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After a brief look at C'P violation in kaon decays, a short overview of
CP violation in the B-meson system and of strategies to determine the
angles of the unitarity triangles of the CKM matrix is given. Both general
aspects and some recent developments are discussed, including Bf — DF D
and B — 7K decays, as well as the By — nt7—, B, = KTK~ system.
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1. Introduction

The non-conservation of the C'P symmetry, which was discovered in
1964 in neutral kaon decays [1]|, is one of the central aspects of modern
particle physics, and is still one of the least well experimentally constrained
phenomena. In particular the B-meson system provides a very fertile testing
ground for the Standard-Model (SM) description of C'P violation. This
feature is also reflected in the tremendous effort put in the experimental
programmes to explore B physics. The BaBar and BELLE detectors are
already taking data, HERA-B has seen its first events, and CLEO-III, CDF-
IT and DO-IT will follow in the near future. Although the physics potential of
these experiments is very exciting, it may well be that the “definite” answer
in the search for new physics will be left for second-generation B-physics
experiments at hadron machines, such as LHCb or BTeV [2].

Within the framework of the SM, C'P violation is closely related to the
Cabibbo-Kobayashi-Maskawa (CKM) matrix, connecting the electroweak
eigenstates of the down, strange and bottom quarks with their mass eigen-
states. As far as C'P violation is concerned, the central feature is that — in
addition to three generalized Cabibbo-type angles — also a complez phase is
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Fig.1. The two non-squashed unitarity triangles of the CKM matrix. Here, p and
77 are related to the Wolfenstein parameters p and 7 through p = (1 — A?/2) p and
7= (1—A?/2)n, respectively [4].

needed in the three-generation case to parametrize the CKM matrix. This
complex phase is the origin of C'P violation within the SM. Concerning tests
of the CKM picture of C'P violation, the central targets are the unitarity tri-
angles of the CKM matrix. The unitarity of the CKM matrix leads to a set
of 12 equations, consisting of 6 normalization and 6 orthogonality relations.
The latter can be represented as 6 triangles in the complex plane, all having
the same area. However, in only two of them, all three sides are of compa-
rable magnitude O(A3), while in the remaining ones, one side is suppressed
relative to the others by O(A\?) or O(A*), where A = |V,,5| = 0.22 denotes the
Wolfenstein parameter [3]. The two non-squashed triangles agree at leading
order in the Wolfenstein expansion (O()?)), so that we actually have to deal
with a single triangle at this order, which is usually referred to as “the” uni-
tarity triangle of the CKM matrix. However, in the era of second-generation
experiments, starting around 2005, we will have to take into account the
next-to-leading order terms of the Wolfenstein expansion, and will have to
distinguish between the unitarity triangles shown in Fig. 1.

2. A brief look at the K-meson system

Although the discovery of CP violation goes back to 1964 [1], so far this
phenomenon has been observed only within the neutral K-meson system,
where it is described by two complex quantities, called ¢ and &', which are
defined by the following ratios of decay amplitudes:

A(Ky, = nto™) oy el A(Ky, — m970)
A(Ks — ntn—) " A(Kg — nO70)

=e-2¢. (1)

While £ = (2.280 + 0.013) x e™/* x 1073 parametrizes “indirect” C'P vi-
olation, originating from the fact that the mass eigenstates of the neutral
kaon system are not C P eigenstates, the quantity Re(¢'/e) measures “direct”
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CP violation in K — 7 transitions. The CP-violating observable ¢ plays
an important role to constrain the unitarity triangle [5,6] and implies in
particular a positive value of the Wolfenstein parameter n. In 1999, new
measurements of Re(e’/e) have demonstrated that this observable is non
zero, thereby excluding “superweak” models of C'P violation [7]:

= (2)

N <6/) { (28 £4.1) x 107*  (KTeV Collaboration [8]),
o _

€ (14 £4.3) x 107* (NA48 Collaboration [9]).
Unfortunately, the calculations of Re(e'/e) are very involved and suffer at
present from large hadronic uncertainties [10]. Consequently, this observable
does not allow a powerful test of the C P-violating sector of the SM, unless
the hadronic matrix elements of the relevant operators can be brought under
better control.

In order to test the SM description of C'P violation, the rare decays K1, —
%7 and K+ — 7107 are more promising and may allow a determination of
sin(2/3) with respectable accuracy [11]. Yet it is clear that the kaon system
by itself cannot provide the whole picture of C'P violation, and therefore
it is essential to study C'P violation outside this system. In this respect,
B-meson decays appear to be most promising.

