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The b quark belongs to the third generation of quarks and is the 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), and confirmed four
years later by the first observation of a bb meson [2]. In the KM model, C'P violation is explained
within the Standard Model (SM) by an irreducible phase of the 3 x 3 unitary 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 SM, including
the fermion masses, and the elements of the CKM matrix.

Since the b quark is the lighter element of the third—generation quark doublet, the decays of
b-flavored hadrons occur via generation-changing processes through CKM matrix. Because of this,
and the fact that the CKM matrix is close to a 3 x 3 unit matrix, many interesting features such
as loop and box diagrams, flavor oscillations, as well as large C'P asymmetries, can be observed in
the weak decays of b-flavored hadrons.

The CKM matrix is parameterized by three real parameters and one complex phase. This
complex phase can become a source of C'P violation in B meson decays. A crucial milestone was
the first observation of C'P violation in the B meson system in 2001, by the BaBar [3] and Belle [4]
collaborations. They measured a large value for the parameter sin2/5 (= sin2¢;) [5], almost four
decades after the discovery of a small C' P asymmetry in neutral kaons. A more detailed discussion
of the CKM matrix and C'P violation can be found elsewhere in this Review [6,7].

The structure of this mini-review is organized as follows. After a discussion of b-quark pro-
duction and current results on spectroscopy, we discuss lifetimes of b-flavored hadrons. We then
discuss some basic properties of B-meson decays, followed by summaries of hadronic, rare, and
electroweak penguin decays of B-mesons. There are separate mini-reviews for BB’ mixing [8]
and the extraction of the CKM matrix elements V,, and V,;; from B-meson decays [9] in this Review.

72.1 Production and spectroscopy

The bound states of a b antiquark and a u, d, s, or ¢ quark are referred to as the B, (B™),
By (BY), Bs (BY), and B, (B}) mesons, respectively. The B is the heaviest of the ground-state
b-flavored mesons, and the most difficult to produce: it was observed for the first time in the
semileptonic mode by CDF in 1998 [10], but its mass was accurately determined only in 2006, from
the fully reconstructed mode B — J/¢7t [11]. Many exclusive decay channels can now be used
for the accurate mass measurements, given the large statistics available at the LHC. Currently
the most precise measurement is made by LHCb using the Bf — J/¥wDYK™* decay, yielding
m(B}) = 6274.28 +1.40 £+ 0.32 MeV/c? [12].

The first excited meson is called the B* meson, while 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**. Excited states of the BY meson are similarly named B} and B}*. Of the possible
bound bb states, the T(nS) and x3;(nP) states are well studied.

The pseudoscalar ground state 7, has been observed for the first time by BaBar [13] indirectly
through the decay 7°(3S) — vm, and then confirmed by Babar in 7°(2S) decays [14] and CLEO in
7' (3S) decays [15]. The most accurate mass and width measurements come now from Belle, using
decays T'(55) — hy(1P)mTm~, hy(1P) — ymp(1S) [16] and T (4S) — nhy(1P), hy(1P) — ymp(1S)
[17]. Belle has also reported first evidence for the 7,(2S5) in the hy(2P) — n,(2S5)~y transition [16].
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2 72. Production and Decay of b-flavored Hadrons

See Ref. [18] for classification and naming of these and other states.

Experimental studies of b decays have been performed in ete™ collisions at the 7°(4S) (ARGUS,
CLEO, Belle, BaBar) and 7'(55) (CLEO, Belle) resonances. The full data samples of BaBar and
Belle are 560 fb~! and 1020 fb~!, respectively, of which 433 fb=! and 710 fb~! are at the 7'(45)
resonance. The Belle II experiment at SuperKEKB has started recording data in 2019, and the
experiment has so far collected about 12.4 fb~! of data (March 2020). The e*e™ — bb production
cross-section at the 7°(45) (Y'(5S)) resonance is about 1.1 nb (0.3 nb). At the Z resonance (SLC,
LEP) all species of b-flavored hadrons could be studied for the first time. The e*e™ — bb production
cross-section at the Z resonance is about 6.6 nb.

High-energy pp (Tevatron) and pp collisions (LHC) produce b-flavored hadrons of all species with
large cross-sections. At the Tevatron (y/s = 1.96 TeV) the visible cross section o(pp — bX, |n| < 1)
is about 30 pb. CDF and DO experiments at the Tevatron have accumulated by the end of their
running about 10 fb~! each.

At the LHC pp collider at /s = 7 — 13 TeV, the visible b-hadron cross section at the LHCb
experiment with pseudorapidity acceptance 2 < n < 5 has been measured to be ~ 72 pb at 7 TeV
and ~ 144 pb at 13 TeV [19] (cross section at 13 TeV corrected in Erratum). LHCb has collected
about 1 fb~! at 7 TeV, 2 fb~! at 8 TeV, and close to 5.9 fb~! at 13 TeV during LHC Runs 1 and 2.
CMS and ATLAS have collected each about 5 fb~! of data at /s = 7, 20 fb~! at 8 TeV and about
150 fb~! at 13 TeV during LHC Runs 1 and 2. The LHCb experiment is ungergoing currently
major upgrade. The LHC operation is planned to resume in 2021.

In hadron collisions, production happens as bb pairs via leading order flavor creation or higher
order processes such as gluon—splitting. Single b-quarks can be produced by flavor excitation. The
total b-production cross section is an interesting test of our understanding of leading and higher
order QCD processes. With a wealth of measurements at LHC and at Tevatron (see Ref. [19]
and references therein), and improved calculations [20], there is a reasonable agreement between
measurements and predictions.

