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These proceedings are based on lectures given at the Helmholtz International Summer
School Heavy Quark Physics at the Bogoliubov Laboratory of Theoretical Physics, Dubna,
Russia, during August 2008. I review the current status of CP violation in B meson decays
from the B factories. These results can be used, along with measurements of the sides of
the Unitarity Triangle, to test the CKM mechanism. In addition I discuss experimental
studies of B decays to final states with ‘spin-one’ particles.

1 Introduction

In 1964 Christenson at al. discovered C'P violation in weak decay [1]. Shortly afterward
Sakharov noted that C'P violation was a crucial ingredient to understanding how our mat-
ter dominated universe came into existence [2]. Tt was not until 1972 when Kobayashi and
Maskawa extended Cabibbo’s work on quark mixing to three generations that C'P violation
was introduced into the theory of weak interactions [3, 4]. The resulting three generation quark
mixing matrix is called the CKM matrix and this has a single C'P violating phase. Once the
magnitude of the elements of this matrix have been measured, and the C'P violating phase was
parameterized by measurement of C'P violation in kaon decays, the CKM matrix could be used
to predict C'P violating effects in other processes. The CKM matrix is

Vud Vus Vub
Verkm = Vea Vs Vb )
Via Vis Vb

and it describes the couplings of the u, ¢ and ¢t quarks to d, s, and b quarks, through transitions
mediated by the exchange of a W boson. In 1981 Bigi and Sanda noted that there could be
large C'P violating effects in a number of B meson decays, and in particular in the decay of
BY — J/yK2 [5]'. At first it was not obvious how to experimentally test these ideas, that
is until Oddone realized that the effects could be observed using data from collisions at an
asymmetric eTe™ collider [6]. Two asymmetric energy ete™ colliders called B factories were
built to probe C'P violation in B meson decays, and in doing so, to test the theory behind the
CKM matrix. Recently Kobayashi and Maskawa have been awarded the 2008 Nobel Prize for
Physics? for their contribution to the CKM mechanism.

LCharge conjugation is implied throughout these proceedings.
2The 2008 prize was awarded to Nambu, Kobayashi and Maskawa for work on broken symmetries. See
http://nobelprize.org/nobel_prizes/physics/laureates/2008/.
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The remainder of these proceedings describe the accelerators and detectors called B factories,
tests of the CKM theory through studies of the unitarity triangle via C'P violation and CKM
matrix element measurements, tests of C'PT', and studies of B mesons decay to final states with
two spin-one particles. In these proceedings I summarise one half of the lectures on experimental
results from the B factories, and the contribution from Bostjan Golob covers the second half.

2 The B factories

The need to test CKM theory in B decays led to at least 21 different concepts for B factories to
be proposed [7]. Of these only two were built: The BABAR experiment [8] and PEP-II accelera-
tor [9] at the Stanford Linear Accelerator Center in the USA and the Belle experiment [10] and
KEKB accelerator [11] at KEK in Japan. The B factories are similar in design and operation
and started to collect data in 1999, quickly exceeding their original design goals by a large
factor. Table 1 shows the integrated luminosity recorded at BABAR and Belle at various centre
of mass energies \/s. BABAR finished collecting data in 2008 having recorded 433fb~" of data
(465 x10% BB pairs), and at the time of writing these proceedings Belle was still taking data
having recorded 1171fb~" of data (1257 x10% BB pairs). These proceedings discuss experimen-
tal measurements made using data taken at the YT (4S5). The physics process of interest here is
ete” — T (4S) — BB.

BABAR (fb~ ') Belle (fb~!) Total (fb™ 1)
T (55) e 24 24
T (4S5) 433 738 1171
T(3S5) 30 30
T(295) 14.5 e 14.5
T(15) e 7 7
Off-resonance 54 75 129

Table 1: Luminosity of data recorded at different /s.

In addition to this interesting process, there is also a significant cross section for e*e™ decay
into ¢qg where ¢ is a quark lighter than the b quark, and into di-lepton pairs. These other
processes are backgrounds when studying the decays of B mesons. However, copious amounts
of D mesons and 7 leptons are also created at a B factory: In fact a B factory is really a flavour
factory.

For time-dependent C'P asymmetry measurements, such as those described in Section 3.1,

the B® and B' created in the T (4S5) decay are in a P wave correlated state. Neutral B mesons

can mix?, and until one of the B mesons decays, we have only one BY and one B° event in the
decay. This EPR correlation stops at the instant one of the B mesons in the event decays. After
that time ¢;, the other B in the event oscillates between a B° and a B’ state until it decays
at some time t5. The difference between these two decay times is used to extract information
about CP violation. In a symmetric ete™ collider time difference corresponds to a spatial
separation Az of 30um between the B meson vertices which is too small to be measured in a
detector. In an asymmetric energy collider the spatial separation of vertices is approximately

3See the contribution of U. Nierst to these proceedings.
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200pm which is measurable in a detector. The need to resolve the two B vertices in an event
is the reason why PEP-II and KEK-B are asymmetric energy ete™ colliders.

