+ 1.7

Using exclusive hadronic decays, such as BY — J/1¢ and
Ay — J/YA, the masses of these states are now known at
the MeV level. The recent measurement by CDF [17] yields:
m(BY) = 5366.01 & 0.73 £ 0.33 MeV/c? and m(Ay) = 5619.7 +
1.2 £ 1.2 MeV/c2.

Clear evidence for the B, the last weakly decaying bot-
tom meson, has been obtained by both CDF and DO in the
semileptonic mode [18]; CDF also observes the fully recon-
structed mode B — J/¥rT, which allows an accurate mass
measurement: 6285.7 +5 4 1.2 MeV/c? [19].

First indications of =} production have been presented by
the LEP Collaborations [21,22].

Excited B-meson states have been observed by CLEO,
LEP, CUSB, DO, and CDF. The current world average of
the B* B mass difference is 45.78 £ 0.35 MeV/c?. Evidence
for B** production has been presented by the LEP and CDF
experiments [23], as a broad resonance in the mass of an
inclusively reconstructed bottom hadron candidate combined
with a charged pion from the primary vertex. Preliminary
results with exclusive modes have been obtained by D0, allowing
separation of the narrow states, B; and Bj, with masses
m(By) = 5724 + 4 + TMeV/c? and m(Bj) — m(B;) = 23.6 +
7.74+3.9 MeV/c? [24].

The LEP experiments have also provided evidence for ex-
cited B}* states.

Lifetimes: Precise lifetimes are key in extracting the weak
parameters that are important for understanding the role of the
CKM matrix in C'P violation, such as the determination of V,
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and BSES mixing measurements. In the naive spectator model,
the heavy quark can decay only via the external spectator
mechanism, and thus, the lifetimes of all mesons and baryons
containing b quarks would be equal. Nonspectator effects, such
as the interference between contributing amplitudes, modify this
simple picture and give rise to a lifetime hierarchy for b-flavored
hadrons similar to the one in the charm sector. However, since
the lifetime differences are expected to scale as 1 /m2Q, where
m is the mass of the heavy quark, the variation in the b system
should be significantly smaller, of order 10% or less [25]. For
the b system we expect

T(BY) = 7(B") = 7(B)) > 7(4) > 7(BY). (1)

In the B, both quarks can decay weakly, resulting in its
much shorter lifetime. Measurements of lifetimes for the various
b-flavored hadrons thus provide a means to determine the
importance of non-spectator mechanisms in the b sector.

Over the past years, advanced algorithms based on impact
parameter or decay length measurements exploiting the po-
tential of silicon vertex detectors resulted in improvement of
lifetime measurements. However, in order to reach the precision
necessary to test theoretical predictions, the results from dif-
ferent experiments need to be averaged. This is a challenging
task that requires detailed knowledge of common systematic
uncertainties, and correlations between the results from differ-
ent experiments. The average lifetimes for b-flavored hadrons
given in this edition have been determined by the Heavy Flavor
Averaging Group (HFAG) [13]. A detailed description of the
procedures and the treatment of correlated and uncorrelated
errors can be found in [26]. The asymmetric B factories are
now making significant contributions to the BT and B? life-
time measurements. Their use of fully-reconstructed B decays
yield measurements with much reduced statistical and system-
atic uncertainties. The measurements are free, for example,
from systematics associated with modelling of fragmentation.

The new world average b-hadron lifetimes are summarized in

Table 2.
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Table 2: Summary of inclusive and exclusive
b-hadron lifetime measurements.

Particle Lifetime [ps]
Bt 1.643 £ 0.010
B 1.527 £ 0.008
BY 1.454 4 0.040
Bf 0.469 £ 0.065
Ay 1.288 £ 0.065
=} mixture 1.39418:3%

b baryon mixture 1.242 £ 0.046
b hadron mixture 1.568 £ 0.009

For comparison with theory, lifetime ratios are preferred.
Experimentally we find

TB+ TBS

TBY _ 1.076 4+ 0.008, —2= = 0.914 + 0.030,
TRo TRo

TN _ 0.844 4 0.043

TBO

while theory makes the following predictions [27,28]

T
TBY 1064002, -2 —1.0040.01, A —086~0.95 .
TBO TBO TBO

The short B[ lifetime has been predicted correctly. The long-
standing discrepancy between Ap-baryon lifetime and its pre-
dicted value has now been reduced by updated calculations that
include higher-order effects [28]. Conversely, the ratio of Bg
to BY lifetimes now exhibits an almost 3-sigma deviation from
expectations.