Each quark of a bb pair produced in hadron collisions hadronizes separately and incoherently
from the other, but it is still possible to obtain a statistical indication of the charge of a produced b/b
quark (“flavor tag” or “charge tag”) from the accompanying particles produced in the hadronization
process, or from the decay products of the other quark. The momentum spectrum of produced
b-quarks typically peaks near the b-quark mass, and extends to much higher momenta, dropping
by about a decade for every ten GeV. Typical decay lengths are of the order of a centimeter at 13
TeV pp collisions; the resolution for the decay vertex must be more precise than this to resolve the
fast oscillations of B? mesons.

In ete™ colliders, since the B mesons are very slow in the 7°(45) rest frame, asymmetric beam
energies are used to boost the decay products to allow time-dependent measurements that are
crucial for the study of C'P violation. At KEKB, the boost was v = 0.43, while PEP-II used a
slightly larger boost, Sy = 0.55. The typical B-meson decay length is dilated from =~ 20 um to
~ 200 pym. At SuperKEKB the boost is lower, 5y = 0.28, which puts more demanding requirements
on the track reconstruction precision at Belle II to reach a resolution in decay time measurements
similar to Belle. The two B mesons produced in 7°(45) decay are in a coherent quantum state, which
makes it easier than in hadron collisions to infer the charge state of one B meson from observation
of the other; however, the coherence also requires determination of the decay time of both mesons,
rather than just one, in order to perform time-dependent CP-violation measurements. For BY,
which can be produced at 7'(5S5) the situation is less favourable, as boost is not high enough to
provide sufficient time resolution to resolve the fast BY oscillations.

For the measurement of branching fractions, the initial composition of the data sample must be
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known. The 7°(45) resonance decays predominantly to B'B’ and B*B ~; the current experimental
upper limit for non-BB decays of the 1°(45) is less than 4% at the 95% confidence level (CL) [21].
The observed modes of this category are decays to lower 1" states and a pion pair, 1, or 1/, measured
branching fractions being of order 10~% — 1075 [22], and decays to hy(1P)n with branching fraction
of order 1073 [17].

The ratio f /fo of the fractions of charged to neutral B productions from 7°(4S5) decays has been
measured by CLEO, BaBar, and Belle in various ways. They typically use pairs of isospin-related
decays of Bt and BY, such that it can be assumed that I'(BT — z7) = I'(B® — 20). In this way,
the ratio of the number of events observed in these modes is proportional to (f+7+)/(fo10) [23,24].
BaBar has also performed an independent measurement of fy with a different method that does
not require isospin symmetry or the value of the lifetime ratio, based on the number of events
with one or two reconstructed B — D*~¢*v decays [25]. The combined result, from the current
average of 74 /79, is f1/fo = 1.058 & 0.024 [26]. The result is consistent within 2.4c with equal
production of BT B~ and BB’ pairs, and we assume fi /fo = 1 in this mini-review except where
explicitly stated otherwise. This assumption is also supported by the near equality of the BT and
B masses: our fit yields m(B°) = 5279.65 & 0.12 MeV/c?, m(B*) = 5279.34 4+ 0.12 MeV/c?, and
m(B°%) —m(B*) = 0.31 4+ 0.05 MeV/c?.

Data collected at the 7'(5S) resonance gave CLEO, Belle and BaBar access to B? decays. In
Y (5S5) decays there are seven possible final states including a pair of non-strange B mesons and 0,
1 or 2 pions, and three with a pair of strange B mesons (B:OEZO, B;OES, and BSFS). The fraction
of events with a pair of B? mesons over the total number of events with a pair of b-flavored hadrons
has been measured to be fi[T(55)] = 0.19970030 [27], of which 88% is B9B:? events. However,
the small boost of BY mesons produced in this way prevents resolution of their fast oscillations for
time-dependent measurements; these are only accessible in hadron collisions (or at the Z peak).

In high-energy collisions, the produced b or b quarks can hadronize with different probabilities
into the full spectrum of b-hadrons, either in their ground or excited states. The hadronization does
not have to be identical in pp or pp collisions and in Z decay, because of the different momentum
distributions of the b-quark in these processes; the sample used in the pp measurements has momenta
close to the b mass, rather than myz/2. The available data from Tevatron and LHC show that the
production fractions fg, fu, fs, and fharyon Of BY, B*, BY, and b baryons, respectively, of weakly
decaying b hadrons depend on the kinematics of the produced b hadron. The production fractions
of b hadrons are discussed in more detail in the B° - B" mixing section in this Review [8].

Excited B-meson states have been thoroughly studied by CLEO, LEP, CUSB, DO and CDF
(an admixture of B mesons) and LHCb (B**-meson). The current world average of the B*-B
mass difference is 45.21 + 0.21 MeV/c?. Excited B}-meson states have observed in 7(55) decays
by CUSB, CLEO and Belle.

For orbitally excited B meson states, with relative angular momentum L=1 of the two quarks,
there exist four states (J,j,) = (0,1/2),(1,1/2),(1,3/2),(2,3/2), where j, is the total angular
momentum of the light u, d or s quark and J is the total angular momentum of the B meson. These
states are collectively called as BZ‘;) mesons. The j, = 1/2 states are named BZ‘S)O (J =0) and By,
(J = 1) mesons, while the states with j;, = 3/2 are named B, (J = 1) and By, (J = 2) mesons.
The states with j, = 1/2 can decay through an S-wave transition and are expected to have a large
width, but the j, = 3/2 states are narrow D-wave decays. Evidence for B** production has been
initially obtained at LEP as a broad Bm resonance [28] or a BT K~ enhancement [29]. Detailed
results have been obtained for the narrow states Bi(5721)%* and Bo(5747)%% at the Tevatron
and by LHCb, and clear enhancements compatible with the higher mass states B(5840)%* and
B(5970)%F have been observed [30,31]. Also the narrow B:* states B1(5830)° and By (5840)°
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have been measured at the CDF [30], LHCb [32], and CMS [33].