A B meson that decays into an interesting final state such as J/Y K g is called the Byec. The
other B meson in the event is called the By,, which is used to determine or tag the flavour of
By at the time that the first B meson decay occurs. We don’t know which of the Biec or Byag
decay first, and so the proper time difference between the decay of the B,c. and By, is a signed
quantity related to the measured Az by At ~ Az/cO.

3 Unitarity triangle physics

The CKM matrix is unitary, so VCKMVCTKM = I, which leads to six complex relations that can
each be represented as closed triangles in the Standard Model (SM). The equation ViqV5 +
ViaVis, + VeaVe, = 0 is the one related to the so-called unitarity triangle (shown in Figure 1).
This triangle can be completely parameterised by any two of the three angles «, 3, 7, by
measuring the sides, or by constraining the coordinates of the apex. If we are able to measure
more than two of these quantities we can over-constrain the theory. Sections 3.1.1 through 3.1.4
discuss measurements of the angles, and section 3.2 discusses measurements related to the sides
of the triangle. The angles of the unitarity triangle are given by

= arg [_thVcT)/Vud ;b] ) (1)
B = arg [-VeaVe, /VeaVin ) @)
v = arg [~ Vaa Vi /VeaVid] ®)

and the apex of the unitarity triangle is given by

Vud Vu*b
VeaV3,

pHin=—

At the current level of experimental precision, we use Vy, = |Vip|e?” and Vig = |Viqle”.

(P.n) ,
Vi Vio
Vcd V*cb

(0,0) (1,0

Figure 1: The unitarity triangle.
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3.1 CP violation measurements

The signal decay-rate distribution of a C'P eigenstate decay, f4(f—) for Biag= B° (EO), is given
by:

f+(At) = e_ﬁflh [1F Aw =+ (1 —2w)(—nsSsin(AmgAt) F C cos(AmgAt))] @ R(At, o(At)),

where 7y is the C'P eigenvalue of the final state f, 7 = 1.530 £ 0.009ps is the mean B lifetime
and Amg = 0.507 £ 0.005ps~! is the B® — B mixing frequency [13]. The physical decay rate
is convoluted with the detector resolution R(At,o(At)). As AT is expected to be small in the

SM, it is assumed that there is no difference between BY lifetimes, i.e. AT = 0. The parameters
S and C are defined as:

_ 2Im) 1P
IR IR

where A = %% is related to the level of BO-B’ mixing (¢/p), and the ratio of amplitudes of

the decay of a B or B to the final state under study (A/A). Sometimes we assign the wrong
flavour to Biags. The probability for this to happen is given by the mis-tag fraction w, where

. . . . -0
Aw is the difference between the mistag probability of BY and B decays.
CP violation is probed by studying the time-dependent decay-rate asymmetry

—w—— sin(Am — C cos(Am
A_R(At)—kR(At)_ NS sin(AmgAt) — C cos(AmgAt),

where R(R) is the decay-rate for B° (EO) tagged events. The Belle Collaboration use a different
convention to that of the BABAR Collaboration with C' = —Agcp. Here all results are quoted
using the S and C' convention.

In the case of charged B-meson decays (and 77" as there is no vertex information) one can
study a time integrated charge asymmetry

Acp = —LN,
N+ N

where N (N) is the number of B (B) decays to the final state. A non-zero measurement of S,
C or Acp is a clear indication of C'P violation.

In order to quantify the mistag probabilities and resolution function parameters, the B
factories study decay modes to flavour specific final states. These states form what is usually
referred to as the Bg,, sample of events. The following decay modes are included in the Bga,y
sample: B — D —gt D®=pt and D(*)_af. It is assumed that the mistag probabilities
and resolution function parameters determined for the Bg,, sample are the same as those for
the signal By decays.

There are three types of C'P Violation that can occur: (i) CP Violation in mixing, which
requires |q/p| # 1, (ii) CP Violation in decay (also called direct C'P violation) where |A/A| # 1,
and (iii) C'P violation in the interference between mixing and decay amplitudes.
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3.1.1 The angle g

The golden channel predicted to be the best one to observe C'P violation in B meson decays
through the measurement of sin23 is B — J/¥K2 [5]. The phase 3 comes from the V;,

vertices of the B® — B" mixing amplitudes. This is just one of the theoretically clean b — c¢s
Charmonium decays, where the measurement of S is a direct measurement of sin 23, neglecting
the small effect of mixing in the neutral kaon system. The other theoretically clean decays
include ¥ (2S)KY, x1.K2, n.K2, and J/K*°. Figure 2 shows the mixing and tree diagrams
relevant for b — c¢es Charmonium decays. There are several calculations of the level of SM

\Y \Y h <
B bqg « dg a b \\ < CJ/LIJ
0,cit \ C
B w  w| B g W
u,c,t S
‘ " b d . dKO
qu Vbq >

Figure 2: The (left) mixing and (right) tree contributions to Charmonium decays.