Similar to the kaon system, neutral B mesons contain short-
and long-lived components. The SM predicts that the lifetime
difference is significantly smaller. The most stringent limit on
the lifetime difference of neutral B, mesons is recently obtained
by BABAR: —0.156 < AT'y/T'y < 0.042 at 90% CL [29], where
ATy = T'y — T'p with 'y (') being the decay width of the
heavier (lighter) By meson. They measure the time-dependence
of T(4S) decays where one neutral B is fully reconstructed
and the other B is identified as being either B? or B’ In
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this analysis, possible violations in CP, T, and C'PT are fully
considered.

The lifetime difference for BY currently predicted by the
Standard Model is Al's/T's = 0.12 £ 0.05 [30]. The exper-
imental knowledge has improved due to new measurements
from CDF and DO, based on angular analysis of the mode
By — J/1¢ to separate CP even and C'P odd components.
By appropriately combining all available measurements, the
HFAG group obtains a world average: Al's/I's = 0.31418:%(1); the
quoted uncertainties are, however, non-gaussian, and a bet-
ter representation of the current uncertainty is given by the
95% CL confidence interval: 0.01 < Al'y/T'y < 0.59 [13] that
barely excludes zero. The measurement includes constraints
from flavor-specific measurements, but they have only a small
effect. The assumption of I'y = I'y is no longer used, due to the
2.9 o difference between their current estimates.

B meson decay properties: Bt and B mesons are the
lightest elements of the b-flavored hadrons, hence they decay via
weak interactions. Since the mass of a b-quark is much larger
than its partner quark (d or u), B meson decays are mostly
described by the decay of the b quark (“spectator model”).
The dominant decay mode of a b-quark is b — ¢W™, where the
virtual W* eventually materializes either into a pair of leptons,
fv (“semileptonic decay”), or into a pair of quarks which then
hadronizes. The decays in which the spectator quark combines
with one of the quarks from W™ are suppressed because the
colors of the quarks from different sources must match (“color-
suppression” ).

Couplings of quarks to the W boson are described by
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The regular
pattern of the three lepton and quark families is one of the most
intriguing puzzles in particle physics. The existence of families
gives rise to many of the free parameters in the Standard Model,
in particular the fermion masses, and the elements of the CKM
matrix. In the Standard Model (SM) of three generations, the
CKM matrix is parameterized by three real parameters and one
complex phase. This complex phase can become a source of C'P
violations in B meson decays. A more detailed discussion of the
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CKM matrix and C'P violation can be found elsewhere in this
Review [7,31].

Semileptonic B decays B — X v and B — X, v pro-
vide an excellent laboratory to measure CKM elements |V,
and |Vyp| respectively, because the strong interaction effects
are much simplified due to the two leptons in the final state.
Both exclusive decays and inclusive decays can be used, and
the nature of uncertainties are quite complimentary. For ex-
clusive decay analysis, a knowledge about the form factors
for the exclusive hadronic system X, is required. For inclu-
sive analysis, it is usually required to restrict the available
phase-space of the decay products to suppress backgrounds;
subsequently uncertainties are introduced in the extrapolation
to the full phase-space. Moreover, restriction to a small corner
of the phase-space may result in breakdown of the operator
product expansion scheme, thus making theoretical calculations
unreliable. A more detailed discussion of the B semileptonic
decays and extraction of |V| and |V,;| are described elsewhere
in this Review [6].

On the other hand, hadronic decays of B are complicated
because of strong interaction effects caused by the surrounding
cloud of light quarks and gluons. While this complicates the
extraction of CKM matrix elements, it also provides a great
opportunity to study perturbative and non-perturbative QCD,
hadronization, and Final State Interaction (FSI) effects, etc.

Other (non-spectator) decay processes include W-exchange
and annihilation decays, both of which occur at tree-level pro-
cesses. Higher-order loop-induced flavor-changing neutral cur-
rent (FCNC) decay processes (“Penguin decays”) are also avail-
able. In the Standard Model, these decays are much suppressed
in comparison to the spectator decays. Penguin decays are
experimentally established by observations of B — K*~v and
recently B — K®)¢T¢~. Some observed decay modes such as
B — D7 Kt may be interpreted as a W-exchange process.

There has been so far no experimental evidence for pure-
annihilation decays of B mesons. Measurement of the branching
fractions of these modes would be very useful to reduce un-
certainty in the predictions for many other modes, as the
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contribution of annihilation diagrams is very difficult to predict
with the current theoretical tools. Limits on these modes have
recently improved and are now an order of magnitude above typ-
ical theoretical predictions: B(B) — KTK~) < 3.7 x 1077 [14]
and B(BY — 7T7n7) < 1.7 x 107° [16,13].