Excited states of BS mesons will provide important information about the strong potential. A
B 7t~ resonance has been observed for the first time by ATLAS [34]. The mass of the resonance
has been measured precisely by CMS and LHCb as 6871.64+1.1 MeV/c? [35,36]. The resonance may
be interpreted as the second S-wave state of the B} meson, B} (2S5), but the quantum numbers
are to be confirmed.

Baryon states containing a b quark are labeled according to the same scheme used for non-b
baryons, with the addition of a b subscript [18]. The first observed b baryon was the AY (quark
composition udb). Thanks to the large samples accumulated at the Tevatron and specially at
the LHC many new b baryons have been found. The masses of all these new baryons have been
measured to a precision of a few MeV/c?, and found to be in agreement with predictions from
Heavy Quark Effective Theory (HQET).

Clear signals of four strongly-decaying baryon states, X7, Xi" (uub), X, , X;~ (ddb) have
been obtained by CDF [37] and LHCb [38]. LHCb has also observed two new mass peaks in the
A7E systems, consistent with single resonances and named as Ef (6097) [38]. The nature of these
resonances is, however, not yet clear. The isodublet of strange b baryons =7 (usb) and Zj° (dsb) has
been observed by CDF and DO [39]. Masses, lifetimes, and branching ratios have been accurately
measured by LHCb [40] and CDF [41]. LHCb has also measured several parameters sensitive to
P and CP violation [42]. Other observed =}, baryons are spin-3/2 states Z,(5945)° (=) [43,44]
and Z3(5955)*~ [45], a spin-1/2 state =}(5935)~ [45], and a resonance state =, (6227) [46]. The
doubly-strange bottom baryon {2, has been observed first by DO and CDF [47]. Mass and mean
life have been measured precisely by LHCb [48] and CDF [41].

The so-called exotic states have raised a lot of interest recently. While many exotic states were
seen in the charm sector, in bottom sector there are fewer seen. The DO Collaboration claimed a
narrow state X (5568) decaying into a BO7* final state [49]. While this would be an interesting
addition to the observed states as the first exotic state with constituent quarks with four different
flavours (b, s, u, d), analysis by LHCDb yields negative result [50]. Also CMS finds no such a
state [51].

72.2 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 and BSES mixing
parameters. 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.
Non—spectator 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/ mé, where mg is the mass
of the heavy quark, the variations in the b system are expected to be only 10% or less [52,53]. We
expect:
7(B") > 7(B%) =~ 7(B%) > 7(A)) > 7(B). (72.1)

For the B, both quarks decay weakly, so the lifetime is much shorter.

Measurements of the lifetimes of the different b-flavored hadrons thus provide a means to deter-
mine the importance of non-spectator mechanisms in the b sector. Availability of large samples of
fully—reconstructed decays of different b-hadron species has resulted in precise measurements with
small statistical and systematic uncertainties (~1%). The world averages given in Table 72.1 have
been determined by the Heavy Flavor Averaging Group (HFLAV) [27].

The BY lifetime in Table 72.1 is defined as 1/Is, where I’ is the average width of the light (L)
and heavy (H) mass eigenstates, (I', + ') /2. In the absence of C P violation, the light (heavy) BY
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Table 72.1: Summary of i world-average b-hadron lifetime measurements.
For the BY lifetimes, see text below.

Particle Lifetime [ps]

BY 1.638 £ 0.004
B 1.519 £ 0.004
BY 1.515 + 0.004
BY, 1.423 £ 0.005
BY, 1.620 £ 0.007
Bf 0.510 = 0.009
AY 1.471 £ 0.009
=, 1.572 4 0.040
=) 1.480 + 0.030
02, 1.6440:17

mass eigenstate is the CP-even (CP-odd) eigenstate. Thus, the lifetime of the light (heavy) mass
eigenstate can be measured from C'P-even (odd) final states. The lifetimes can also be obtained
from time-dependent angular analysis of B — J/1¢¢ decays.

The short B, lifetime is in good agreement with predictions [54]. With large samples of B
mesons at the LHC precision on the lifetimes can still improve. The measurement using semileptonic
decays gives T+ = 0.509 & 0.008 & 0.012 ps [55] while using decays B} — J/yrT yields Tpr =
0.5134+0.0110 £ 0.0057 ps [56]. Each of these is more precise than the combination of all previous
experiments.

The recent /12 lifetime measurements from LHC experiments and CDF are precise and favour
lifetime close to the lifetime of B? meson, in agreement with theory.

For precision comparisons with theory, lifetime ratios are more sensitive. Experimentally it is

found [27]:

T
Bt _ 1.076 4+ 0.004, B _ 0.998 + 0.004,
TRO TRO

TAO

—b =10.969 &+ 0.006 ,

TBO

while recent Heavy Quark Expansion (HQE) predictions give [53]:

T+ TR9

= 1.047007 £0.02 £ 0.01 , = 1.001 £ 0.002 ,

TRO TRO

TAO

—b =0.935 £ 0.054.

TRO
The ratio of Bt to B lifetimes has a precision of better than 1%, and is significantly different from
1.0, in agreement with predictions [52]. The ratio of B? to B lifetimes is expected to be very close
to 1.0.

For a detailed discussion on neutral B® and B? oscillation and relevant C' P violation measure-

ments see Ref. [8].

72.3 Features of decays

The ground states of b-flavored hadrons decay via weak interactions. In most decays of the
b-flavored hadrons, where the b-quark is accompanied by lighter partner quarks (d, u, s, or ¢), the
decay modes are well described by the decay of the b quark (spectator model) [57]. The dominant
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decay mode of a b quark is b — ¢cW*~ (referred to as a “tree” or “spectator” decay), where the
virtual W materializes either into a pair of leptons ¢ (“semileptonic decay”), or into a pair of
quarks which then hadronizes. The transition b — u is suppressed by |Vip/Vep|? ~ (0.1)? relative
to b — c transitions. The decays in which the spectator quark combines with one of the quarks
from W* to form one of the final state hadrons are suppressed by a factor ~ (1/3)2, because the
colors of the two quarks from different sources must match (“color-suppression”).