uncertainty on the measurement of sin 23 in b — ¢¢s decays which include theoretical and data
driven phenomenological estimates of this uncertainty [14, 15, 16]. The data driven method uses
BY — J/17° to limit the SM uncertainties at a level of 1072, and the theoretical calculations
limit these uncertainties to be O(107%) to O(10™*). BABAR found a signal for C'P violation in
B meson decay in 2001 [17] and this result was confirmed two wecks later by Belle [18]. The
latest analyses from the B factories provide the most precise test of CKM theory [19, 20]. These
results are summarised in Table 2 where the BABAR result uses B decays to J/YK°, 1 (25)K?2,
X1cK 2, neKS, and J/K*° to measure sin23. Belle use J/¢K°, and ¢(25)KY final states for
their measurement.
When converting the measured

value of sin2( to a value of § we Experiment sin 23

obtain a four fold ambiguity on ["Bapag 0.691 & 0.029(stat.) + 0.014(syst.)
f.- The four solutions for beta are | peje 0.650 £ 0.029(stat.)  0.018(syst.)
21.1 5 68.9 5 201.1 5 and 248.9°. World Average 0.671 & 0.024

The two solutions 68.9° and 248.9°
are disfavoured by cos 23 measure-
ments from decays such as B° —
J/WK* [21], D*D*K2 [22] and
D*OR% [23].

(21.1 £ 0.9)°.

Table 2: Experimental results for sin 25 from the B fac-

tories.

The only solution for ( that is consistent with the Standard Model is g =
This result corresponds to the first test of the CKM mechanism as the apex
of the unitarity triangle can be constrained using Eq. 1. In order to fully constrain the theory,

we need a second measurement from one of the observables described below.

As can be seen from Table 2, the precision of the sin 2 result from the B factories is still
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limited by statistics. This measurement will be refined by the next generation of experiments,
including LHCb [24], SuperB [25] and SuperKEKB [26]. For example, the measurement of sin 203
with 75ab™" from SuperB will be systematics limited and have a precision of +0.005 [25].

3.1.2 The angle «

The measurement of « is not as straight forward as 3. All of the decay channels that are
sensitive to a have potentially large contributions from loop amplitudes?, in addition to the
leading order tree and mixing contributions. Figure 3 shows these tree and loop contributions.
In the absence of a loop contribution, the interference between tree and mixing amplitudes
would result in S = sin(2a). Here the weak phase® measured is @ = 7 — 3 — v where 3 comes
from the V;q vertices of the mixing amplitudes, and v comes from the V,, vertex of the tree
amplitude. However, the loop contributions have a different weak phase to the tree contribution,
so they 'pollute’ the measurement of o. There are two schemes used in order to determine the
loop pollution da: (i) use SU(2) relations [28], and (ii) use SU(3) relations [32] to constrain
the effect of loop amplitudes on the extraction of o from measurements of B meson decays to
h*th~ final states, where h = 7, p. The effect of loop amplitudes is dae = @ — aeg, where g is
related to the measured S and C via S = V1 — C? sin(2ce ).

u h— W da , |
T[+,[5 u, C, T[,p
W) d B
b v o
B ™, P T, P

Figure 3: The tree (left) and gluonic loop (right) contributions to B — h*h~ decays.

One can use SU(2) isospin to relate the amplitudes of B decays to mm final states [28]. This
results in two relations:
1 1 —+— ——0 —00
—ATT =AM A% AT =4 AT
V2 V2

where AY (Zij) are the amplitudes of B (B) decays to the final state with charge ij. These two

relations correspond to triangles in a complex plane with a common base given by |AT0| = |Z_O|
neglecting electroweak loop contributions. There are three such relations for pp decays, one for
each of the transversity states (Section 5). The extraction of « from pm decays is complicated
by the fact that the final state is not a C'P eigenstate [29, 30]. A more detailed overview of the
experimental methods used for 7, pp, and pm decays is given in Ref. [31].

The experimental results for B — 7 [34, 35], B — pp [36, 37, 38, 39, 41, 40], and B —
pm [42, 43] decays can be combined together in order to constrain «. This constraint is shown

4These loop amplitudes are often called 'penguins’ in B physics literature. This nomenclature stems from a
lost bet as described in Ref. [27].
5A weak phase is one that changes sign under C'P. The angles of the unitarity triangle are weak phases.
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in Figure 4 for the SU(2) approach. The solution compatible with the SM is o = (91 £ 8)° [33]
which provides a second reference point to test the CKM mechanism.

Beneke at al. proposed the use of SU(3) to relate the loop component of Bt — p~ K*0 to
the loop component of B® — p*p~ [32]. In order to do this, one has to measure the branching
fractions and fractions of longitudinally polarized signal in both decay channels, as well as
S and C for the longitudinal polarization of B — pTp~. On doing this, BABAR finds that
o = (89.8759)°, where the corresponding loop to tree ratio measured is 0.1015-03 [37].

The strongest constraint on « comes from
the study of B — pp decays and this measure-
ment is currently limited by statistics. The
next generation of experiments will be able
to refine our knowledge of a: LHCb will be
able to measure this to O(5°) [44] with 10fb™*
of data using B — pr decays, but will not be
able to measure all of the necessary inputs
for the 77 and pp measurements. The Su-
perB experiment will be able to measure « to
a level that will be limited by systematic and
theoretical uncertainties: O(1 — 2°) [25] with
a data sample of 75ab™ !,

It is also possible to constrain « using
SU(3) based approaches for decays such as Gi Y. T
B — ajm, and a;p. Even though these de- 0 50 100 150
cays are experimentally challenging to mea- al’]
sure, the time-dependent analysis of B — aim
decays has been performed [45]. Additional
experimental constraints, such as the branch-
ing fractions of K 7 decays, are required to
interpret those results as a measurement on
«. Only a branching fraction upper limit ex-
ists for BY — afpT [46].