3. The central target: the B-meson system

In order to determine the angles of the unitarity triangles shown in Fig. 1,
and to test the SM description of C'P violation, the major role is played
by non-leptonic B decays, which can be divided into three decay classes:
decays receiving both “tree” and “penguin” contributions, pure “tree” decays,
and pure “penguin” decays. There are two types of penguin topologies:
gluonic (QCD) and electroweak (EW) penguins. Because of the large top-
quark mass, also EW penguins play an important role in several non-leptonic
B-decay processes [12].

3.1. CP wviolation in neutral B-meson decays

A particularly simple and interesting situation arises if we restrict our-
selves to decays of neutral Bj,-mesons (¢ € {d,s}) into C'P self-conjugate
final states |f), satisfying the relation (CP)|f) = %|f). In this case, the
corresponding time-dependent C' P asymmetry can be expressed as
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I(By(t) = f) = I(BY(t) = f)
L(BY(t) = f)+ I(BY(t) = f)

Il

acp(t)

| ASL(B, — f) cos(AMt) + ABX(B, — f)sin(AM,t)
o Tt 4oLVt 4 Aar(By — f) (e_FP(IQ)t — e_FL(Q)t> ’
(3)

where AM, = M}(Iq) — MIEq) is the mass difference between the B, mass
eigenstates, and the F}(Iqi denote their decay widths, with I, = (F}(IQ) +

= 2¢ 14

F]Eq)) /2. In Eq. (3), we have separated the “direct” from the “mixing-induced”
C P-violating contributions, which are described by

(9)
21
|ff| and AN (B, — f) = mé;

Ads(B, — f) = Snlbd
1+ ¢l 1+ |92

(4)

respectively. Whereas the width difference Al = Fl(f) — FIEQ) is negligibly
small in the By system, it may be sizeable in the B, system (for a recent
calculation, see [13]), thereby providing the observable

2Re £l

Asr(By = f) = ——1
' 1+ [P

()

Essentially all the information needed to evaluate the CP asymmetry (3) is
included in the following quantity [12]:

— MiT
. A(BY = » Zu:c Vie
5((1) — Fe i q — Fe % J (6)
d A(BY = f) > Vi Vi M
j=u,c

where the MJ” denote hadronic matrix elements of certain four-quark opera-
tors, the label r € {d, s} distinguishes between b — d and b — 3 transitions,

and
_ ) +28 (¢=4d)
¢q—{ =y )

is related to the weak B0 B0 mixing phase. In general, the quantity f
suffers from hadronic uncertalntles which are due to the hadronic matrlx
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elements MJ7. However, if the decay B, — f is dominated by a single CKM
amplitude, the corresponding matrix elements cancel, and the convention-

)

independent observable 5}’1 takes the simple form

€9 =z exp [-i (4, - 0] (®)

where ¢](3f ) is a weak decay phase, which is given by
<]5( f) _ ] —2v for dominant 5_—> uur CKM amplitudes, (9)
D 0 for dominant b — ¢cr CKM amplitudes.

3.1.1. The “gold-plated” mode By — J/1 Ksg

The most important application of the simple formalism discussed above

is the decay By — J/v Kg, which is dominated by the b — @cs CKM
amplitude (for a detailed discussion, see [12]), implying

BB (Bg — J/9 Ks) = +sin[— (28 - 0)]. (10)

Another non-trivial prediction of the SM is vanishingly small direct C'P
violation. Since (8) applies with excellent accuracy to By — J/¢ Kg —
the point is that penguins enter essentially with the same weak phase as
the leading tree contribution — it is referred to as the “gold-plated” mode to
determine the CKM angle g [14]. First attempts to measure sin(2/3) through
the C'P asymmetry (10) were already performed [15]:

3.2738 +£0.5 (OPAL Collaboration),
sin(26) = ¢ 0.79704 (CDF Collaboration), (11)
0.9370-04+036  (ALEPH Collaboration).

Although the experimental uncertainties are still very large, it is inter-
esting to note that these results favour the SM expectation of a positive
value of sin(2/) [6]. In the B-factory era, an experimental uncertainty of
Asin(2f)].y, = 0.05 seems to be achievable, whereas second-generation ex-
periments of the LHC era aim at Asin(28)|,, = 0(0.005) [2]. This tremen-
dous experimental accuracy raises the question of hadronic uncertainties
due to penguin contributions. An interesting channel in this context is
Bs — J/v Kg, allowing us to control the — presumably very small — pen-
guin effects in the determination of ¢4 = 24 from By — J/9 Kg, and to
extract the CKM angle +y [16].
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3.1.2. The decay Bqg — ata—

If this mode would not receive penguin contributions, its mixing-induced
CP asymmetry would allow a measurement of sin(2«):

BX(By — ntrT) = —sin[— (26 + 27)] = —sin(20). (12)

However, this relation is strongly affected by penguin effects, which were
analysed by many authors [17]. There are various methods to control the
corresponding hadronic uncertainties. Unfortunately, these strategies are
usually rather challenging from an experimental point of view.