Semileptonic B decays B — X fv and B — X, /v provide an excellent way to measure the mag-
nitude of the CKM elements |V| and |V,;| respectively, because the strong interaction effects are
much simplified due to the two leptons in the final state. Both exclusive and inclusive decays can be
used with dominant uncertainties being complementary. For exclusive decay analysis, knowledge of
the form factors for the exclusive hadronic system X, is required. For inclusive analysis, it is usu-
ally necessary 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. One of the recent unexpected
results was determination of |V,| using AY — pp~v, decays by LHCb [58]. Besides, there have
been measurements of inclusive semileptonic decays rates of B [59] and B [60] mesons. A more
detailed discussion of B semileptonic decays and the extraction of |V| and |V is given elsewhere
in this Review [9)].

On the other hand, hadronic B decays 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.

Many aspects of B decays can be understood through the Heavy Quark Effective Theory
(HQET) [61]. This has been particularly successful for semileptonic decays. For further discussion
of HQET, see for instance Ref. [62]. For hadronic decays, one typically uses effective Hamilto-
nian calculations that rely on a perturbative expansion with Wilson coefficients. In addition, some
form of the factorization hypothesis is commonly used, where, in analogy with semileptonic decays,
two-body hadronic decays of B mesons are expressed as the product of two independent hadronic
currents, one describing the formation of a charm meson (in case of the dominant b — ¢cW*~ de-
cays), and the other the hadronization of the remaining ud (or ¢s) system from the virtual W~.
Qualitatively, for B decays with a large energy release, e.g. b — uW*™ transitions, the ud pair (pro-
duced as a color singlet) travels fast enough to leave the interaction region without influencing the
charm meson. This is known to work well for the dominant spectator decays [63]. There are several
common implementations of these ideas for hadronic B decays, the most common of which are
QCD factorization (QCDF) [64-67], perturbative QCD (pQCD) [68-72], and soft collinear effective
theory (SCET) [73-75].

The transitions b — s and b — d are flavor-changing neutral-current (FCNC) processes. Al-
though they are not allowed in the SM as a tree-process, they can occur via more complicated
loop diagrams (denoted “penguin” decays). The rates for b — s penguin decays are comparable
to the CKM-suppressed b — u tree processes. Pure-penguin decays were first established by the
observation of B — K*(892)y [76]. Penguin processes involving b — d transitions are further
suppressed by CKM, and have been observed for B — (p/w)y decays [77,78]. LHCb has observed
a b — d penguin transition in the BT — 7™y~ mode and measured its branching fraction to be
(1.83 4 0.24 £ 0.05) x 1078 [79)].

Other decay processes discussed in this Review include W—exchange (a W is exchanged between
initial-state quarks), penguin annihilation (the gluon from a penguin loop attaches to the spectator
quark, similar to an exchange diagram), and pure—annihilation (the initial quarks annihilate to a
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virtual W, which then decays). Some observed decay modes such as B — D7 K*, may be
interpreted as evidence of a W-exchange process [80]. The evidence for the purely leptonic decay
Bt — 77v from Belle [81] and BaBar [82] is the first sign of a pure annihilation decay. The average
branching fraction is (1.09 £ 0.24) x 10~4, which is somewhat larger than, though consistent with,
the value expected in the SM. A substantial region of parameter space of charged Higgs mass vs.
tan 8 is excluded by the measurements of this mode. A dedicated discussion of purely leptonic
decays of charged pseudoscalar mesons is given elsewhere in this Review [83].

72.4 Dominant hadronic decays

Most of the hadronic B decays involve b — ¢ transition at the quark level, resulting in a
charmed hadron or charmonium in the final state. Other types of hadronic decays are very rare
and will be discussed separately in the next section. The experimental results on hadronic B decays
have steadily improved over the years, and the measurements have reached sufficient precision to
challenge our understanding of the dynamics of these decays. With good particle detection and
hadron identification capabilities of B-factory detectors, a substantial fraction (roughly on the
order of a few per mill) of hadronic B decay events can be fully reconstructed. In particular,
good performances for detecting 7° and other neutral particles helped Belle and BaBar to make
comprehensive measurements of the decays BY = Deopo [84], where h" stands for light neutral
mesons such as 7V, 17(’), p°,w. The measurements are being complemented by LHCb, in decays like
BY — DOrtr~ [85], where no neutral particles reconstruction is needed. These decays proceed
through color-suppressed diagrams, hence they provide useful tests on the factorization models.

Because of the kinematic constraint of 7'(4S) — BB, 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, AE (energy difference) and Mp (B candidate mass with a beam-
energy constraint) are very effective for reducing combinatorial background both from 7°(4S) and
ete™ — qq continuum events. In particular, the energy-constraint in Mp improves the signal
resolution by almost an order of magnitude.

The kinematically clean environment of B meson decays provides an excellent opportunity 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. While narrow charm-
strange states D7,(2317) [86] and D,;(2460) [87] were discovered by BaBar and CLEO, respectively,
the properties of these new states were revealed by studying the B meson decays, B — DD¥,(2317)
and B — DD;1(2460) by Belle [88] and BaBar [89]. Another example is Dalitz plot analysis of
decay BY — DYK~x" in which the decay to spin-3 resonance was observed for the first time [90].