:

0.006—

o
=)
<]
©

0.004

Probability density

0.002—

Figure 4: The constraint on « from an isospin
analysis of B — hh decays. Constraints are
made on the magnitude of the penguin to tree
ratio for B — w7 decays when making this plot.
This figure is reproduced from UT fit [33]. The
shaded regions correspond to the allowed solu-
tions for a.

3.1.3 The angle v

There are several promising methods being

pursued in order to constrain 7 or sin(25+7),

however none of these provides as stringent a bound as those for § and «. Here I discuss three
methods used to constrain 7: these are called Gronau-London-Wyler (GLW) [47], Attwood-
Dunietz-Soni (ADS) [48] and Giri-Grossman-Soffer-Zupan (GGSZ) [49]. These three methods
are theoretically clean, and use B decays to D) K (*) final states to measure 7.

The GLW method [47] uses BT — D%, Xt and BT — 3%1))(* where X is a strangeness
one state, and D2, is a DY decay to a CP eigenstate (similarly for Egp) to extract y. The
C P-even eigenstates used are D% p — h™h™ where h = 7, K, and the C' P-odd eigenstates used
are DY, — K971° KYw, and K2¢. The ratio of Cabibbo allowed to Cabibbo suppressed decays
is given by the parameter rp. The experimentally determined value is rg ~ 0.1 which leads to
a relatively a large uncertainty on 7 extracted using this method. A similar measurement has
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been performed using DE‘;OPK decays, where 77 is found to be 0.22 £0.09 £0.03, and only weak
constraints can be placed on v [52, 51].

The ADS method [48] uses the doubly Cabibbo suppressed decays Bt — D*0K ()% where
the interference between amplitudes with a D and a D decaying into a KTx~ final state is
sensitive to . As with the GLW method, the ADS method requires more statistics than are
currently available in order to measure v [53, 54].

The GGSZ method [49] uses B decays to DK ) final states where the D) subsequently
decays to th*h’ (h = 7, K)to constrain «. This method is self tagging either by the charge of
the reconstructed B* meson, or by the charge of the reconstructed K *) for neutral B decays.
One has to understand the D Dalitz decay distribution to determine 7. Using this method
Belle measure v = (76113 4 4 4 9)° [55] where the errors are statistical, systematic and model
dependent. The corresponding BABAR measurement is v = (76f§2 +5+5)° [56]. The difference
in statistical uncertainties of these measurements comes from the fact that Belle measure a
larger value of rp than BABAR.

Figure 5 shows the experimental constraint on v where the total precision on this angle is
20° with a central value of 71°. The next generation of experiments will be able to refine our
knowledge of 4: LHCb will be able to measure this to O(2°) [44] with 10fb™" of data. The
SuperB experiment will be able to measure v to O(1°) [25] with a data sample of 75ab™".

--- D(*) K(*) GLW+ADS
ICHEPO8 - D(*) K(*) GGSz 1 Combined
--------- [sin(2B+y)| —— CKM fit
10 kT T LT T N'_'.‘T T { T AR T 1T { T 1T { T T"‘ T 1 T { T 1 T i
L P Y [ 4
L Y N 4
08 - [ J
[ Y i ]
r L i h
L 06 I ¥ ,\_ .
° / i | ]
— [ ! ; ; 7
04 | : i B =
: ,' ! v ]
02 b J Y A
C i ., i
r . SRR . ]
00 Lomart Lo 1 IS e
0 20 40 60 80 100 120 140 160 180

Y

Figure 5: The experimental constraint on . This figure is from CKM Fitter [50].

3.1.4 Angle constraints on the CKM theory

The angle measurements described in the previous sections individually constrain CKM theory
by restricting the allowed values of p and 7. The individual and combined constraints of these
measurements are shown in Fig. 6. The angle constraints are consistent with CKM theory
at the current level of precision. Combining the angle measurements: (3 (21.1 £ 0.9)°,
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a = (89.9759)°, and v = (71 4 20)°, we obtain 5 = 0.13 + 0.04 and 77 = 0.34 + 0.02. The the
precision on these constraints is dominated by our knowledge of o and . CKM theory requires
that o 4+ 8 4+ v = 180°. The B factory measurements give o + [ + v = (190 & 21)° where the
precision of this test is limited by our knowledge of ~.
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Figure 6: Angle constraints on p and 7 from (top left) 3, (top right) «, (bottom left) v, and
(bottom right) combined. The shaded contours show the 68% (black), 90% (light) and 95%
(medium) confidence levels.