Experimental results on CP wviolation in B decays:
The determination of all the parameters of the CKM matrix
is required to fully define the SM, and is central to the exper-
imental program in heavy-flavor physics. In the framework of
the SM, the CKM matrix must be unitary, i.e. VVT = 1. This
gives rise to relationships between the matrix elements that can
be visualized as triangles in the complex plane, for example

VioVud + Ve Ve + VigVia = 0.

The interior angles of the triangle can be expressed in terms of
the CKM elements

VoV
a =62 = arg(-3 7).,
th
VeaVy,
ﬁ = ¢1 =arg{— C* )
( thth)
Ve.aVi
7= 6 = arg(—p ).
ua ¥ yb

The most precise measurements of the angle 5 have come
from the two energy-asymmetric B-factories running at 7°(4S),
KEKB and PEP-II, by analyzing time-dependent C'P asym-
metries in b — c¢és decay modes including B — J/1#Kg. Since
the B mesons receive very little boost in the 7°(4S) rest frame,
asymmetric beam energies are required to improve the precision
of time-dependence measurement. At KEKB, for example, the
boost is By = 0.43, and the typical B meson decay length is
dilated from =~ 20 pum to ~ 200 pum. PEP-II uses a slightly
larger boost, B~y = 0.55.

In the decay chain 7°(45) — BB’ — fop frag, in which one
of the B mesons decays at time top to fop and the other decays
at time ty,e to a final state fiae that distinguishes between BY
and FO, the decay rate has a time dependence given by [7]
oAt/

4T

Pl (At = [1+ q- {Ssin(AmgAt) — C cos(AmgAt)}],
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where 7 is the B lifetime, Amyg is the mass difference between
the two B” mass eigenstates, and At = top — ttag- The param-
eter ¢ is determined by identifying the b-quark flavor of the
accompanying B meson (“flavor tagging”) using inclusive fea-
tures of the charged particles in fae. For instance, ¢ = +1(—1)
when the tagging B meson is a BY (EO). The CP-violating

parameters S and C' are expressed as

1= A2 2ImA

C = =
1+ |A]2 1+ |A]2

. -0
where ) is a complex parameter that depends on both B°-B

mixing and on the amplitudes for B® and B’ decay to fop. In
the SM, to a good approximation, |A| is equal to the absolute
value of the ratio of the B" to B decay amplitudes. In the
absence of direct C'P violation, |[A\| = 1. For b — ccs transition,
the SM predicts S = —¢sin 23, where £ = +1(—1) for C'P-even
(-odd) final states, and C' = 0.

In the summer of 2001, both BABAR [2] and Belle [3]
reported first significant non-zero measurements of sin 20,
thereby establishing C'P violation in the B? meson decays.
Both experiments have updated their results recently. Using a
data sample of 227 million BB pairs, BABAR [40] obtained
sin283 = 0.722 £ 0.040 £ 0.023, while with 386 million BB
pairs, Belle [41] reported sin28 = 0.652 + 0.039 £ 0.020 in
BY — J/y K" decays. Averaging the latest results from the two
experiments, HFAG finds [13] sin 283 = sin 2¢; = 0.685 £ 0.032.
Including the measurements from higher energy collider experi-

ments, the average becomes
sin 23 = sin 2¢; = 0.687 4+ 0.032.

The average for C' is 0.026 +0.041 which is consistent with zero.
These values are consistent with CKM expectations.

From the average of sin2( above, we obtain the fol-
lowing two solutions for B (in [0,7]): B = (21.7113)° or
b= (68‘3*_'%%)0. This ambiguity may be resolved by measuring
time-dependent C'P asymmetry in BY — tho decays, where
D’ decays to a CP-eigenstate, e.g. Kgﬂr+7r_. Using a sample
of 386 million BB pairs, Belle has performed a Dalitz plot

July 27, 2006 11:28



analysis of D’ - Kgﬂ+7r_ for a time-dependent C'P asym-
metry in BY — D'RO (where h = 7% or n), and obtained
B = (16) £ 21 £ 12°. The 95% CL region is —32° < < 62°,
which disfavors the 8 = 68.3° solution.