Information on BY, B and Ag decays have been remarkably improved with recent studies of
large samples from LHCb. Noticeable additions in By include decay modes to DE*HDg*)_, DOKO,
and J/¢yK*(892)°. The B — DL~ decays were first observed by CDF [91], followed by Belle
[92]. LHCb has improved the precision with B(B? — D{V* D7) = (3.07£0.2240.33)% [93], which
suggests that B? — Dg*HDg*)* decays do not saturate the C'P-even modes of the B, decays. The
BY — DPK? decay occurs mostly via a color-suppressed tree diagram, and has a small theoretical
uncertaintiy in the SM, thus this mode can significantly improve the determination of the C'P-
violation angle ¢5. LHCb has observed this decay and the branching fraction is (4.340.540.7) x10~4
[94]. The B? — J/¢K*(892)" decay can be used to constrain the penguin pollution in determing ;.
LHCb has updated the branching fraction and measured the C'P asymmetries of this decay, thereby
constraining the penguin pollution in ¢, [95], although a much more stringent constraint on penguin
polltion can come from BY — J/1p" which has been observed by BaBar [96] and LHCb [97]. The
Bf — B9 decay is unique as the only observed mode of b-flavored hadron decays where the
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partner quark decays (¢ in this case) while the b quark remains a spectator. LHCb has observed
this mode and measured [o(BJ)/o(B)] x B(B} — Bont) = (2.374+0.31+0.117017) x 1073 [98]. In
addition, LHCb [99] and ATLAS [100] have measured B — J/ ng*H, which, by comparing with
B — BYn, provides a ratio of exclusive b — ¢ and ¢ — s decays of BF. For A) — AfrTn—m~
[101], not only the total rate is measured, but also structure involving decays through excited A.
and Y. baryons.

In addition, a variety of exotic particles that do not fit the conventional meson spectroscopy have
been discovered in B decays. Belle found the X (3872) state by studying BT — J/¢ntn~ KT [102],
which was confirmed by CDF [103], DO [104] and BaBar [105]. Production of X (3872) has been
studied by the LHC experiments, LHCB [106], CMS [107] and ATLAS [108].

A charged charmonium-like state X (4430)* that decays to 1)(25)7™ was observed by Belle in
B — (2S)K7* [109]. Since it is charged, it could not be an ordinary charmonium state. A high-
statistics study by LHCb confirmed the existence of the X (4430)* in decays B — (2S)K=* [110],
demonstrated its resonance character by studying the phase motion, unambiguously determined
its spin-parity, and saw evidence for another state. In a Dalitz plot analysis of B® — J/y K7+
[111], Belle has found another state, labelled as X (4200)" in this Review, adding to the list of
exotic charged charmonium-like states. In an amplitude analysis of the decay /12 — J/YypK~,
LHCb observed exotic structures, labelled as P.(4380)" and P.(4450)" in this Review, in the J/¢p
channel [112]. The subsequent analysis with significantly increased statistics observed additional
state and resolved the peak at 4450 MeV /c? as being due to the two states close in the mass [113].
They are referred to as charmonium-pentaquark states. More detailed discussions of exotic meson-
like states and pentaquarks are given elsewhere in this Review [114].

72.5 Rare hadronic decays

All B-meson decays that do not occur through the b — ¢ transition are usually called rare
B decays. These include both semileptonic and hadronic b — wu decays that are suppressed at
leading order by the small CKM matrix element V;, as well as higher-order b — s(d) processes
such as electroweak and gluonic penguin decays. In this section, we review hadronic rare B decays,
while electroweak penguin decays and others are discussed in the next.

Charmless B meson decays into two-body hadronic final states such as B — 7w and Km are
experimentally clean, and provide good opportunities to probe new physics and search for indirect
and direct C'P violations. Since the final state particles in these decays tend to have larger momenta
than average B decay products, the event environment is cleaner than for b — ¢ decays. Branching
fractions are typically around 10~°. Over the past decade, many such modes have been observed not
only by ete™ collider experiments such as BaBar and Belle, but also by hadron collider experiments
such as CDF (pp) and LHCb (pp). In the latter cases, huge data samples of the modes with all
charged final-state particles have been reconstructed by triggering on the impact parameter of the
charged tracks. This has also allowed observation of charmless decays of the By, in final states
such as ¢¢ [115,116], K™K~ [117,118], and K 7" [118,119], and of charmless decays of the A
baryon [119]. The large samples available at LHCb experiment allow to perform also time-dependent
CP violation measurements [120,121]. Charmless Bs modes are related to corresponding B® modes
by U-spin symmetry, and are determined by similar amplitudes. Combining the observables from
BY and B° modes is a further way of eliminating hadronic uncertainties and extracting relevant
CKM information [122].

Because of relatively high-momenta for final state particles, the dominant source of background
in eTe™ collisions is ¢ continuum events; sophisticated background suppression techniques ex-
ploiting 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
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by a combination of kinematic and isolation requirements. The results are in general consistent
among the experiments.

Most rare decay modes including B® — K+7~ have contributions from both b — u tree and
b — sg penguin processes. If the size of the two contributions are comparable, the interference
between them may result in direct C'P violation, seen experimentally as a charge asymmetry in the
decay rate measurement. BaBar [123], Belle [124], CDF [117], and LHCb [120] have measured the
direct C'P violating asymmetry in B — K7~ decays. Direct C'P violation has been observed in
this decay with a significance of more than 5. The world average value of the asymmetry is now
rather precise, Acp(KTn~) = —0.083+0.004. The C P asymmetry in B* — K+7° mode has been
measured by BaBar [125] and Belle [124] with the average value Acp(KT7%) = 0.0374:0.021. These
two asymmetries differ by more than 5o significance, in constrast to a naive expectation based on
simplified picture in the SM. For more detailed tests, there are sum rules [126] that relate the decay
rates and decay-rate asymmetries between the four K'n charge states. With the future improvements
via Belle II and upgraded LHCDb, the measurements are expected to become precise enough to test
these sum rules. The C'P asymmetry in the 7+ K~ mode has also been measured in BY decays, by
CDF [117] and LHCb [120]. The combined value is Acp(B? — 7t K~) = 0.221 4 0.015.