3.1.5 Direct CP violation

Direct C'P violation was established

by the NA48 and KTeV experi- Experiment Acp

ments in 1999 [57, 58] through the BABAR —0.107 £ 0.016700% [61]
measurement of a /non—zerg value Belle —0.094 + 0.018 = 0.008 [60]
of the parameter ¢'/e. This phe- CDF —0.086 = 0.023 % 0.009 [62]
nomenon was confirmed 45 years af- CLEO ~0.04 %+ 0.16 = 0.02 [63]

ter C'P violation was discovered in

kaon decays. In contrast to this in  Taple 3: Experimental results for Acp, where the first

B meson decay direct C'P violation grror quoted is statistical and the second is systematic.
was observed only a few years after
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CP violation was established. The first observation of direct C'P violation in B decays was
made via the measurement of a non-zero Acp in B® — K*7F decays in 2007 by BABAR [59].
The following year Belle confirmed this result [60]. The latest results of this measurement are
summarised in Table 3. It has been suggested that the difference in the direct C'P violation
observed in B® — K*7T and B* — K*7° could be due to new physics (See Ref. [59] and
references therein). A more plausible explanation is that the difference arises from final state
interactions [64].

3.1.6 Searching for new physics

The B factories have seen evidence for, or have observed indirect C' P violation in B® — J/¢ K,
BY — J/yn® B® — ¢(29)KY, B — n.K%, B — /K% B° — f8(980)K2, B - KTK~ K,
BY — D**D*~, and B — nt7~. They have also seen evidence for or observed direct C'P
violation in B — 7t7~, B - nK*9, BY — ptn¥ BY - K*7F B* - )'K¥ B — DOCP+K,
B — D®OK* Al of the measurements of C'P violating asymmetries to date are consistent
with CKM theory. It is possible that there is more to C'P violation than the CKM theory and
the rest of this section discusses one way to search for effects beyond CKM.

A large number of rare B de-
cays are sensitive to  however as
these measurements are not neces-
sarily clean we call the phase mea- fo(980) K° == Not including LD amplitude
sured [eg. These fall into two cat-
egories: those that are loop domi-
nated; and those that have a loop
and a tree contribution. The SM
loop amplitude can be replaced by
a corresponding amplitude with un-
known heavy particles, for example
the SUSY partners of the SM loop
constituents, so the loops are sensi- ke
tive to the presence of new physics. -03 -02 0L ory uncdriainga Ss:nll
The consequence of this is that if
there are new heavy particles that
contribute to the loop, the SM cal-
culated expectation for observables
will differ from experimental measurements of the observables. sin23 has been measured
to an accuracy of 1° using tree dominated ccs decays and this can be used as a reference
point to test for deviations from the SM. If we measure sin28.g for a rare decay, then
AS = sin2[.4 —sin 23 — ASg is zero in the absence of new physics. Here ASgy is a term that
accounts for the effect of possible higher order SM contributions to a process that would lead to
the measured sin 2F.g differing from the ¢¢s measurement. Such effects include contributions
from long distance scattering (LD), annihilation topologies and other often neglected terms.
There has been considerable theoretical effort in recent years to try and constrain ASgy which
is summarised in Figure 7. The figure is divided into decay modes, and each decay mode has
up to four error bands drawn on it. These error bands come from (top to bottom) calculations
by Beneke at al. [65], Williamson and Zupan [66], Cheng at al. [67], and Gronau at al. [68].
It is clear from this work that some of the decay modes are clean, and the SM expectation of

P Y
0.2 0.3

Figure 7: Theoretical estimates of ASgy;.
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sin 205 is essentially the same as the expectation for sin2( from c¢¢és. However some modes
have a significant contribution to AS from ASgy. The experimental situation is shown in

Figure 8 [69].

The most precisely determined
sin 20.¢ from a b — s loop process is
that of B — 1/ K°. This is also one
of the theoretically cleanest chan-
nels, and is consistent with the SM
expectation of AS = 0 at the cur-
rent precision. In recent years it has
been frequently noted that the aver-
age value of sin20.¢ — sin 20 is less
than zero with a significance of be-
tween two and three standard devi-
ations. However as discussed above,
it is not correct to compare the aver-
age of any set of processes unless the
value of ASsyr is the same for that
set. If one wants to make a com-
parison at the percent level, it has
to be done on a mode-by-mode ba-
sis, and to do that we need to build
a next generation of experiments to
record and analyse O(50—100)ab ™!
of data. The two proposed experi-
ments SuperB and SuperKEKB will
be able to make such measurements.
If one compares the measured values
of sin 2. —sin 23 for the b — d pro-
cesses which have a tree and a loop
contribution it is clear that they
are consistent with the SM expec-
tation. At future B factories it will
be possible to extend this approach
to making comparisons of the preci-
sion measurements of a and v from
different decay channels.

