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Measurements of the CKM angle α/φ2 at the B Factories

J. Ocariza

aLPNHE, Laboratoire de Physique Nucléaire et de Hautes Energies
CNRS-IN2P3 Universités de Paris VI et VII, 4 place Jussieu 75252 Paris cedex 05, France

We describe measurements related to the CKM angle α/φ2, using exclusive decays of B mesons to charmless

hadronic final states. Time-dependent CP asymmetries, branching fractions and direct CP asymmetries in the

B → ππ, B → ρπ and B → ρρ modes are considered. Constraints on the CKM angle α are obtained, and

perspectives on future constraints are discussed.

In the Standard Model (SM), CP violation oc-
curs as a consequence of a complex phase in the
3 × 3 Cabibbo-Kobayashi-Maskawa (CKM) mix-
ing matrix [1]. The unitarity of the CKM matrix
imposes the condition V ∗

ubVud +V ∗
cbVcd +V ∗

tbVtd =
0, where Vij are the CKM matrix elements. This
condition can be conveniently illustrated as a tri-
angular relation in the (ρ̄, η̄) complex plane. A
non-vanishing phase in the CKM matrix results in
a non-zero area for the Unitarity Triangle (UT).
Various measurements in the B meson system are
sensitive to the CKM angles α, β, and γ of the
UT 1. In particular, the α = π − β − γ condition
is better constrained using b → u processes.

In the B0 − B̄0 system, information on the
CKM angles can be obtained by measuring the
time dependence of B0 or B̄0 decays to CP eigen-
states fCP . The time distribution is given by

d

dt
N(B0(B̄0) → fCP ) ∝

e−t/τ [1 − (±Sf sin∆mt ∓ Cf cos ∆mt)] , (1)

where τ is the B0 meson lifetime, and ∆m is the
B0 − B̄0 oscillation frequency. The CP-violating
coefficients Sf and Cf are functions of the param-
eter λf :

λf =
q

p

A(B̄0 → f)

A(B0 → f)
,

Sf =
2Im(λf )

1 + |λf |2
, Cf =

1 − |λf |2
1 + |λf |2

. (2)

1The CKM angles are also called φ2, φ1 φ3, respectively.

In this report we will indistinctly use either convention.

In this expression A(B0 → f) (resp. A(B̄0 → f))
is the decay amplitude of B0 (resp. B̄0) to the
final state fCP respectively, and the q/p ratio ra-
tio is given by the admixture of flavour eigenstates
B0 and B̄0 in the neutral B mass eigenstates. The
equivalent notation Af = −Cf is also used. The
SM predicts |q/p| ≃ 1. If only one weak phase
enters the decay amplitude, λf = ηfe2θ, where
ηf = ±1 is the CP of the final state f .

1. Extraction of α/φ2 from b → ud̄d decays

Techniques for accessing the CKM angle α/φ2

are based on the use of isospin relations and mea-
surements of branching ratios and CP asymetries
in B → ππ, B → ρπ and B → ρρ decays. The
B → ρπ system also exploits interferences ow-
ing to the resonant structure of the π+π−π0 fi-
nal state. This section describes the case of the
B → ππ system, whose general features are com-
mon to all cases, and following sections will refer
to specificities in the ρπ and ρρ cases.

The B0 → π+π− decay amplitude A+−, can be
expressed in a completely general form as

A+− = Teiγ + Pe−iβ (3)

where the T and P terms are often referred to
as the “tree” and “penguin” amplitudes, owing
to the fact that they correspond, in a given con-
vention, to the topologies given in Figure 1. as
examples. It is understood that T and P receive
contributions from all possible topologies. It is
important to stress that, while the parametrisa-
tion (3) is trivial to be derived as a consequence
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Table 1
Counting of degrees of freedom in the B → ππ isospin system. One extra observable, the time-dependent
CP asymmetry parameter S00 in B0 → π0π0 decays, in in principle available, but being out of experi-
mental reach in the present, it is not considered in this account.

Unknowns Observables Constraints Account

α B+−, B+0, B00 2 isospin triangles 13 unknowns

T+−, P+− S+−, C+− one common side -7 observables

T+0, P+0 ACP (π+π0) -5 constraints

T 00, P 00 C00 -1 global phase

of the CKM unitarity, it nevertheless holds even
in presence of non-SM physics.
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Figure 1. Tree (left) and penguin (right) dia-
grams for the B0 → π+π− decay amplitudes.