Charmless B decays mediated by the b — s penguin tran-
sition are potentially sensitive to new C'P-violating phases
from physics beyond the SM [42]. In the SM, measurement
of S in the b — s8s transition should yield approximately
the same value (—£sin23) as in the b — cés modes. Both
BABAR and Belle measured S for b — sSs modes, including
B — n’Kg and ¢Kg. The “naive” average value of effective
sin 26(= sin2f8,¢) for b — sqg transitions (the cases where
q = s are believed to be mostly penguin, but others may have
significant non-penguin contributions) calculated by HFAG is
0.50 + 0.06 where the error is dominantly statistical. Since each
mode can have different uncertainties in the SM, this “naive”
average should not be taken too seriously. At this moment,
the comparison of Sy, with sin28 obtained from b — ccs
is inconclusive. The largest deviation from b — ccs result
(sin23 = 0.687) comes from 1’ K°. With a sample of 232 mil-
lion BB pairs, BABAR measures —&S,y ko = 0.36+0.13£0.03,
while Belle measures —£5,/ g0 = 0.62+0.12+0.04, with a sam-
ple of 386 million BB pairs. The HFAG average of the two is
0.50£0.09. A B; mode mediated by the b — s5s transition has
also been observed: By — ¢¢. Its measured branching fraction:
B(Bs; — ¢¢) = (1478 £ 6) x 1076 [74], is in agreement with
SM expectations at the current level of precision.

The b — ced transition can occur via a b — ¢ tree or
a b — d penguin process. The weak phase of the penguin
amplitude relative to that of the tree contains the information
of CP-violating phase other than that from B'B’ mixing.
Both Belle and BABAR investigated this using the final states
J/yr® D**D*~ and D**DF. The results in all these modes
are consistent with being dominated by tree amplitude, and
with the sin 23 measured from b — c¢és modes.

Experimental work on the determination of the other two
angles, a and v of the unitarity triangle, is also underway.
Much larger data samples will be needed to obtain precision
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results and to challenge the SM. Information on sin 2« can be
extracted from time-dependent C'P asymmetry measurements
of b — wad processes, such as B — ntn~, ptp~, and p*nT
decays, following a procedure similar to the one outlined above.
Unfortunately, these decays suffer from fairly small branching
fractions (O(107°%)) and sizeable contributions from penguin
diagrams that complicate the extraction of the C'P phases.
L

Because of this, the time-dependent asymmetry in B — 77 m

for example, will not be proportional to sina, but to sin 2aeg,
with an unknown correction to a.

Despite these difficulties, attempts to measure C'P asym-
metries in the b — wud modes have been reported. For the
BY — 7tr~ mode, BABAR [43] extracts S(= v1— C? x
sin 2aeg) = —0.30 £ 0.17 £ 0.03, using 227 million BB pairs,
and Belle [44] finds S = —0.67 + 0.16 + 0.16 with 275 mil-
lion events. The contribution from direct C'P violation in
the B — w77~ decay shows up as a nonzero amplitude C.
Both experiments have determined C' simultaneously with S.
BABAR finds C' = —0.09 + 0.15 4+ 0.04, while Belle measures
C = —0.56 + 0.12 £ 0.06, by which Belle claims an evidence of
direct C'P violation at a significance of 4.00. The difference of
BaBar and Belle corresponds to 2.30 discrepancy. Extracting

T~ is not easy because of large branching

the angle o from 7
fraction of B® — 7070 [45,46], resulting in a large uncertainty
in the isospin analysis.

On the other hand, BABAR searched for B® — p%p° and
finds that the branching fraction is less than 1.1 x 1079 (90%
CL) [47], which is much smaller than the isospin-related
modes. Therefore, the penguin pollution in the BY — ptp~
is small, making extraction of o easier than the 777~ mode.
BABAR [48] extracts S = —0.33 + 0.2470% for the p*p~
mode, while Belle [49] obtains S = 0.08 £ 0.41 £ 0.09. The
C value is consistent with zero in both analyses. Using the
upper limit on B(B? — p*p~) determined by BABAR, isospin
analyses are performed for both results to constrain a: BABAR
obtains a = (100 # 13)°, while Belle obtains a = (88 4+ 17)°.
BABAR uses the combined average for B(BT — p*p°); Belle

uses the combined averages for both B(BY — pTp~) and
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B(B* — p*tpY). In both analyses, electroweak penguins and
possible I = 1 amplitudes are ignored.

CP asymmetry in B% — p*7F mode is also studied to
extract the angle . BABAR used a Dalitz plot analysis for
atr~ a0 [50] while Belle used a quasi 2-body model [51]. In
both analyses, the S value is consistent with zero, but the
HFAG average of the C' value is 0.31 £ 0.10 which is away from
zero with a significance of 3.40.