In addition to By — K7 modes, significant (> 30) non-zero C'P asymmetries have been
measured in several other rare decay modes: Acp(B* — pYK+) = 0.37 £0.10 [127], Acp(BT —
nK*) = —0.37+£0.08 [128], Acp(B® — nK*?) = 0.1940.05 [129], and Acp(BT — f2(1270)KT) =
—0.687912 [127]. In at least the first two cases, a large direct C'P violation might be expected since
the penguin amplitude is suppressed so the tree and penguin amplitudes may have comparable
magnitudes. There are also measurements by LHCb of C P asymmetries in several 3-body modes:
Acp(BT — nfr—7t) = 0.057 + 0.013, Acp(BT — Ktn—nT) = 0.027 £ 0.008, Acp(BT —
KTK~7mt) = —0.122 4+ 0.0021, and Acp(BT — KTK~K™) = —0.033 4 0.008 [130,131]. Many of
these analyses now include Dalitz plot treatments with many intermediate resonances.

BaBar [132] and Belle [124,133] have observed the decays B+ — K K+ and B® — K'K".
The world-average branching fractions are B(B° — KOFO) = (1.21 4+ 0.16) x 107% and B(BT —

KK +) = (1.31 £ 0.17) x 1075. These are the first observations of hadronic b — d transitions,
with significance bigger than 50 for all four measurements. C'P asymmetries have been measured
for these modes, but with large errors. LHCb has observed B — KK~ mode which occurs
via a weak-annihilation process and is the rarest hadronic B-meson decay thus far observed, with
B(BY - KTK~) = (7.80 + 1.52) x 1078 [134]. B? — KK~ decay mode, which occurs mostly
via b — s penguin process, has been observed by Belle [135], CDF [136] and LHCb [118]. The
average branching fraction is B(B? — KTK~) = (25.4 £ 1.6) x 107%. Belle has also observed
B - K 0K which also occurs via b — s penguin transition in the SM. The branching fraction is
(1.9670:82) x 1075 [137].

The decay B — 777~ can be used to extract the CKM angle a (for details see elsewhere in
this Review [138]). This is complicated by the presence of significant contributions from penguin
diagrams. An isospin analysis [139] can be used to untangle the penguin complications. The
decay B® — 7970 is crucial in this analysis. Both BaBar and Belle have observed B? — 7079,
with a mild tension in the measured branching fractions: (1.83 +0.25) x 10~ for BaBar [123] and
(1.3140.26) x 1076 for Belle [140]. It turns out that the amount of penguin pollution in the B — 7
system is rather large. In the past few years, measurements in the B® — pp system have produced
more precise values of «, since penguin amplitudes are generally smaller for decays with vector
mesons. An important ingredient in the analysis is the B® — p°p® branching fraction. The average
of measurements from BaBar [141] and Belle [142] yields a branching fraction of (0.96+£0.15) x 1076.
This is only 3% of the p p~ branching fraction, much smaller than the corresponding ratio (= 20%)
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in the mm system.

Since B — pp has two vector mesons in the final state, the CP eigenvalue of the final state
depends on the longitudinal polarization fraction f; for the decay. Therefore, a measurement of
fr is needed to extract the CKM angle . Both BaBar and Belle have measured fr, for the decays
ptp~ [143] and ptp° [144] and in both cases the measurements show f7, > 0.9, making a complete
angular analysis unnecessary. In BY — p%p°  f; is measured by BaBar [141], Belle [142] and
LHCb [145], with the average value being 0.7170:55.

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. Decays that are penguin-
dominated surprisingly have values of f; near 0.5. The list of such decays has now grown to include
B — ¢K*(892), B — pK*(892), and B — wK*(892). The reasons for this "polarization puzzle'
are not fully understood. A detailed description of the angular analysis of B decays to two vector
mesons can be found in a separate mini-review [146] in this Review .

72.6 Electroweak penguin decays

Electroweak decays are one-loop FCNC decays proceeding through penguin or box Feynman
diagrams with final state including real photon or pair of leptons. Such decays were first observed
by CLEO experiment when it observed decay B — K*(892) [76]. Since then significant amount of
experimental information was obtained. Branching fractions for these decays are 1075 or less, which
makes them excellent candidates for searches for new physics beyond SM. Often several observables
are available, which allows for stringent tests of the SM.

Starting with radiative decays, experimentally easiest to study are exclusive decays with a fully
reconstructed final state. The best studied decay in this class is B — K*(892)y seen by CLEO,
Belle, BaBar experiments [147-149] with world average branching fraction B(B? — K*(892)%y) =
(41.8 + 2.5) x 1075, Decays through several other kaon resonances such as B — Ki(1270)7,
K3(1430)y, etc. were studied at B-factories [150-153]. It is worth to mention decay BT —
K*ntn~~ for which besides measurements of the branching fraction [151,154,155] one can also use
the angular distribution to access photon polarisation. Such a measurement was done by the LHCb
experiment, which was able to clearly demonstrate that the photon in BT — KTn 7=~ decay is
polarised [156]. Unfortunately given non-trivial hadronic structure, more work is needed before
turning this into test of the SM. The latest addition to the observed exclusive radiative decays is
BY — ¢, seen by the Belle and LHCb experiments [157,158] with an average branching fraction
of (3.4+0.4) x 1077,

Compared to b — s7v, the b — dv transitions such as B — pv, are suppressed by the CKM
elements ratio |V;q/Vis|?>. Both Belle and BaBar have observed these decays [77,78]. The world
average B(B — (p,w)y) = (1.30 £ 0.23) x 1076, This can be used to calculate |V;q/Vis| [159]; the
measured values are 0.1957002 from Belle [77] and 0.23370:953 from BaBar [78].