In absence of penguin contributions, the time-
dependent decay rate asymmetry is governed by
a single weak phase, and (2) read

λππ = e2iα, Cππ = 0 , Sππ = sin [−2(β + γ)],

that is, no direct CP violation can occur if only
one weak phase is present, and a measurement
of the CP violation in the interference between
mixing and decay gives direct access to the CKM
angle α. In the realistic case, the phase of λππ

deviates from the 2α value as consequence of
the interference between the T and P contribu-
tions to the amplitude, and the measurement of
the time-dependent parameters S and C in the
B0 → π+π− decays is not sufficient to constrain
the CKM angle α = −2(β + γ). One defines then

sin 2αeff =
Sππ

√

1 − C2
ππ

6= sin 2α, (4)

where αeff is called the “effective angle”. How-
ever, isospin invariance of the strong interactions

can provide additional information on the decay
amplitudes. Gronau and London[2] have demon-
strated that this can be obtained from the isospin
relations of the three B → ππ decay amplitudes

A(π+π−) −
√

2A(π+π0) +
√

2A(π0π0) = 0, (5)

plus a similar relation for the CP-conjugated am-
plitudes.

Measurements of the CP-averaged branching
ratios of the B0 → π+π−, B+ → π+π0 and
B0π0π0 decays, plus the CP-violating asymme-
tries Sπ+π− , Cπ+π− and Cπ0π0 allow the extrac-
tion, up to an irreducible eith-fold ambiguity, of
the CKM angle α. Table 1. summarises the num-
ber of unknowns and observables in the isospin
analysis of the B → ππ system. Isospin analysis
can provide useful information, even in absence
of some observables; as an example, Grossmann
and Quinn[3] showed that an upper limit on the
B0 → π0π0 branching fraction translates into a
bound on the angle shift |α−αeff |. More stringent
bounds have also been derived[4].

The isospin constraints can be expressed in an
equivalent way in the following parametrisation:

A+− = Teiγ + Pe−iβ

√
2A+0 = (T + C)eiγ + PEW e−iβ

√
2A00 = Ceiγ + (PEW − P )e−iβ (6)

where C is referred to as the “colour-suppressed”
tree amplitude, and PEW are the electroweak
penguins. Within the SM, electroweak penguins
in the two-pion modes are expected to be small;
furthermore, it has been shown[5] that PEW car-
ries, the same phase as the tree amplitude; thus
no direct CP violation can occur in the B+ →
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Table 2
Results on branching ratios and CP asymmetries in the B → ππ system.

Parameter BABAR Belle

C+− = −A+− −0.09 ± 0.15 ± 0.04 −0.56 ± 0.12 ± 0.06

S+− −0.30 ± 0.17 ± 0.03 −0.67 ± 0.16 ± 0.06

B(B0 → π+π−) 5.5 ∓ 0.4 ± 0.3 4.4 ± 0.6 ± 0.3

C00 = −A00 −0.12 ± 0.56 ± 0.06 +0.44 ± 0.53 ± 0.17

B(B0 → π0π0) 1.17 ∓ 0.32 ± 0.10 2.3 ± 0.5 ± 0.3

A+0 −0.01 ± 0.10 ± 0.02 +0.02 ± 0.08 ± 0.01

B(B+ → π+π0) 5.8 ∓ 0.6 ± 0.4 5.0 ± 1.2 ± 0.5

π+π0 mode (this refers to the “one common side”
constraint in Table 1.).

Within this report, the hypothesis of vanishing
electroweak penguins will be assumed; it has been
shown[6] that a more proper treatment would
bring a small shift on the CKM angle α. In the
same spirit, potential isospin-breaking effects, like
π0/η/η′ mixing, will also be neglected.

2. Results on α/φ2 from B → ππ decays

The results from BABAR [7] and Belle[8] on
branching ratios and CP asymmetries are sum-
marised in Table 2. At the time of this work-
shop, the reported measurements of branching
ratios did not include a globally coherent treat-
ment of QED corrections due to final-state radia-
tion. This issue was eventually addressed by the
two experiments in results made public shortly
after this workshop, and are thus not discussed
here. On a similar basis, it is worth mentioning
that the BABAR and Belle results on the CP pa-
rameters S+−, C+− in B0 → π+π− were ∼ 2.3σ
away, the BABAR measurements being compatible
with no CP violation, and the Belle results con-
stitute an observation of CP violation at the 5.4σ
level, and an evidence of direct CP violation at a
level of 4.0σ. This situation also evolved later on:
results made public after the workshop show an
improved compatibility between results from the
two experiments.

