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Understanding the CP violation mechanism in
the Standard Model (SM) via the measurement
of the elements of the Cabibbo-Kobayashi-
Maskawa (CKM) quark-mixing matrix, is one
of the highlights of the current program in par-
ticle physics. We present a summary of the
current measurements of the angles of the Uni-
tarity Triangle and the future perspectives. We
consider separately the measurement of β and
the measurements of CP-violation in B → D
decays, charmless multi-pion decays and all
other charmless decays.

1 Measurements of β

Four years after the start of the asymmetric B-
factories a precise measurement of sin 2β in B
decays is available [1]: sin 2β = 0.734± 0.055.

Once the CP-violation in B decays is estab-
lished and the result is in agreement with the
predictions from indirect measurements, the in-
terest shifts to other two aspects: the search
for deviations from the SM due to new physics

and the resolution of the ambiguities in the so-
lutions of β.

1.1 Search for new physics in measure-
ments of β

Two ways to probe new physics are discussed
here: the comparison between the CP viola-
tion measured in several modes and the an-
gular analysis of B decays into two vectors
(B → V1V2).

It is expected that the values of β extracted
from CP asymmetries in J/ψKS , η′KS, φKS

and K+K−KS should all be nearly the same.
Deviations from this equality would therefore
signal new physics. The theoretical error in
the prediction that one can obtain sin 2β from
J/ψKS is small, at most 1%. To the extent
that the final state η′KS is dominated by a
b→ s penguin with an internal t quark, this de-
cay also measures sin 2β. However, this decay
also receives a contribution from the tree-level
b → uūs decay. Since this contribution is sup-
pressed by O(λ2) compared to the penguin am-
plitude, we expect that the theoretical error on



the equality between the CP violation in these
modes in the SM is about 5%. This also applies
to the final states φKS and K+K−KS (assum-
ing that the CP of this latter state is known),
although the tree pollution is more likely to be
small.

In B → V1V2 decays, one can define the triple
product �pfinal · (�ε1 × �ε2) [2]. Triple prod-
ucts (TP) are T-violating quantities that, us-
ing CPT, may also signal CP violation. In or-
der to have a nonzero TP, one needs two inter-
fering amplitudes with a relative weak phase.
Thus, no TP’s are expected in decays which
in the SM have only a single decay amplitude.
Measuring sizeable triple products for instance
in B → D∗

sD
∗, B → J/ψK∗, or B → φK∗

would therefore signal new physics. It should
be noted that new physics is found even in the
case where the strong phase is small and the
direct CP would not be observable. The sensi-
tivity to the relative magnitude of concurrent
amplitudes of the angular analysis ofB → V1V2

decays allows also to quantify the impact of
penguin contributions [3]. This is for instance
the case for B → D∗D∗ decays where the full
angular analysis could allow to set limits on
the difference between the the CP-asymmetry
measured in this mode and sin 2β. Finally, also
semileptonic decays can exhibit TP thatwould
be pure signals of new physics. They could be
studied in B → Dτντ decays [4].

1.2 Resolution of the sign ambiguities

Measuring sin 2β leaves four possible solutions
for β. Two of these can be eliminated by mea-
suring the sign of cos 2β. The angular analy-
sis of J/ψK∗ allows one to obtain cos 2β cos δ,
where δ is a strong phase. However, since the
sign of cos δ is not known, the sign of cos 2β
cannot be measured and the ambiguity persists.
It has been suggested though, that factoriza-
tion could calculate the sign of cos 2β even if
the precision on the the amplitude of the strong
phase would be large. This has been proven
wrong by comparing the factorization predic-
tions of the Branching Fraction B → χ0

cK
+

and the experimental data [5]. Within fac-
torization, the decay B → χ0

cK
+ is not al-

lowed in the SM. Nevertheless, this decay has

been observed with a sizeable branching ra-
tio (∼ 10−4). Clearly nonfactorizable effects
are important here and it has been estimated
that the rescattering effects could justify the
observed rates. This implies that the strong
phases are completely dominated by these ef-
fects and that the sign of cos δ cannot be com-
puted in factorization.

The literature present several other methods
to measure the sign of cos 2β : the study of
B0

d → J/ΨK → J/Ψ(π−+ν), known as “cas-
cade mixing” [6] involving both B0–B̄0 mixing
and K0–K̄0 mixing, the time-dependent mea-
surement of Bd(t) → D∗+D∗−KS [7], and the
Dalitz-plot analysis of Bd(t) → D+D−KS [8].
However, the first method is experimentally too
challenging while there is considerable model
dependence in the last two methods. Still, since
all one wants is the sign of cos 2β, it might
be possible to crosscheck these model calcula-
tions by measuring the sign of cos 2β in several
modes.