3.2 Side measurements

This section discusses the measure-
ments of |[Vipl|, |Veb|, and |Via/Vis|

b- ccs =

ny KO
foKs ——
KKK —

0

oK )

™ Kg

KKKy

WKy ——

pK —_—

e 101K

I/ yr® R
D*'D¥ i

+

D'D

ll‘lll‘lll‘lll‘lll‘lll‘llllll‘lll‘lll

-12 -1 -08-06 -04-02 0 02 04 06
sinZBeﬁ-sinZB

Figure 8: Measurements of sin 20.g-sin 23. The top part
and vertical band show the reference measurement from
ccs decays (See Sec. 3.1.1), the middle part shows mea-
surements from b — s loop processes, and the part sec-
tion shows measurements from b — d processes with loop
and tree contributions. All results shown are averages of
measurements from BABAR and Belle.

in turn. All of these quantities are can be used to constrain the unitarity triangle. The mea-
surements of |Vip,| and |Vep| use the semi-leptonic decays B — X /v where X = X, or X, and
it is possible to put constraints on |Viq/Vis| by measuring B — Xy s decays.
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3.2.1 Measuring |Vyp|

The branching ratios of B decays
to ufv semi-leptonic final states are

proportional to |Vip| for a limited HFAG Ave. (BLNP)
region of phase space. In order to 432 + 016+ 0.32- 0.27 ——
reduce backgrounds in these mea- HFAG Ave. (DGE)
surements, both B mesons in the 4.26 + 014+ 0.19 - 0.13 ———
event are reconstructed using the HFAG Ave. (GGOU)
so-called recoil method. This in- 396 +0.15+0.20- 0.23 e
volves reconstructing the inclusive HFAG Ave. (ADFR)
or exclusive b — ulv signal, as well 376 £0.13£0.22 e
as reconstructing everything else in HFAG Ave. (BLL)
the event into a fully reconstructed 487 £024 £038 T
final state (i.e. one with no miss- BABAR(LLR)
ing energy). If this is done correctly 492032036
for a BB event, then the missing BABAR endpoint (LLR)
4-momentum in the centre of mass 4280292048
will correspond to the 4-momentum BABAR endpoint (LNF)
. 440 +0.30 + 047 e —
of the undetected v from the sig-
nal decay. The recoil method re-
sults in low signal efficiencies, typ- m
ically a few percent, however most L l L l L IqHEPO8
of the non-B background will have 2 3 4 5
been rejected from the selected sam- |V ubl [x 10'3]

ple of events and the signal sample

is relatively clean. Once isolated, Figure 9: Constraints on |Vip,| compiled by HFAG [71].
it is possible to measure the partial

branching fraction of a decay as a

function of a phase space variable, including the ¢? of the fv in the final state, the invariant
mass of the X,,, missing mass (corresponding to the neutrino), or energy of the lepton.

Given the partial branching fraction measurement, theoretical input is required in order to
compute |Vyp|. There are several schemes available to convert the partial branching fraction to
a measurement of |V,p| (ADFR, BLNP, BLL, DGE, GGOU, LLR, and LNP), and all of these
schemes [70] give compatible results [71]. Figure 9 shows the different values of |V, | extracted
from the data for the different schemes where the LLR and LNP schemes use B — X, fv decays
normalised to B — X7 decays in order to determine |V

3.2.2 Measuring |Vp|

The recoil method discussed above is also used in order to isolate signals in the measurement
of [Vep|. Only two decay channels are considered (i) B — D¢*¥ and (ii) BT — D*°/*¥ where
the partial branching fraction of these decays is proportional to |Vcp| up to some form factor.
The partial branching fraction of B — D7 is proportional to G?|V.p|?, where G is a
form factor that depends on kinematic quantities. As the measurement is statistically limited,
seven (nine) different D° (D7) daughter decays into final states with neutral and charged
pions and kaons are reconstructed. The results obtained using a combined fit to all data are
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G(1)|Vep| = (43.0 £1.9 4 1.4) x 1073, where |Vep,| = (39.8 1.8 £ 1.3 +0.9) x 1072 [71] where
this result is dominated by BABAR [72, 73]. Errors are statistical, systematic and from the form
factor dependence. Figure 10 shows the distribution of G(1)|Vep| versus p? obtained, where the
form factor G depends on the shape parameter p2.

The partial branching fraction of BY — D*%¢*¥ is proportional to F2|V,p|?, where F is a
form factor that depends on kinematic quantities. The measurement of |V,,| using this mode
is systematically limited, and as a result the only D*° daughter decay channel considered is to
a D final state, where the D meson subsequently decays to KT ~. The values of F(1)|V|
and the slope parameter p? are extracted from a three dimensional fit to data, where the
discriminating variables in the fit are the mass difference between the reconstructed D* and D
meson masses Am, the angle between the B and the Y = D*? in the centre of mass 67, and an
estimator for the dot product of the four velocities of the B and the D*. The results obtained
are F(1)|Vep| = (35.97 £ 0.53) x 1072 and |Vip| = (38.7 4 0.6 4= 0.9) x 1073, where the first
uncertainty is experimental and the second is theoretical [71] where this result is dominated by
Belle and BABAR [73, 74, 75, 76]. Figure 10 shows the distribution of F(1)|Ve| versus p*.

o 2
= Ax' =1 CLEO
— 50~
8
= |
X
= &ay
@’ 40— PELPHI
part. reco.)
PAL
%art. reco.)
F AVERAGE
BABAR (Global Fit)
a0 ALEPH »| BABAR (D*0)
BABAR (excl.)
BELLE
HEAG B HFAG
o0 30 e
| ‘ \ | \ \ \ ‘ |
0 1 2 0 0.5 1 1.5 2
2 2
p P

Figure 10: Measurements of (left) G(1)|Vep| and (right) F(1)|Vep| versus the slope p? obtained
from D) (7 decays. These plots are from Ref. [71].