Figure 2. shows the constraints on the CKM
angle α obtained from the isospin analysis for the
BABAR and Belle experiments. Both experiments

have used the technique described in [16] to ob-
tain confidence curves. The eight mirror solu-
tions on α are clearly visible in the BABAR curve,
while for Belle, the eight solutions are quasi-
degenerated, four being merged by pairs and the
remaining four clustered into a single peak. Close
solutions are separated by less than half of a de-
gree, so they are difficult to resolve in the figure
but nevertheless present. Data from Belle exclude
values of φ2 in the [19o, 72o] interval (95% C.L.),
and BABAR excludes α in the [29o, 61o] range (90%
C.L.). The question of exclusion for the value
α ≡ 0 was raised, in view of the Belle evidence
for CP violation in B0 → π+π−. Indeed, if evalu-
ated precisely at that singular value, strict isospin
analysis of the Belle results exclude the single
point α ≡ 0 at 5.4σ, but non-zero values of α
cannot be excluded[15]. Equivalent facts hold for
the other singular point α ≡ 0.

 (degrees)α
0 50 100 150

1 
- 

C
.L

.

0

0.2

0.4

0.6

0.8

1

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  30  60  90  120  150  180

1 
- 

C
.L

.

φ2 (degrees)

Belle

Figure 2. Constraints on the CKM angle α (resp.
φ2) from isospin analysis of the BABAR (resp.
Belle) results on B → ππ decays.

The BABAR measurements provide a bound
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Table 3
Results on branching ratios, CP asymmetries and polarisation fractions in the B → ρρ system.

Parameter BABAR Belle

B(B0 → ρ+ρ−) 30 ± 4 ± 5 22.8 ± 3.8+2.3
−2.6

f+−
L 0.978 ± 0.014+0.021

−0.029 0.941+0.034
−0.040 ± 0.030

S+−
L −0.33 ± 0.24+0.08

−0.14 0.08 ± 0.41 ± 0.09

C+−
L = −A+−

L −0.03 ± 0.18 ± 0.09 0.00 ± 0.30 ± 0.09

B(B+ → ρ+ρ0) 17.2 ± 2.5 ± 2.8 31.7 ± 7.1+3.8
−6.7

f+0

L 0.96 ± 0.04 ± 0.05 0.95 ± 0.11 ± 0.02

B(B0 → ρ0ρ0) < 1.1 (90% C.L.)

|α − αeff | < 35o (90% C.L.), and the Belle mea-
surements give |α − αeff | < 38o (95% C.L.). The
B → ππ isospin analysis is limited by the rela-
tively large value of the B0 → π0π0 branching
ratio. It is neither large enough to allow for a
precision measurement of the α−αeff phase shift,
nor small enough to provide a sensible bound on
the magnitude of this shift.

These conclusions can also be illustrated by a
closer look at the amplitude parameters P,C, T .
The BABAR results being compatible with no CP
violation, BABAR data favours relatively small val-
ues for the module of the penguin-to-tree ratio
|P/T |, and sets no stringent constraint on its
phase; in contrast, Belle data requires larger,
non-vanishing values for |P/T |, with a phase
excluding the 0o and 180o values. Concerning
colour-suppression, the relatively large value of
the B0 → π0π0 branching fraction can be stated
in terms of the decay amplitudes as 2 × |A00| ≃
|A+−|. This condition disfavours vanishingly
small values for the colour-suppressed amplitude
C. Two distinct solutions are observed, both with
values of |C/T | on the range [0.5, 1.0]. Confi-
dence curves for amplitude ratios and phases can
be found in [14].

3. Results from the B → ρρ system

When compared to the B → ππ system, the
B → ρρ system shows some specific features, that
are to be addressed both in the experimental and
isospin analysis techniques.