Several methods have been suggested to measure the third
angle, v =~ arg (V) [52]. However, they require very large
data samples (such as for B — DK), measurements of BY
decays, or suffer from large theoretical uncertainties, rendering
~ particularly difficult to measure.

The decay amplitudes for BT — D®OK(M+ and BT —
E(*)OK(*H' can interfere if the D*)0 and E(*)O decay to a com-
mon final state, for example D*® — D% and D? — Kg71‘+77'_.
Since the Cabibbo-suppressed BT — D®OK )+ amplitude in-
volves V,p, the interference is sensitive to the angle ~. There
have been several methods suggested to extract v by using this
interference, including those where the D®? is reconstructed
as a CP eigenstate (GLW) [53], in a suppressed final state
(ADS) [54]. Analyzing the D’ — K2rTn~ Dalitz plot is
another method to exploit this interference. [55]

Both BABAR [56] and Belle [57] applied GLW and ADS
methods to obtain C'P asymmetries and related parameters.
At the moment, the results from Dalitz plot analyses give
tightest restriction on ~. Using 275 million BB pairs, Belle
measured v = (68113 + 13 & 11)° by combining DK™ and
D*K™ modes [58]. BABAR measured, with a sample of 227
million events, v = (67 & 28 & 13 & 11)° by combining DK™,
D*K* and DK*" modes [59]. The attempts to combine all
these measurements for v have been made by the CKMfitter
and UTFit groups [60].

The Cabibbo-favoured B® — D®)~ 7T amplitude can have
interference with the doubly Cabibbo-suppressed amplitude of
B - D® =7t The relative weak phase between these two
amplitudes is v and, when combined with the BB’ mixing
phase, the total phase difference is —(23 4 7). Therefore BY —
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D®ExF decays can provide sensitivity to 7. The interpretation
of the observables in terms of unitarity angles requires external
input on the ratio of magnitude of the two amplitudes. Due
to the disparate strength of the two interfering amplitudes,
CP asymmetry is expected to be small, hence the possible
occurrence of C'P violation on the tag side may become an
important obstacle. Both Belle and BABAR have measured the
C P-violation parameters for D¥7F and D**7F modes. For the
D**7F mode, both full and partial reconstruction techniques
were used by both experiments. BABAR also studied D*pT
mode.

Hadronic B decays: The experimental results on hadronic
B decays have steadily improved over the past years and the
measurements have reached a sufficient precision to challenge
our understanding of the dynamics of these decays. It has
been suggested that in analogy to semileptonic decays, two-
body hadronic decays of B mesons can be expressed as the
product of two independent hadronic currents, one describing
the formation of a charm meson, and the other the hadronization
of the remaining wd (or ¢s) system from the virtual W~.
Qualitatively, for a B decay with a large energy release, the ud
pair, which is produced as a color singlet, travels fast enough
to leave the interaction region without influencing the second
hadron formed from the ¢ quark and the spectator antiquark.
The assumption that the amplitude can be expressed as the
product of two hadronic currents is called “factorization” in
this paper. Recent theoretical work has provided a more solid
foundation for this hypothesis [61,62].

With a good neutral particle detection and hadron identifi-
cation capabilities of B-factory detectors, a substantial fraction
of hadronic B decay events can be fully reconstructed. Because
of the kinematic constraint of 1°(45), the energy sum of the
final-state particles of a B meson decay is always equal to
one half of the total energy in the center of mass frame. As
a result, the two variables, AFE (energy difference) and Mp
(B candidate mass with a beam-energy constraint) are very ef-
fective to suppress combinatorial background both from 7°(4.5)
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and ete” — ¢ continuum events. In particular, the energy-
constraint in Mp improves the signal resolution by almost an
order of magnitude.

Such a kinematically clean environment of B meson de-
cays provides a very nice laboratory to search for new states.
For instance, quark-level b — ccs decays have been used to
search for new charmonium and charm-strange mesons and
study their properties in detail. In 2003, BABAR discov-
ered a new narrow charm-strange state D?;(2317) [63], and
CLEO observed a similar state Dy(2460) [64]. But the prop-
erties of these new states were largely unknown until Belle
observed B — DD?;(2317) and B — DD,;(2460), which
helped identify some quantum numbers of Dy;(2460) [65].
Further studies of DS]) meson productions in B decays have
been made by Belle and BABAR. In particular, BABAR
has observed B — D;J(2317)+E(*) (D:,(2317)" — Dfn9)
and B — D,;(2460)*D™ (D,;(2460)" — Dt Din)
decays. The angular analysis of B — D,;(2460)"D with
D,7(2460)* — D}~ supports the J¥ = 17 assignment for
D, 7(2460). With 152 million BB pairs, Belle studied the
B - DK~ and B - D_;m" decays. A significant sig-
nal for B’ — D?;(2317)" K~ is observed with B(FO —
D*,(2317)Y K~) x B(D%,;(2317)" — D#n0) = (53715 + 0.7+
1.4) x 107°.