2 CP violation in B → D decays

B decays to final states containing charm me-
son are a very powerful way to extract the an-
gles of the unitarity triangle. There are 4 key
points to be emphasized:

• the method is very clean and can lead to
large asymmetries in many cases.

• there is a large number of available modes

• direct CP leading to partial rate
asymmtries gives γ and time dependent
CP asymmetry gives δ ≡ β − α + π ≡
2β + γ as well as β.

• Most of the proposed techniques make
use of decays of the D mesons to fi-
nal states accessible both to D0 and D̄0

mesons. Charm factories can therefore
give significant help in the use of these
methods.

The experimetal issues are discussed in Ref. [9].
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With the perspective of sin 2β determination
by the B-factories which is in very good agree-
ment of the theoretical expectation based on
the SM, clean and precise extraction of all the
three angles has become extremely important.
It is clear now that the CKM-phase is the dom-
inant player in B → J/ψKs asymmetry and
may well be so in general in B-decays. Thus
even if a new CP-odd phase due to physics
beyond the SM exists and is O(1) its effects
in B-physics may be very small[10]. After all
the CKM-phase (which we now know is O(1))
causes only very small asymmetries (≈ 10−3) in
K-decays. Searches for the effects of the BSM-
phase in B-physics may well therefore require
lots and lots of B-data samples as well as very
clean methods of analysis. If the deviations are
as small as those in K-decays (≈ 10−3) then
even the use of isospin symmetry may be a bad
approximation.

In the early papers D-decays to
CP-eigenstates (CPES, such as
K0

s [π0, η, η′, ω, ρ],K+K−, π+π−) were dis-
cussed[11]. However this has the difficulty that
the flavor tagging of D0 versus D̄0 appears
very difficult[12]. Also the CP asymmetries
tend to be small. Both of these difficulties are
overcome when one focuses on D0, D̄0 decays
to CP-non-eigenstates (CPNES, such as K+

(K∗+)[π−, ρ−, a−1 ]) that are doubly Cabibbo
suppressed. Of course this comes at a prize
that the effective branching ratio become very
small (10−7 − 10−6) range. Actually, there
are also CPNES that are singly Cabibbo sup-
pressed[13], such as K+K∗−,π+ρ−(a−1 ). So
they tend to have larger BR but their CP
asymmetries tend to be small.

For the case of direct CP involving a single
common decay mode (say K+π−) of D0 and
D̄0 there are two observables (rates for B and
that of B̄) involving 3 unknown parameters:
1 strong phase, the (suppressed) BR (B− →
K− + D̄0) which is very difficult to measure
experimentally and the CP-odd weak phase γ,
that we are after. So there is not enough infor-
mation to solve for γ. But if we consider 2 such
final states that are common to D0 and D̄0, for
example, K+π− and K∗+π−, then we have 4
observables and 4 unknowns and the system be-

comes soluble and γ can be obtained without
theory assumptions. In practice though, the
solution can be hampered by discrete ambigui-
ties. For that reason and others it is helpful to
include more final states.

In addition to the several categories of common
decay modes of D0, D̄0, it is also possible to in-
clude several variants in the B decay; for exam-
ple, B− → K−(K∗−,K− + nπ...)D0(D̄0). All
this redundacy should be very helpful in over-
coming discrete ambiguities as well as achieving
precision on γ.

The B → KD0 method of direct CP to γ is eas-
ily generalizable to time dependent CP asym-
metry (TDCPA) in B0 → K0+D0 leading to a
clean extraction of δ ≡ β−α+π ≡ 2β+γ as well
as β[14]. The time dependent decay rate can
be fitted to give 3 observables for particle and
3 for the conjugate reaction leading to a CP-
NES decay mode of D0 such as K+π−. These
6 observables involve 5 unknown parameters of
which one is the weak phase δ that we are af-
ter. So, in principle, TDCPA measurements to
the FS Ks[K+π−] and Ks[K−π+] can give δ;
however, this is seriously handicapped by dis-
crete ambiguities. Therefore in practice several
modes need to be included and fortunately this
should not be hard. In the case ofD0, D̄0 decay
to a CPES, for example, Ksω, involves only 3
observables and 4 parameters which are just a
subset of the 5 parameters needed to describe
decay to CPNES. Thus adding a CPES mode
to a CPNES mode leads to 9 observables and
only 5 parameters; the resultant redundacy is
very effective in dealing with discrete ambigu-
ities. Of course, the process can be general-
ized. If one includes a second CPNES mode,
say D0 → K∗+π−, one will have altogether (6
+ 3 + 6) 15 observables and (5 + 1) 6 param-
eters, etc.