In contrast to the B0 → π+π− case, the CP
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Figure 3. Constraints on the CKM angle α (resp.
φ2) from isospin analysis of the BABAR (resp.
Belle) results on B → ρρ decays.

content of the vector-vector decay B0 → ρ+ρ−

is complicated by the presence of three helicity
states: the h = ±1 states, corresponding to trans-
verse polarisation, are an admixture of CP-even
and CP-odd states, while the h = 0 state corre-
sponds to longitudinal polarisation, and is a CP-
even final state.

The experimental study of B → ρρ decays is
also complicated by the lower detection efficien-
cies on the four-body final state, plus the pres-
ence of one or two π0’s for the B+ → ρ+ρ0 and
B0 → ρ+ρ−. Also, several classes of B back-
grounds, sometimes with poorly known rates and
CP content, need to be characterised and prop-
erly subtracted from the signal samples. On the
positive side, the B0 → ρ0ρ0 decay has four
charged tracks in the final state, and thus B
vertexing can be performed, in contrast to the
B0 → π0π0 mode; as a consequence, the measure-
ment of the time-dependent CP violation param-
eters is possible in principle. The addition of this
extra observable on the isospin analysis should
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help removing some of the mirror solutions in α.
Table 3. summarises the results from BABAR

[9] and Belle[10] on the B → ρρ system. While
a complete angular analysis is in principle re-
quired to disentangle the different CP compo-
nents, the fact that B → ρρ decays are dominated
by longitudinal polarisation simplifies noticeably
the analysis, as this component is a pure CP-
even state. Figure 3. shows the constraints on
the CKM angle α from the measurements of CP
asymmetries, branching ratios and polarisation
fractions from BABAR and Belle. The smallness
of the B0 → ρ0ρ0 branching ratio is also help-
ful to the isospin analysis, as this translates into
stronger constraints on the penguin and colour-
suppressed amplitudes. In this way, although
the number of available observables is unsufficient
for a complete isospin analysis, the Grossmann-
Quinn bound on |α − αeff | < 17o translates in
a stringent constraint of the CKM angle α: the
SM-preferred solution lies in the [79o, 113o] inter-
val (90% C.L.). It is worth mentioning that before
the latest BABAR measurement of the B+ → ρ+π0

branching ratio, the central values did not satisfy
triangle inequalities for the ρρ isospin triangles.
This feature translated into an artificially strin-
gent constraint on the penguin pollution.

The penguin and colour-suppressed amplitude
ratios for B → ρρ are bounded at |P/T |, |C/T | <
0.3, and zero values for these amplitudes are not
excluded by experimental data, reflecting that CP
violation parameters in B0 → ρ+ρ− decays are
compatible, at the current level of statistics, with
the hypothesis of no CP violation.

4. Extraction of α from B0 → (ρπ)0 decays

The decay B0 → π+π−π0 proceeds pre-
dominantly through the isospin-related, resonant
ρ±π∓, ρ0π0 intermediate states. Interference be-
tween these modes occurs mostly on the edges
of the π+π−π0 Dalitz plane, and provides fur-
ther information on the dynamics of the de-
cay. Snyder and Quinn have shown[11] that
the time-dependent interference patterns in the
Dalitz plane allows to perform an ambiguity-
free extraction of the CKM angle α, by con-
straining the strong phases. A more straight-

forward technique is the so-called “quasi-2-body”
approach, that consists on removing interference
areas from the ρ bands in the Dalitz plot, perform
a time-dependent analysis, and use the pentago-
nal isospin relations for the B → ρπ system to
extract information on α. In the quasi-2-body
approach, the parametrisation of time-dependent
rates for B0 → ρ±π∓ requires three additional
CP parameters: the charge asymmetry ACP be-
tween ρ+π− and ρ−π+, and two dilution parame-
ters ∆S and ∆C. The ACP and C parameters are
usually expressed into the more convenient ones
A+−

ρπ and A−+
ρπ The combined results[17] from the

quasi-2-body analyses performed by BABAR and
Belle, gives A+− = (−0.15 ± 0.09) and A−+ =
(−0.47+0.13

−0.14), and significance of direct CP viola-
tion is 3.4σ.

BABAR has also performed a time-dependent
amplitude (Dalitz plot) analysis. The main out-
put of the amplitude analysis is a confidence curve
for the CKM angle α, that is shown in Figure 4.
The 68% C.L. constraint is α = (113+27

−17 ± 6)o.
Also shown is the constraint on the relative phase
δ+− between the B0 → ρ+π− and the (complex
conjugate of the) B0 → ρ−π+ decay amplitudes.
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Figure 4. Confidence Level curves from the
BABAR Dalitz analysis of B0 → (ρπ)0. Left: Con-
straints on the relative phase δ. Right : Con-
straint on the CKM angle α.