3.2.3 Measuring |V;q/Vis|

It is possible to measure the ratio |Via/Vis| using B — X4y and B — X,y decays as outlined
by Ali, Asatrian and Greub [77]. The branching fractions of these processes depend on |Vi4]
and |Vis|, respectively. These are Flavour Changing Neutral Currents that are sensitive to new
physics, where the leading order contributions are electroweak loop amplitudes. BABAR perform
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an inclusive analysis of B — X4y decays where X is reconstructed from between two and four
7 mesons, or a 717 final state, and extract a branching fraction in two regions of the invariant
mass mx of X4 [78]. Belle perform an exclusive analysis and reconstruct X, in p and w final
states [79]. The branching fractions measured are summarised in Table 4.

Experiment Region/mode B (x1079)

BABAR 0.6 <my < 1.0 GeV/c2 12+05+0.1
BABAR 1.0 <myx <18 GeV/c® 2.7+1.2+04
Belle Bt — pTy 0.8770 32 1097
Belle BY — pOy 0.78 1047 +0-09
Belle B — wy 0.4070 191000

Table 4: Branching fraction (B) measurements for B — Xg7v. Inclusive measurements shown
are from BABAR, and exclusive measurements shown are from Belle.

The constraint on |V;q/Vis| obtained using these measurements are 0.19570079(expt) +
0.015(theory) and 0.177 £ 0.043(expt) = 0.001(theory) from Belle and BABAR, respectively. The
small theoretical uncertainty on the BABAR measurement is the result of the method used to
determine |V;q/Vis| from data.

4 Tests of CPT

The combined symmetry of C'; P and T otherwise written as C PT is conserved in locally gauge
invariant quantum field theory. The role of C'PT in our understanding of physics is described
in more detail in Refs. [80, 81, 82, 83] and an observation of CPT violation would be a sign of
new physics. C'PT violation could be manifest in neutral meson mixing, so the B factories are
well suited to test this symmetry. The contribution to these proceedings by Nierst describes
the phenomenon of neutral meson mixing in detail in terms of the complex parameters p and
q. Tt is possible to extend the formalism used by Nierst to allow for possible C'PT' violation,
and in doing so the heavy and light mass eigenstates of the B® meson By and Bi, become

—0
|Bru) =pVv1F z|BO> +qV1+z|B),

where BO and B are the strong eigenstates of the neutral B meson. If we set z = 0 we recover
the CPT conserving solution and if CP and C'PT are conserved in mixing then |q|? + |p|? = 1.

Two types of analysis have been performed by BABAR to test CPT. The first of these uses
the Bga, sample that characterises the dilution and resolutions for the Charmonium sin 23
analysis discussed in Section 3.1 along with the Charmonium CP eigenstates B® — J/¢ K,
(29K g, and x1.K g to extract z [86]. This analysis also uses control samples of charged B

decays: BT — E(*)OWJF, J/WKT 4p(28)K*, and x1. K+ to obtain

’9 = 1.029 £ 0.013(stat.) + 0.011(syst.),

p

(ReAcp/|Acp|)Rez = 0.014 &+ 0.035(stat.) £ 0.034(syst.),
Imz = 0.038+£0.029(stat.) £ 0.025(syst.),
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which is compatible with no C'P violation in BY — B mixing and C'PT conservation.

The second and more powerful type of analysis uses di-lepton events where both B mesons
in an event decay into an X T/*v final state tests CPT. Di-lepton events can be grouped by
lepton charge into three types: ++, +— and —— where the numbers of such events N+, N+~
and N~ are related to A" and z as a function of At as described in Ref. [89]. Using these
distributions we can construct two asymmetries: the first is a 7/C'P asymmetry

4

aq
p

P(B" - BY)-P(B°—B’) Ntt-N— 1-

PB - BY+P(BY—B) NTT-NT

Arjcp = 1

q
P
and the second is a C'PT asymmetry

NT=(At>0)—- Nt=(At<0 Imz sin(AmgAt) — Rez sinh (ALAL
Acpr(At) = (At > 0) (At < )22mzsm( mqAt) ezsinh (£L81)

N+t=(At > 0)+ Nt (At <0) cosh (ALA%) + cos(AmgAt)

where Acpr(At) is sensitive to AI' x Rez. In the Standard Model Ap,cp ~ 1073 and Acpr =
0 [84, 85]. BABAR measure [87]

‘Q‘ —1 = (-0.8+2.7(stat.) + 1.9(syst.)) x 1072,
p

Imz = (—13.94 7.3(stat.) + 3.2(syst.)) x 1073,
AT x Rez = (—7.143.9(stat.) & 2.0(syst.)) x 1073,

which is compatible with no CP violation in BY — B mixing and C'PT conservation. It is
possible to study variations as a function of sidereal time, where 1 sidereal day is approximately
0.99727 solar days [88] where z depends on the four momentum of the B candidate. BABAR
re-analysed their data to and find that it is consistent with z = 0 at 2.8 standard deviations [89].
The constraint on z is shown in Figure 11.