Some other noteable points follow.

• TDCPA measurements for the B0 →
K0D0 type of modes give not only δ but
also they can give β allowing for another
test of the SM as this value of β must
agree with that from B → J/ψKs.

• Many features of the decays ofD0, D̄0 are
3



common to direct CP studies involving
B± decays and those for TDCP studies
of B0, B̄0; so information such as dou-
bly cabibbo suppressed branching ratios
or strong phases in D decays can be used
in both types of measurements. Infact, a
powerful way to handle the analysis may
be to use inclusiveD decays, i.e. identify-
ing only the kaon coming from the D de-
cay and using partial reconstruction tech-
niques.

• KL detection if feasible could aid the
analysis even though this is not essen-
tial[14]. It is to be noted that contrarily
to the case of the measurement of sin 2β
the use of the modes with KL mesons
would not only cross check the results,
but provide independent information and
therefore reduce ambiguities.

At this workshop there will be 3 talks on the
variant of this scheme.

• Petersen will talk on using color allowed
modes such as B0 → D+−K0

sπ
−+[16].

• Zupan presents a possible use of D0 de-
cays to multi-body final states[17].

• Atwood will discuss the use of inclusive
decays of D0 and the possible use of
charm factory data[18].

Listed below are also some issues that should
be addressed in our working group.

• D(∗)K(∗) modes: How to resolve ambi-
guites?
How much luminosity is needed?
What are the prospects for observation of
large CP asymmetry even if there is not
enough information yet to get γ?

• D(∗)π: How to get the ratio of ampli-
tudes A(B0→D+π−)

A(B0→D−π+) .

• For vector vector states such as D∗ρ(a1),
how much statistics is needed to do the
full angular analysis and are there any
theoretical traps.

• Are there any new modes worth pursu-
ing?

• Can the semi-lepton flavor tag of D0, D̄0

work?

• Can the KL be detected in these decay
modes?

3 CP violation in charmless mul-
tipion B decays

The analysis of B-meson decays to charm-
less, multi-pion states, under an assumption of
isospin symmetry, permits the determination
of the CKM angle α (φ2), or γ (φ3) if β (φ1) is
known, as α = π − β − γ. As reviewed by G.
Raven in the plenary session [1], sin(2β) is now
known to better than 10%, so that the isospin
analyses in the charmless, multi-pion modes
can also be regarded as determinations of γ.
In another plenary talk, H. Sagawa reviewed
the current data on B → ππ and B → ρπ
decays[19]. In B → π+π− decay, data on
both the time-dependent asymmetry induced
through the interference of B − B̄ mixing and
direct decay, Sππ, and the direct CP-violating
term, Cππ, exist, though no empirical consen-
sus on their values has yet emerged [19]. With
the anticipation of improved measurements of
these and other quantities, needed to bring the
isospin analyses in B → ππ and B → ρπ de-
cays to fruition, the overarching goals of our
subgroup are:

• Construct a systematic, exhaustive list of
the errors associated with each method
and estimate them.

• Determine what ancillary measurements,
if any, can reduce these errors.

To begin, we recall the isospin analysis pos-
sible in B → ππ decay [20]. Under the as-
sumption of isospin symmetry, a ππ final state
has an isospin of If = 0, or 2, whereas the B-
meson has isospin Ii = 1/2. Thus, without fur-
ther assumption, we can have |∆I| = 1/2, 3/2,
or 5/2 transitions, and the independent ampli-
tudes are labeled by A|∆I|,If

, to yield three am-
plitudes in all, so that this procedure in itself
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is without dynamical assumption. The oper-
ators of the |∆B| = 1 effective Hamiltonian
are of |∆I| = 1/2, 3/2 character, however, so
that the third amplitude, here of |∆I| = 5/2
character, is generated by isospin-violating ef-
fects [21,22]. Neglecting the third amplitude
and assuming the penguin contributions to be
purely of |∆I| = 1/2 character, as both fol-
low from the neglect of the charge and mass
differences of the u and d quarks, we recover
the isospin analysis of Gronau and London [20].
The sensitivity of the results to these assump-
tions hinges on the value of the penguin-to-
tree (P/T ) ratio; the larger the value of P/T ,
the smaller the impact of isospin-violating ef-
fects on sin 2α [21]. Unfortunately, though,
Br(B → π0π0) appears to be small, so that it
may be difficult to determine P/T well. Given
this, the following alternatives are available.