The observed radiative penguin branching fractions can constrain a large class of SM extensions
[160]. However, due to the uncertainties in the hadronization, only the inclusive b — sy 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
the CLEO, BaBar, and Belle experiments [161-163], HFLAV obtains the new average: B(B —
X¢v) = (3.32 £0.15) x 1074 [27] for E, > 1.6 GeV, averaging over BT and B°. Consistent but
less precise results have been reported by ALEPH for inclusive b—hadrons produced at the Z,
which includes also contribution from B? and A) hadrons. Using the sum of seven exclusive final
states, the BaBar experiment measured the branching fraction of inclusive b — dv decays to be
(9.2 £2.0 £2.3) x 1076 [164]. The measured branching fraction can be compared to theoretical
calculations. Recent calculations of B(b — sy) at NNLO level predict for the E, > 1.6 GeV values
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of (3.36 +0.23) x 107 for b — sy and (1.737033) x 107° for b — dy decays [165].

The CP asymmetry in b — sv is extensively studied theoretically both in the SM and beyond
[166]. According to the SM, the C'P asymmetry in b — sy is smaller than 1%, but some non-SM
models allow significantly larger C' P asymmetry (~ 10%) without altering the branching fraction.
The current world average is Acp = 0.015 + 0.011, again dominated by BaBar and Belle [167].
In addition to the CP asymmetry, BaBar and Belle also measured the isospin asymmetry Ag_ =
—0.006 £+ 0.020 in b — sy measured using sum of exclusive decays [167,168]. An alternative
measurement using full reconstruction of the companion B in the hadronic decay modes yields a
consistent, but less precise result [169]. Both Belle and BaBar experiments measured the isospin
asymmetry in exclusive B — K*(892)y decay with average of 6.3 £ 1.7% [148,149] and therefore
providing evidence for the non-zero isospin asymmetry.

In addition, experiments have measured the inclusive photon energy spectrum for b — s,
and by analyzing the shape of the spectrum they obtain the first and second moments for photon
energies. Belle has measured these moments covering the widest range in the photon energy (1.7 <
E, < 2.8 GeV) [163]. The measurement by BaBar has slightly smaller range with lower limit at
1.8 GeV [170]. These results can be used to extract non-perturbative HQET parameters that are
needed for precise determination of the CKM matrix element V.

Additional information on FCNC processes can be obtained from b — s¢T/~ decays. These
processes are studied as a function of dilepton invariant mass squared, ¢>. Different ¢ regions are
sensitive to different physics. Starting at the very low ¢? decays exhibit sensitivity to the same
physics as the radiative decays. Then for the ¢ in region 1.1 to 6.0 GeV?/c* the SM and new
physics have best chance to compete. At the high ¢ above the 1(25) mass, the interference of SM
and new physics is to some extend complementary to that in lower ¢2. Regions around .J/1 and
1 (295) is normally excluded from measurements as these are dominated by the b — ¢ transitions to
charmonia. For exclusive decays, theory predictions require calculations of hadronic form factors.
With current theory predictions, the most useful are measurements within the ¢ regions 1.1 to
6.0 GeV2/ct and from 16.0 GeV?/c* up to the kinematic limit. From this reason in the listing we
provide results mainly in those two regions.

Similar as for radiative decays, also for the b — s¢*¢~ decays the inclusive measurements provide
some benefits. Both Belle and BaBar performed such measurement without reconstructing hadronic
part exclusively and measure a branching fraction of (5.8 £ 1.3) x 107% [171]. Unfortunately this
measurement is not trivially possible at hadron colliders and also does not easily allow the angular
distributions of the decay products to be exploited. One alternative is to extract information on
the inclusive decay as sum of exclusive decays. Such a measurement was performed by Belle [172],
but in this case the difficulty lies in extrapolation for the missing hadronic states.

Turning to the exclusive decays, the initial measurements performed by B-factories typically
averaged between charged and neutral B mesons as well as between ee™ and ptpu~ finals states.
The experiments CDF, LHCb, ATLAS and CMS are much better suited for the u*p~ finals states
compared to the ete™ final states. As such most measurements at hadron colliders are done only
with " pu~ decays and by separating charged and neutral B mesons. The best studied decays are
BT — K¢t~ and BY — K*(892)%¢~. At hadron colliders other b hadrons are produced and as
such CDF and LHCb experiments did observe also BY — ¢utp™ [173,174], A) — Aptp~ [173,175)
and A(b) — pK T~ decays [176]. The total branching fractions integrated over whole ¢? regions
are (5.540.7) x 1077 for Bt — K+tete™, (4.4140.23) x 1077 for BY — K*putu~, (1.031519) x 1076
for B — K*(892)%%*e~ and (0.94 £ 0.05) x 1076 for B® — K*(892)°u* = decays [177-180]. The
total branching fractions for BY — ¢utu~ and A) — Aptu~ decays are (8.2£1.2) x 1077 [173,174]
and (1.08 4 0.28) x 1079 [173,175] respectively. With increased precision of B® — K*(892)%¢+¢~
decay, there is a question on what fraction of the seen branching fraction is due to the K*(892)°
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resonance and what fraction is due to the K7 in s-wave. This has been studied by LHCb which
found that the K in s-wave fraction varies between 1% and about 10% depending on the ¢?
region [180]. It should be noted, that for all relevant B meson decays the branching fractions so
far studied are consistently below the SM expectation.

In the b — s/~ decays angular distributions offer rich source of information. For the decays
BT — KTt~ and B® — K*(892)% "¢~ full angular analysis was already performed [181-186],
while for other decays only partial angular analyses are available [174,187]. Recently a lot of progress
was done by constructing observables, which have reduced theory uncertainties and measurements
of these are done. Most notably the observable called P! [188] shows a discrepancy with the
SM in the ¢? region which is highly sensitive to new physics [185, 186]. Measurements of the
CP asymmetries [176,178,189], the isospin asymmetry [177-179] were also performed. All these
measurements are well consistent with the small Acp and small isospin asymmetry expected in the
SM [190]. With statistics available at the LHC, the measurement of phase difference between long-
and short-distance contribution in B* — K™ pu~ decays became possible [191].