The best known approach was proposed by Gronau and London [18]. It
makes use of an SU(2) isospin relation between the BT — 7% BY — nrn—
and Bg — w7~ decay amplitudes, as well as their C'P conjugates, which
can be represented as two triangles in the complex plane. Unfortunately,
the Gronau-London approach suffers from a serious experimental problem,
since the measurement of BR(By — 7°70) is very difficult.

Alternative methods to control the penguin uncertainties in the extrac-
tion of a from By — w77~ are very desirable. An important one for the
et—e~ B-factories is provided by B — p7 modes [19]. Here the isospin
triangle relations are replaced by pentagonal relations, and the correspond-
ing approach is rather complicated. As we will see in more detail below,
an interesting strategy for hadron machines to employ the C'P-violating ob-
servables of By — w7~ is offered by By — K"K, allowing a simultaneous
determination of 5 and +y without any penguin uncertainties [20].

3.1.3. The B;-meson system

Since the e™—e~ B-factories operating at Y(4S5) are not in a position
to explore the By system, it is of particular interest for hadron machines.
There are important differences to the By system: the B%-B9 mixing phase
bs = —2X%n = 0(0.03) is negligibly small in the SM, and a large mixing
parameter £, = AM,;/Iy = O(20) is expected. Moreover, the expected
sizeable width difference ATy provides interesting strategies to extract CKM
phases from “untagged” B, data samples, where the rapid oscillating A Mt
terms cancel [21]. Among the B, benchmark modes are By, — DIKT,
allowing a theoretically clean determination of the CKM phase vy — 24~ [22],
and Bs — J/1 ¢. This decay offers interesting strategies to extract AMs,
ATy and ¢ from the angular distribution of the J/¢[— [TI7]f[— KT K]
decay products [23]. Since By — J/1 ¢ modes exhibit, moreover, very small
C P-violating effects in the SM, they represent an interesting probe for new-
physics contributions to B%~BY mixing [24,25].
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3.2. CP wiolation in charged B-meson decays

Since there are no mixing effects present in charged B-meson decays,
non-vanishing C'P asymmetries Acp would give us unambiguous evidence
for “direct” C' P violation in the B system. Such C P asymmetries arise from
the interference between decay amplitudes with both different C'P-violating
weak and different C P-conserving strong phases. In the SM, the weak phases
are related to the phases of the CKM matrix, whereas the strong phases are
induced by FSI processes. In general, the strong phases introduce severe
theoretical uncertainties into the calculation of Acp, thereby destroying the
clean relation to the C'P-violating weak phases.

An important tool to overcome these problems is provided by amplitude
relations between certain non-leptonic B decays. The prototype of this ap-
proach, which is due to Gronau and Wyler [26], uses B* — K*D decays.
If the D-meson is observed as a CP eigenstates, amplitude triangles can
be construced, allowing a theoretically clean determination of . Unfortu-
nately, these triangles turned out to be highly stretched, and are — from an
experimental point of view — not very useful to determine . Further diffi-
culties were pointed out in [27]. As an alternative, the decays By — K*D
were proposed [28] because the triangles are more equilateral. But all sides
are small because of various suppression mechanisms. In another paper, the
triangle approach to extract -y [26] was also extended to the B, system [29].
At first sight, here everything is completely analogous to Bf — K*D.
However, there is an important difference [30]: in the B — DF D system,
the amplitude with the rather small CKM matrix element V,,; is not colour
suppressed, while the larger element V,, comes with a colour-suppression
factor. Therefore, the two amplitudes are similar in size! In contrast to
this favourable situation, in the BF — K*D system, the matrix element
Vup comes with the colour suppression factor, resulting in a very stretched
triangle, while in the decays By — K*°D, all amplitudes are colour sup-
pressed. Decays of the type Bf — D*D — the U-spin counterparts of
Bgﬁ — D;ED — can be added to the analysis, as well as channels, where
the D;t— and D*-mesons are replaced by higher resonances. At the LHC,
one expects about 10'% untriggered B, s per year of running. Provided there
are no serious experimental problems, the Bci — D(is)D approach should be

very interesting for the corresponding B-physics programme.

3.8. Probing v with B — wK decays

In order to obtain direct information on v, B — 7K decays are very
promising [31], and have received a lot of attention during the recent years
[32]. Because of the small ratio |V,sV,5/(VisV;;)| = 0.02, these modes are
dominated by penguin topologies and are hence very sensitive to new-physics
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contributions [33]. Interestingly, already CP-averaged B — wK branching
ratios may imply highly non-trivial constraints on -y [34]. So far, the studies
of these bounds have focused on the following two systems: By — 7T K™,
B* — 7K [34], and Bt — 7°K*, B* — 7FK [35]. Recently, it was
pointed out that also the neutral decays B; — T K* and By — 7°K may
be very interesting in this respect [36,37].