• One can compute P/T in a theoretical
approach, such as QCD factorization [23],
estimating the O(1/MB) corrections, so
that the isospin analysis is unneeded.

• One can use the relations of the under-
lying isospin analysis and the empirical
branching ratios, including the limits on
Br(B → π0π0), to realize bounds on the
hadronic uncertainty in the extraction of
sin(2α) [24–27].

The contribution of L. Roos addresses these
points, indicating, in particular, the expected,
allowed regions for α − αeff as a function of
the integrated luminosity, as well as a compar-
ison of |P/T | determined from Sππ and Cππ

and that computed in QCD factorization, for
SM values of ρ, η [28]. The application of
the bounds on |α − αeff | appear to give rather
weak constraints [28,19]. Certain bounds are
more sensitive to isospin-violating effects and
can underestimate the size of the hadronic un-
certainty [21,22], but such considerations are
unimportant given the weakness of the current
constraints.

We now turn to the isospin analysis in B → ρπ
decay [29–31]. Under the assumption of isospin
symmetry, a ρπ final state has an isospin of

If = 0, 1, or 2. As in B → ππ decay, we
can have |∆I| = 1/2, 3/2, or 5/2 transitions, so
that there are five, independent A|∆I|,If

ampli-
tudes, though only three linearly independent
combinations appear in neutral B-meson de-
cays. The key assumptions in this analysis are
that i) the amplitude for B → π+π−π0 decay,
e.g., can be written as A(B0 → π+π−π0) =
f+ a+− + f− a−+ + f0 a00, where fi describes
ρi → ππ and aij describes B → ρiπj , and
ii) that the penguin contributions are purely
of |∆I| = 1/2 in character. Only the lat-
ter assumption emerges from the neglect of
the charge and mass differences of the lightest
quarks. The functions fi can be determined
elsewhere, so that only aij need be determined
from the Dalitz plot. The rich structure of the
Dalitz plot in B → 3π decay encodes sufficient
information to determine the parameters in aij ;
in principle, the charged modes are not nec-
essary to determine aij completely [31]. The
B → ρπ analysis relies, in part, on hadronic
input, so that a variety of questions arise, al-
though most issues can be examined — and
resolved — in an empirically driven way. That
is,

i) How good is the assumption of “ρ domi-
nance”? To what extent do other contri-
butions populate the Dalitz plot in the ρ
signal region?

ii) How significant are corrections to the
Ansatz A(B → ρiπj → 3π) = aij fi?
Does their size vary across the Dalitz
plot? Can they be included in a system-
atic way?

iii) Are the fi known well enough?

iv) How significant are isospin-violating ef-
fects?

v) How well can the parameters of the
isospin analysis be determined?

Discussions of these questions dominated the
B → ρπ sessions; we refer to the proceeding
contributions of J. Stark, A. D. Polosa, and J.
Oller [32–34] for specifics. Nevertheless, let us
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add some observations to set these contribu-
tions in context.

Regarding i), it is worth noting the recent stud-
ies of D− → π−π+π− decay by the E791
collaboration: D− → π−σ(500) → π−π+π−

accounts for roughly half of the total decay
rate [35]. Deandrea and Polosa have argued, in
analogy, that the σ(500) plays a similar role in
B → 3π decay [36]. In B → ρπ → π+π−π0 de-
cay, the σπ intermediate state would contribute
preferentially to the ρ0π0 channel and break the
assumed relation between the penguin contri-
butions — it would mimic isospin violation [22].
The analyses of Ref. [22] and Refs. [35,36] em-
ploy different scalar form factors; only the for-
mer is consistent with low-energy data. Never-
theless, Refs. [36,22] agree in that both calcula-
tions predict a significant role for the σ(500) in
B± → σ(500)π± → π+π−π± decay. The cal-
culation of Ref. [22] predicts a small role for
the σ(500) in neutral B-meson decay. Note
that the B → σπ channel has definite prop-
erties under CP, so that it could be included
in the ρπ analysis if necessary. Charged B
modes have been included in the analysis re-
ported by Stark [32], but they are not essen-
tial to resolving the penguin pollution expected
in the time-dependent studies [31]. The ear-
lier work of Ref. [37] also attributed a sig-
nificant background to the B∗ resonance, but
their treatment of the πB∗B vertex is incon-
sistent with recent empirical constraints on the
B± → π+π−π± decay rate [38,39], as also dis-
cussed in related modes by Refs. [40,41].