Studies have been made to understand the properties of
the new charmonium-like exotic particle, X (3872), which was
discovered by Belle [66] and later confirmed by other experi-
ments [67]. In addition, more charmonium-like exotic particles
have been observed in B decays.

Belle has searched for possible decays to DD and DOD"x0
of X(3872) and set upper limits for B(BT — X (3872)K™) x
B(X(3872) — DD) and B(BT — X (3872)K*) x B(X (3872) —
DOEOWO) [68]. In a related analysis [68], Belle observed the
Bt — (3770) Kt where 1)(3770) is reconstructed in DD and
DT D~ channels. The obtained branching fraction is B(B™ —
P(3770)KT) = (0.48 4 0.11 4 0.07) x 1073,

BABAR has searched for X (3872) — J/¢mn and set upper
limits for B(BT — X (3872)K 1) x B(X(3872) — J/vym) [69].
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In a related analysis [69], BABAR observed the B —
J/YnK decays. The obtained branching fractions are B(B* —
J/YynKT) = (10.84+2.34+2.4) x 107° and B(B® — J/¢ynKY2) =
(8.4 4+ 2.6 £ 2.7) x 107°. BABAR also made a search for a
charged partner of the X (3872) in B — X~ K decays and set
upper limits on product branching fractions, ruling out the
isovector-X hypothesis [70].

More charmonium-like exotic particles have been observed
in B decays. Belle has observed a near-threshold enhancement
in the wJ/vy invariant mass for B — KwJ/¢ decays [T1].
If treated as an S-wave Breit-Wigner resonance, the mass is
(3943 + 11 + 13) MeV/c? and the total width is 87 + 22 +
26 MeV. BABAR has studied the B — J/¢r"n~ K and, in
particular, the J/¢r" 7~ mass distribution in a region above
the X (3872) [72]. They found an excess of J/¢m™m~ events
with a mass just above 4.2 GeV/c?, which is consistent with
Y (4260) that was observed by BABAR in ISR events [73].

There have been nearly 50 papers on hadronic B decays
to open-charm and charmonium final states published since

2004. These results are nicely summarized in a recent report by
HFAG [13].

Rare B decays: All B-meson decays that do not occur
through the usual b — ¢ transition are usually called rare
B decays. These include both semileptonic and hadronic b — u
decays that are suppressed at leading order by the small CKM
matrix element V,;, as well as higher order b — s processes
such as electroweak and gluonic penguin decays.

Charmless B meson decays into two-body hadronic final
states such as B — 7w and K7 are experimentally clean, and
provide good opportunities to probe new physics and search
for indirect and direct C'P violations. The final state particles
in these decays tend to have larger momenta than average
B decay products, therefore the event environment is cleaner
than b — ¢ decays. Branching fractions are typically around
107°, for exclusive channels. Over the past years, many such
modes have been observed by BABAR, Belle, and CLEO. More
recently, comparable samples of the modes with all charged
final particles have been reconstructed in pp collisions by CDF,
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by triggering on impact parameter of final particles. This also
allowed to observe charmless decays of the B; for the first time,
in modes BY — ¢¢ [74] and B? — K+ K~ [15].

Because of relatively high-momenta for final state particles,

the dominant source of background in e*

e~ collisions is qq
continuum events, and sophisticated background suppression
techniques exploiting the event shape variables are essential for
these analyses. In hadron collisions, the dominant background
comes from QCD or partially reconstructed heavy flavors, and
is similarly suppressed by a combination of kinematical and
isolation requirements. The results are in general consistent
among the four experiments.

Recent additions to the list of observed two-body charmless
hadronic decays include BT — K'K+ and BY — KK
Analyzing a sample of 227 million BB pairs, BABAR measured
B(B* — K'K’) = (1.197040 1 0.13) x 1075, and B(B*+ —
K'K*) = (1.54 0.5+ 0.1) x 1075, with significance of 4.50
and 3.5o, respectively [75]. Similarly, using a sample of 275
million BB pairs, Belle measured B(BT — KOKO) = (0.8 +
0.3£0.1)x 106 and B(B* — K K*) = (1.0£0.4£0.1) x 10~
with significance of 3.50 and 3.00, respectively [14]. These are
evidences for hadronic b — d transitions.