5. Conclusions

The BABAR and Belle experiments have mea-
sured decay rates and CP asymmetries in the
B → ππ, B → ρπ and B → ρρ systems. BABAR

has also performed a time-dependent Dalitz-plot
analysis of B0 → (ρπ)0 decays. The combined re-
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sult on the CKM angle α/φ2, shown in Figure 5 is
in good agreement with the global fit to the CKM
matrix, that gives an indirect measurement of
(100.2+15.0

−8.8 )o. The constraint on α is dominated
by the isospin analysis of B → ρρ, followed by
the ρπ Dalitz result, that allows to suppress the
mirror solution at high values of α. The isospin
analysis on the B → ππ system suffers from the
relatively large value of the B0 → π0π0 branching
ratio. An improved constraint from B → ππ will
require significantly higher statistics. The LHCb
experiment has studied the potential for precision
measurements of the CKM angle α. The most
promising approaches are the amplitude analysis
of B0 → (ρπ)0 decays, and the measurement of
time-dependent CP asymmetries in B0 → ρ0ρ0

decays.
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Figure 5. Confidence Level curves on the CKM
angle α/φ2 from the combined B → ππ, B → ρπ
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from the global CKM fit in exclusion of direct
measurements of α.

REFERENCES

1. N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963).
M. Kobayashi and T. Maskawa, Prog. Theor.

Phys. 49, 652 (1973).

2. M. Gronau and D. London, Phys. Rev. Lett.

65, 3381 (1990).
3. Y. Grossman, H. Quinn, Phys. Rev. D58,

016504 (1998).
4. J. Charles, Phys. Rev. D 59, 054007 (1999);

M. Gronau, D. London, N. Sinha and R.
Sinha, Phys. Lett. B514, 315 (21001).

5. M. Neubert and J.L. Rosner, Phys. Lett. B

441, (1998); Phys. Rev. Lett. 81, 5076 (1998).
Phys. Rev. Lett. 81, 5076 (1998).

6. M. Gronau and J. Zupan, Phys. Rev. D 71,
074017 (2005).

7. B. Aubert et al., (BABAR Collaboration),
Phys. Rev. Lett. 95, 151803 (2005); B. Aubert
et al., (BABAR Collaboration), Phys. Rev.

Lett. 94, 181802 (2005); B. Aubert et al.,
(BABAR Collaboration), hep-ex/0508046.

8. K. Abe et al., (Belle Collaboration), Phys.

Rev. Lett. 95, 101801 (2005); K. Abe et

al., (Belle Collaboration), Phys. Rev. D69,
111102 (2004). K. Abe et al., (Belle Collabo-
ration), Phys. Rev. Lett. 94, 181803 (2005).

9. B. Aubert et al., (BABAR Collaboration),
Phys. Rev. Lett. 95, 041805 (2005); B. Aubert
et al., (BABAR Collaboration), Phys. Rev.

Lett. 91, 171802 (2003); B. Aubert et al.,
(BABAR Collaboration), Phys. Rev. Lett. 93,
231801 (2004).

10. A. Somov, A.J. Schwartz et al., (Belle Collab-
oration), Phys. Rev. Lett. 96, 171801 (2005);
J. Zhang et al., (Belle Collaboration), Phys.

Rev. Lett. 91, 221801 (2003); A. Somov, et

al., (Belle Collaboration), hep-ex/0601024
11. A.E. Snyder and H. Quinn, Phys. Rev. D48,

2139 (1993).
12. B. Aubert et al., (BABAR Collaboration), hep-

ex/0408099
13. C.C. Wang et al., (Belle Collaboration), Phys.

Rev. Lett. 94, 121801 (2005).
14. See transparencies from the presentation at

the workshop.
15. J. Charles et al., hep-ph/0607246.
16. J. Charles et al. (CKMfitter Collaboration),

Eur. Phys. J. C41, 1 (2005). Updated results
and figures at http://ckmfitter.in2p3.fr.

17. The Heavy Flavour Averaging Group,
http://www.slac.stanford.edu/xorg/hfag.