As per ii), the most problematic corrections to
the A(B → ρiπj → 3π) = aijfi Ansatz occur
at the corners of the Dalitz plot. One natural,
non-ρπ contribution to consider is one in which
the three pions are coupled in relative s-waves;
its presence can be constrained by its distinct
angular-momentum character.

The fi factors have been studied extensively
to determine the hadronic vacuum polariza-
tion contribution to g − 2 of the µ, note, e.g.,
Ref. [42]. The fi are sufficiently well-known
that isospin-violating effects are clearly ob-
served in the comparison of e+e− → π+π−

and hadronic τ data. Generally, isospin vio-

lation can not only distinguish the fi, but can
also generate a |∆I| = 5/2 amplitude, as well
as penguin contributions of |∆I| = 3/2 char-
acter, which can be estimated. In contradis-
tinction to B → ππ decay, the presence of
the |∆I| = 5/2 amplitude does not impact
the analysis of B → ρπ → π+π−π0 decay, to
the extent that the A3/2,2 and A5/2,2 ampli-
tudes, which appear as A3/2,2 + A5/2,2, share
the same weak phase. This follows if A3/2,2 is
much larger than A1/2,0 [22].

Finally, Stark reported the expected con-
straints on α in extrapolations to larger, in-
tegrated luminosities, given different scenar-
ios [32]. Interestingly, the quasi-two-body anal-
ysis yields a large value for the direct-CP-
violating observable Aρπ

CP, which is tantamount
to the population asymmetry observable dis-
cussed in Ref. [43].

The investigation of the issues raised in this
subgroup is ongoing.

4 CP violation in other charmless
B decays

More than thirty branching fractions of two-
and three-body B decays with no open charm
or charmonium in the final state have now been
measured or bounded by CLEO and the two B
factory experiments, accessing BRs as small as
10−6. For many of them the direct CP asym-
metry has also been measured with no conclu-
sive evidence of direct CP violation up to now.
Charmless decays may exhibit large interfer-
ence of tree and penguin amplitudes with differ-
ent weak phases allowing for the determination
of the CKM angle γ in principle. The status
and prospects for the corresponding measure-
ments were reviewed in the plenary talk by J.
Olsen [44].

Yet determining γ precisely is a daunting task,
since it requires that one controls the hadronic
matrix elements that describe the hadronisa-
tion of the quarks produced in the weak inter-
action into an exclusive final state. Over the
past few years the theoretical toolkit has ex-
panded considerably. The two basic strategies
rely on exploiting
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• isospin and SU(3) flavour symmetry

• the heavy quark expansion and/or per-
turbative QCD methods (“QCD factori-
sation”, “PQCD”)

Both approaches are based on expansions in
small parameters. However, often it is very
difficult to ascertain the size of subleading cor-
rections, either in SU(3) symmetry breaking or
in ΛQCD/mb. Validation of a particular ap-
proach therefore requires a tight interplay of
theoretical analysis and phenomenological in-
put. The current influx of data opens the
exciting perspective of simultaneously explor-
ing weak phases and flavour-changing transi-
tions as well as the limitations of theoretical
approaches.

Accordingly, the subgroup on general charmless
decays has focused on the following principal
tasks:

• Assess the theoretical tools available for
particular decay modes, specify the un-
derlying assumptions and attempt to
quantify theoretical errors.

• Assess the additional information on uni-
tarity angles and theoretical methods
from final states with vector mesons.
Identify final states that are particularly
worth pursuing (experimentally or theo-
retically).

The seven contributions to this subgroup of
Working Group IV reflect these tasks in var-
ious ways. The presentations by N. de
Groot [45] and V. Morenas [46] described a
global fit of QCD factorisation to the available
data on pseudoscalar-vector (Morenas) and on
pseudoscalar-pseudoscalar and pseudoscalar-
vector (de Groot) final states, comparing dif-
ferent approaches to the inclusion of subleading
corrections. The contribution by A. Sanda [47]
provides an overview of results obtained by the
Perturbative QCD method. QCD sum rules
may give valuable insights on corrections that
cannot be computed in the factorisation or per-
turbative approaches. The sum rule method

was used by B. Melic [48] to estimate power cor-
rections from penguin-loops and by A. Khod-
jamirian [49] to estimate SU(3) flavour symme-
try breaking effects. J. Matias [50] described
the extraction of γ from the ππ and πK fi-
nal states together with Bs → K+K− assum-
ing SU(3) flavour symmetry. T.N. Pham [40]
explored the possibility to determine γ from
three-body decays.
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