-0.03

-0.04

UL L L LI B I R

P PRI R R S
-0.08 -0.06 -0.04 -0.02 0 0.02
Im z,

Figure 11: Constraints on the imaginary part of z and AI' x Rez using dilepton events at BABAR.
This figure is reproduced from Ref. [89].
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5 B decays to spin one particles

Decays of B mesons to final states with two
vector (J¥ = 17) or axial-vector (JI = 17)
particles have a number of interesting kine- _
matic observables that can be used to test
theoretical understanding of heavy flavour.
The angular distribution of such a process
where the spin one particles decay into two
daughters is a function of three variables: ¢,
01 and 65, where ¢ is the angle between the
decay planes of the spin one particles, and 6;
are the angles between the spin one particle
decay daughter momentum and the direction Figure 12: A schematic of the decay of a B
opposite to that of the BY in the spin one par- meson via two p mesons to a four pion final
ticle rest frame. The 6; are often referred to state. The p meson final states are shown in
as hehc1ty angles. Figure 12 illustrates these their rest frarnes7 and ¢ is the angle between
three angles for the decay BY — p*p~. the decay planes of the p mesons.

It is only possible to perform a full angular
analysis if we have sufficient data to constrain the unknown observables. When we search for a
rare decay it is normal to perform a simplified angular analysis in terms of the helicity angles,
having first integrated over ¢. On doing this one obtains

d’T

_9 20 cos 1 L i12 0 sin?
m = Z fLCOb 01(30& 02+Z(1—fL)bln 015111 92

where the parameter fi, is referred to as the fraction of longitudinally polarized events which
is given by

'y _ | Hol?
' [Hol + [Hya | + [Ho

2 :fL7

where the H; are helicity amplitudes. It is convenient to analyse the data using the transversity
basis when performing time-dependent C'P studies where the transversity amplitudes are Ay =
Hy, A = (Hyq — H_l)/\/§ and Ay = (Hp +H_1)/V2 [90]. Ap and A are CP even and A
is CP odd. Helicity suppression arguments lead to the expectation of the following hierarchy:

AO:A:ALNC’)(l):(’)<@> :o(@>2,

mp mp

where mp is the mass of the spin one resonance and mpg is the B meson mass. This hierarchy
predicts that fr, = 1 —m%/m% [91, 92, 93, 94]. The B factories have measured the fraction of
longitudinally polarized events in a number of different channels, the results of which are shown
in Table 5.

It is clear that the helicity suppression argument works for a number of the decay modes
studied. These are all tree dominated processes such as B — pTp~. It is also clear that there are
several decay modes that do not behave in the same way. The most precisely measured channel
that disagrees with the helicity suppression argument is B® — ¢K*°, where fr, ~ 0.5. This
discrepancy is often called the ‘polarization puzzle’ in the literature. Several papers for example
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Decay Mode BABAR Belle

BY = K0 [95, 96] 0.494 % 0.34 £0.013  0.45 + 0.05 £ 0.02
Bt — ¢K*t [97, 96] 0.4940.05+0.03  0.524 0.08 + 0.03
B — ptp= [37, 41] 0.992 4+ 0.02475:02% 0.94170:93% + 0.030
BY — p%p0 [38, 40] 0.757511 +£0.05 .

Bt — p%~ [36, 39] 0.905 4+ 0.04275:022  0.954 0.11 +0.02
BY — wK*0 [98] . 0.56 +0.2915-03
Bt — wpt [99] 0.8240.11 + 0.02

B® — KK [100] 0.807919 +0.06

BY — pOK*0 [101] 0.57 4 0.09 + 0.08

Bt — pOK** [101] 0.9675:9% +0.05

Bt — ptK*0 [101,102] | 0.5240.10 £ 0.04 0.43 +0.111503

Table 5: Experimental results for fr, from B meson decays to two vector meson final states.
The first uncertainty is statistical and the second is systematic.

Ref. [92] have highlighted the possibility that new physics could be the source of the difference,
however final state interactions or refined calculations could also account for the difference. The
decay modes that do not follow the naive helicity suppression argument are all loop dominated.
In addition to studying B decays to final states with two vector particles, it is possible to study
vector axial-vector and two axial-vector final states. Measurements of these decays could help
refine our understanding of the source of the polarization puzzle. There are a number of rare
decays that have suppressed standard model topologies, for example B — ¢¢ and B — ¢p.
Experimental limits on these decays are at the level of a few 10~7 [103]. These decays could be
significantly enhanced by new physics, and Gronau and Rosner recently suggested that ¢ — w
mixing could result in a significant enhancement of the B — ¢p™ decay [104].

6 Summary

The B factories have produced a large number of results in many areas of flavour physics. The
ability of the B factories to quickly crosscheck each others results has been extremely beneficial
to the development of experimental measurements and techniques over the past decade. Only
a small number of these results have been discussed here: those pertaining to testing the
unitarity triangle, CPT, and B decays to final states with two spin one particles. These results
are consistent with the CKM theory for C'P violation in the Standard Model. There are a
number of measurements sensitive to new physics contributions that can be made at future
experiments such as SuperB in Italy and Super KEK-B in Japan [25, 26]. Such precision tests
of flavour physics could be used to elucidate the flavour structure beyond the Standard Model.
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