With the data samples available at LHC, the lepton universality in b — s/t~ can be tested.
While in the SM decays to electron-positron and muon pairs are expected to be same up to small
corrections due to the different masses of leptons, in extensions of the SM this does not have to
hold. The angular analysis of BY — K*(892)%*e~ decays was performed by LHCb at low dilepton
invariant masses [192] and Belle in several regions over whole ¢ range [186]. The most notable
result on lepton universality test is the ratio of branching fractions between BT — Ktpu®pu~ and
BT — KTete™ and between BY — K*(892)°u*p~ and B® — K*(892)%Te~ decays. In both
cases, the measurements by LHCb show similar discrepancy from the SM, each being in the region
of 2.1-2.6 o [193,194]. Recently, LHCb experiment performed similar test with AY — pK—¢T¢~
decays [195].

While b — d¢™¢~ decays are further suppressed, they recently became accessible. Signals were
observed for BT — wtpuTu~ [79], B® — 777~ ptp~ [196] and A) — pr—ptp~ [197] decays. The
total branching fractions are only quantities measured and these are about 2 x 10~® for the meson
decays and about 7 x 1078 for the /12 decay.

Finally the decays BOS — ete™ and uTp~ are interesting since they only proceed at second
order in weak interactions in the SM, but may have large contributions from supersymmetric loops,
proportional to (tan 3)%. First limits were published 30 years ago and since then experiments at
Tevatron, B-factories and LHC gradually improved those and effectively excluded whole models
of new physics and significantly constrained allowed parameter space of others. For the decays
to utpu~, Tevatron experiments pushed the limits down to roughly factor of 5-10 above the SM
expectation [198,199]. The long journey in the search for these decays culminated in 2012, when first
evidence for B — u* = decay was seen [200]. Subsequently, LHC experiments ATLAS [201], CMS
[202] and LHCD [203] observed statitically significant signal for BY — p*u~ decay. The average
branching fraction is found to be (3.040.4) x 107, In experiments at hadron colliders searches for
B — pt ™ decays are performed at the same time. The best limit on B(B® — p*p~) < 3.4x10719
at 95% C.L. [203]. The limits for the e"e™ modes are: < 2.8 x 1077 and < 8.3 x 108, respectively,
for BY and BY [204]. The searches for decays to 777~ are more challenging with current best
limits of B(B? — 7t77) < 2.1 x 1073 and B(B? — 7777) < 6.8 x 1072 at 95% C.L. [205]. All
existing measurements of B® and B? decays to same flavour dilepton pair is consistent with SM
expectation [206]. With BY — u*u~ decay observed, it was suggested that the effective lifetime is
useful further test of the decay [207]. Attempt was made by LHCb experiment, but its precision
is not yet sufficient to provide test of the SM [203]. It will take couple of years until interesting
precision is reached. The searches were also performed for lepton flavour violating decays to two
leptons with best limits in e*u™ channel, where limits are < 3.7 x 107° for B and < 1.4 x 1078
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for B, at 95% confidence level [208].

Several theory groups performed global analysis of electroweak decays concluding that signif-
icant tension between data and SM is present [209]. The tension can be relieved by new physics
beyond SM. For more detailed reviews see e.g. Ref. [210].

72.7 Summary and Outlook

The study of B mesons continues to be one of the most productive fields in particle physics.
With the two asymmetric B-factory experiments Belle and BaBar, we now have a combined data
sample of well over 1 ab~!. C'P violation has been firmly established in many decays of B mesons.
Evidence for direct C'P violation has been observed. Many rare decays resulting from hadronic
b — wu transitions and b — s(d) penguin decays have been observed, and the emerging pattern
is still full of surprises. Despite the remarkable successes of the B-factory experiments, many
fundamental questions in the flavor sector remain unanswered.

At Fermilab, CDF and DO each has accumulated about 10 fb~!, which is the equivalent of about
102 b-hadrons produced. In spite of the low trigger efficiency of hadronic experiments, a selection
of modes have been reconstructed in large quantities, giving a start to a program of studies on B
and b-flavored baryons, in which a first major step has been the determination of the B, oscillation
frequency.

As Tevatron and B-factories finished their taking data, the new experiments at the LHC have
become very active. LHCb has collected about 1 fb~! at 7 TeV, 2 fb~! at 8 TeV, and close to
5.9 tb~! at 13 TeV during LHC Runs 1 and 2. CMS and ATLAS have collected each about 5 fb~!
of data at /s = 7 TeV, 20 fb~! at 8 TeV and about 150 fb~! at 13 TeV during LHC Runs 1 and
2. LHCDb, which is dedicated to the studies of b- and c-hadrons, has a data sample that is for
many decays larger than the sum of all previous experiments. With it, we are entering to regime
of precision physics even for many rare decays, which allows much more detailed measurements.

The Belle IT experiment at the SuperKEKB has started recording data in 2019 and has so far
collected about 12.4 fb~! of data (March 2020). The aim to increase sample to ~ 50 ab™! will
make it possible to explore the indirect evidence of new physics beyond the SM in the heavy-flavor
particles (b, ¢, and 7), in a way that is complementary to the LHC. In the same time period, LHCb
Collaboration is working on the upgrade of its detector, installation of which is ongoing. The aim
of the upgrade is to increase flexibility of the trigger, which will allow about a factor of five increase
in instantaneous luminosity and of about a factor of two in efficiencies on triggering on purely
hadronic decays. The plan is to integrate about 50 fb~! of data starting from 2021.

These experiments promise a rich spectrum of rare and precise measurements that have the
potential to fundamentally affecting our understanding of the SM and C' P-violating phenomena.
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