Several rare decay modes such as B — K+7~ have con-
tributions from both b — u tree and b — sg penguin diagram
processes. If the size of each contribution is comparable to
each other, the interference between them may cause direct
CP violation which can show up as a charge asymmetry
in time-independent decay rate measurement. Recently, both
BABAR and Belle found evidences for direct C'P violation in
B — K*7n~ decays [76]. Including the improved preliminary
measurement from Belle [77], the new average for charge asym-
metry in the K7~ mode is —0.115 4 0.018 [13]. Under SM
assumptions, the observation of C'P asymmetry in this mode
requires asymmetries to exist in other modes at non-negligible
levels. Examples are the isospin-related mode BT — K70
which is expected to have a similar asymmetry, and the as
yet unobserved mode By — K~ 7", where a large asymmetry
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is expected [78,79]. Their comparisons will be an important
check of SM interpretation of the observed C'P asymmetry.

There is a BT decay mode which also appears to indicate
direct C'P violation: BT — pYKT. By analyzing the Dalitz plot
for BT — KTn~n" decays using a sample of 386 million BB
pairs, Belle measured the charge asymmetry for BT — pVK*
as (30 £ 111% [80], which is different from zero with a
significance of 3.90. In a similar analysis using a sample of 226
million BB events, BABAR measured the charge asymmetry of
PP K+ as (32 +13719)% [81].

The fact that BY — 777~ can have interference between
tree and penguin processes makes it difficult to extract a
unitarity angle a from time-dependent C'P asymmetry mea-
surements. In order to extract a unambiguously, an isospin
analysis has been suggested [82]. A crucial element for the
isospin analysis is a flavor-specific measurement of B® — 7979
and B" — 7070, Recently, both BABAR and Belle updated
the measurements: B(B? — ntn™) = (2.3f8:§f8:§) x 1079 for
Belle (with 275 million BB events) [46], and B(B" —
atrT) = (1.17 4+ 0.32 4+ 0.10) x 107% for BABAR (with 227
million events) [45]. Similarly, B® — p°p" plays a crucial
role in extracting a from CP asymmetry measurements in
BY — ptp~. BABAR obtained a stringent upper limit on this
mode: B(B® — p%p°) < 1.1 x 1079 [84].

Since B — pp consists of two vector mesons in the final
state, the C'P eigenvalue of the final state depends on the
longitudinal polarization fraction fr for the decay. Therefore,
a precise knowledge of fr, is crucial to extract CKM angle «.
Both BABAR and Belle have observed B — pTp~ [48,49] and
BT — ptp" [85] decays and measured their polarizations. The
average value of fy, is: fr, = 0.97170530 for p*p~ and 0977000
for p*p¥ [13].

By analyzing the angular distributions of the B decays to
two vector mesons, we can learn a lot about both weak- and
strong-interaction dynamics in B decays. A detailed description
of the angular analysis of B decays to two vector mesons can
be found in a separate mini-review [86] in this Review .
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The recently observed By — KTK~ mode is related to
BY — 77~ by U-spin symmetry, and is similary determined
by a superposition of tree and penguin diagrams. Combin-
ing the observables from these two modes is another way of
eliminating hadron uncertainties and extracting relevant CKM
information [83].

The decay B® — DJ 7~ proceeds via b — u tree diagram,
where Dy is produced from the vertex of virtual W hadroniza-
tion. Therefore, it is sensitive to |V|, although actual extrac-
tion of |V,p| becomes obscured by unknown non-factorizable
strong-interaction effects. Both Belle [87] and BABAR [88]
found evidences for this mode, and the average branching
fraction is B(BY — Dfr~) = (2.7 4 1.0) x 107°.

In the SM, the decay BT — Dg*Hgb is expected to occur
via a weak annihilation diagram, which is highly suppressed.
As a result, this mode is very sensitive to new physics effects.
Using a sample of 234 million BB pairs, BABAR obtained a
much improved upper limit for the modes: B(Bt — Df¢) <
1.9 x 1079 and B(B* — D}t¢) < 1.2 x 1075 [89].

Electroweak penguin decays:

More than a decade has passed since the CLEO experiment
first observed an exclusive radiative b — s7v transition, B —
K*(892)v [90], thus providing the first evidence for the one-loop
FCNC electromagnetic penguin decay. Using much larger data
samples, both Belle and BABAR have updated this analysis [91],
and have added several new decay modes such as B — K7,
K3(1430)~ ete. [92].