The B — wK strategies to probe v make use of flavour-symmetry argu-
ments (SU(2) or SU(3)), and rely, in addition, on dynamical assumptions,
concerning mainly the smallness of certain rescattering processes, such as
BT — {m°K*} — 7t K" The theoretical understanding of such FSI pro-
cesses is poor at present [38]. However, there are important experimen-
tal indicators for possible large rescattering effects, e.g. BT — KTKO° or
By — K+TK~, and methods to include them in the strategies to probe .

In order to constrain v through B — wK decays, the key quantities are
ratios Ry of C'P-averaged branching ratios, which can be constructed for
the “mixed”, charged and neutral B — wK systems listed above. Employing
the theoretical ingredients sketched in the previous paragraph, we obtain

Ry = Bien) (V5 9(e;n)s Ten)s O(en) ) (13)

where ¢ ) denotes the ratio of EW penguins to trees, r(. ) is the ratio of
trees to QCD penguins, and §(. .y is the C'P-conserving strong phase between
tree and QCD penguin amplitudes. Whereas q(.,) can be fixed through
theory, and r( ) with the help of additional experimental information, e.g.
on BR(B* — 7t r?), d(c,n) suffers from large hadronic uncertainties and is
essentially unknown. However, we can get rid of d(.n) by keeping it as a
“free” variable, yielding minimal and maximal values for R p,):

ext

(c.n)

s = function(q/, Q(Qn), T(c,n))' (14)
(cyn)

Keeping in addition 7(.,) as a free variable, we obtain another — less re-
strictive — minimal value for R p):

Fcn

= H(’Ya Q(C,n)) Sin2 - (15)
T(C,D)76(C,D)

Since values of v corresponding to R?:fr)l) < R?&iﬁ) or R?():(,i) > R?gii‘), where
R‘E‘:}r’l) denotes the measured value of R ), are excluded, (14) and (15) imply
an allowed range for . Although it is too early to draw definite conclusions,
it is interesting to note that the most recent CLEO results on R ;) are in
favour of strong constraints on -y, where the second quadrant, z.e. v > 90°,
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is preferred. Such a situation would be in conflict with the standard analysis
of the unitarity triangle, yielding 38° <~ < 81° [6].

The observables R/ ) imply also constraints on d(. ), where the present
CLEO data are in favour of cos . > 0 and cos d, < 0, which would be in con-
flict with the theoretical expectation of equal signs for cos d. and cos oy [37].
If future data should confirm this “puzzle”, it may be an indication for new-
physics contributions to the EW penguin sector, or a manifestation of large
non-factorizable SU(3)-breaking effects. In order to distinguish between
these possibilties, detailed studies of the various patterns of new-physics
effects in all B — wK decays are essential, as well as critical analyses of
possible sources for SU(3) breaking. As soon as C'P asymmetries A(g}?) in
By — nTK* or B — 7°K™* are observed, we may go beyond the bounds
and may determine v and J( ). The physics potential of B — mK decays
is very interesting and plays a central role for the B-factories.

3.4. Extracting 8 and vy from Bg — w7~ and By — KTK—

There are interesting strategies to extract CKM phases with the help
of U-spin-related B decays, where all down and strange quarks are inter-
changed with each other [39]. A particularly interesting one is provided by
the decays By — n"n~ and By — K™K, allowing a simultaneous deter-
mination of 8 and «y [20]. This new strategy is not affected by any penguin
topologies — it rather makes use of them — and does not rely on certain
“plausible” dynamical or model-dependent assumptions. Moreover, FSI ef-
fects, which led to considerable attention in the context of the determination
of v from B — wK decays, as we have noted in Subsection 3.3, do not lead to
any problems. The theoretical accuracy is only limited by U-spin-breaking
effects, which vanish in the factorization approximation in the present case.
This strategy is ideally suited for LHCb (Ay = O(1°)) [2], and is also very
promising for CDF-II [40]. Conceptually similar approaches are provided by

Bya) = J/1 Ks or Bys) = Dy Dy decays [16].

4. Conclusions and outlook

The phenomenology of non-leptonic B decays is very rich and provides
a fertile testing ground for the SM description of C'P violation. As a by-
product, interesting insights into hadronic physics can be obtained. There is
no doubt that an exciting future — the B-physics era of particle physics —
is ahead of us. Hopefully, it will shed light on the physics beyond the SM.
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