Compared to b — svy, the b — dvy transitions such as
B — pvy, are much suppressed because of the small CKM
element V;;. Both BABAR and Belle have searched for these
decays. Analyzing a sample of 3.86 x 10% BB pairs, Belle has
obtained B(B — (p,w)y) = (1.32f8:§‘11f8168) x 1076 [93], where
B — pvy and w~y results are combined using isospin relations. On
the other hand, using a sample of 2.11 x 10® BB pairs, BABAR
obtained B(B — (p,w)y) < 1.2x107% [94]. Using a theoretical
calculation [95], a constraint on the magnitude of V4 is obtained
from the Belle result: |Viq/Vis| = 0.19970020 0018 [93].
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The observed branching fractions were used to constrain
a large class of SM extensions [96]. However, due to the
uncertainties in the hadronization, only the inclusive b — sv
rate can be reliably compared with theoretical calculations.
This rate can be measured from the endpoint of the inclusive
photon spectrum in B decay. By combining the measurements
of B — Xy from CLEO, Belle, and BABAR experiments [97],
HFAG obtains the new average: B(B — Xv) = (3.55+0.26) x
10~* [13]. Consistent results have been reported by ALEPH for
inclusive b—hadrons produced at the Z. The measured branching
fraction can be compared to recent theoretical calculations by
Chetyrkin, Misiak, and Munz, and by Kagan and Neubert,
which predict B(b — sv) = (3.29 £ 0.33) x 10~4 [98-100].

According to the SM, the CP asymmetry in b — sv is
smaller than 1 %, but some non-SM models allow significantly
larger C'P asymmetry (~ 10 %) without altering the inclusive
branching fraction [101-103]. CLEO first searched for CP
violation in this mode, and set a range on Agp(b — s7v).
Now, with improved measurements from Belle and BABAR,
the range on Acp(b — s7v) has become much more stringent.
The average charge asymmetry calculated by HFAG is: Acp =
—0.010 £ 0.028 [13].

In addition, all three experiments have measured the in-
clusive photon energy spectrum for b — s, and by analyzing
the shape of the spectrum they obtained the first and second
moments for photon energies. The results on photon energy
moments can be used to extract non-perturbative HQET pa-
rameters that are needed for precise determination of the CKM
matrix element V.

Additional information on FCNC processes can be obtained
from B — X 0T/~ decays, which are mediated by electroweak
penguin and W-box diagrams. Exclusive B — K/{T¢~ decay
was first observed by Belle [109]. Recently, both BABAR [110]
and Belle [111] updated the measurements and the branching
fractions are: B(B — K{T¢~) = (0.3440.08) x 10~% (BABAR),
and (0.5540.08) x 107% (Belle). Similarly, the branching fraction
for B — K*(892)¢*¢~ is also measured by both experiments:
B(B — K*(892)/T¢~) = (0.78702%) x 10-% (BABAR), and
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(1.65702%) x 1076 (Belle). There seem to be slight discrepan-
cies between the two measurements; nevertheless, each one is
consistent with the SM expectation.

Additional information on FCNC can be obtained from
B?S) — ptp~ decays. These decays can only proceed at second
order in weak interactions in the SM, but may have large con-
tributions from Supersymmetric loops, proportional to (tan 3)°.
They have both been searched for, and CDF and D0 have both
obtained results that start to exclude a portion of the region
allowed by SUSY models. The current best limits are 1.5 x 1077
and 0.39 x 1077, respectively, for BY and B} [20].

Summary and Outlook: The study of B mesons continues
to be one of the most productive fields in particle physics.
C'P violation has been observed for the first time outside the
kaon system. Evidences for direct C'P violations have been
observed. Many rare decays such as hadronic b — u transitions
and b — s(d) gluonic penguin decays have been observed, and
the emerging pattern is still full of surprises. The coming years
look equally promising. With the two asymmetric B-factory
experiments, Belle and BABAR, we now have a combined data
sample of nearly 1 ab™!, and the CKM picture of the C'P
violation is tested with better precision ever.

At Fermilab, CDF and DO have accumulated approximately
1 fb~!, which is the equivalent of 10" B hadrons produced.
Albeit with low reconstruction efficiency, this has allowed re-
construction of large samples of some modes, and has given a
start to a program of studies on Bg and b-flavored baryons.
Moreover, in about a year, the LHC will start operating and
produce huge samples of B-hadrons.

These experiments promise a rich spectrum of rare and
precise measurements that have the potential to fundamen-
tally affect our understanding of the SM and C P-violating

phenomena.
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