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φ1/β from B → charmonium/charm Modes
T. Hara
Osaka University, Toyonaka, Osaka 560-0043, Japan

The asymmetric B-factories have provided valuable information on CP violation so far. In particular, one of
the angles of the Unitarity Triangle, φ1(= β), has been measured by several approaches. Since FPCP2004,
some measurements have been updated and improved. In this Letter, the latest status of φ1 measurements,
performed at BaBar and Belle experiments using B → charm/charmonium decays, are reported.

1. Introduction

CP violation in the Standard Model (SM) stems
from an irreducible complex phase in the weak interac-
tion 3 × 3 quark-mixing (CKM) matrix [1]. Applying
the unitarity constraint, especially between the first
and third generation, an equation VudV

∗

ub + VcdV
∗

cb +
VtdV

∗

tb = 0, which can be depicted as an Unitarity Tri-
angle in a complex plane, is required to be satisfied.
The key objective of B-factories [2, 3] is to determine
three angles or sides of this triangle.

At the B-factories, it is predicted that a CP vio-
lating asymmetry lies in the time-dependent rates for
B0 and B̄0 decays to a common CP eigenstate “fCP ”,
which is generally written as:

A(t) ≡
Γ(B̄0 → fCP ) − Γ(B0 → fCP )

Γ(B̄0 → fCP ) + Γ(B0 → fCP )

= Sfcp
sin ∆mdt+Afcp

cos∆mdt

Sfcp
=

2Imλ

|λ|2 + 1
and Afcp

=
|λ|2 − 1

|λ|2 + 1

where Γ(B̄0 (B0) → fCP ) is the decay rate for a
B̄0(B0) to fCP at a proper time t after production,
∆md is the mass difference between the two B0 mass
eigenstates, Afcp

1 and Sfcp
are expressed with a com-

plex parameter, λ, that depends both on B̄0−B0 mix-
ing and on the amplitudes for B̄0(B0) decay to CP
eigenstates. In the SM, |λ| is equal to the absolute
value of the ratio of the B̄0 to B0 decay amplitude to
a good approximation.

In this Letter, the latest status of φ1 measurements
are reported, here φ1 is the one of the angles of the
Unitarity Triangle, performed at BaBar and Belle ex-
periments using B → charm/charmonium 2 decays.

1sometimes, Afcp
is expressed as −Cfcp

.
2Unless explicitly stated, charge conjugate decay modes are

assumed throughout this letter.

2. b → cc̄s Decay Modes

The determination of φ1 from b→ cc̄s decay modes,
as typified by B0 → J/ψK0, provides the stringent
constraint on the Unitarity Triangle at this stage. For
these decay modes, the CP violation parameters are
rather precisely expressed as Sb→cc̄s = −ξf sin 2φ1

and Ab→cc̄s = 0, where ξf is −1 for (cc̄)KS and +1
for (cc̄)KL final state. Using B0 → J/ψK0 decays
recorded in 386M BB̄ events, Belle has updated the
results [4]. Figure 1a(c) and b(d) show the observed
proper time distribution for B0 → J/ψKS(J/ψKL)
and corresponding raw asymmetry. The CP viola-
tion parameters are determined by performing an un-
binned maximum-likelihood fit to the proper time dis-
tributions. The KS and KL samples are combined
with taking into account the CP eigenstates. The fit
results are Sb→cc̄s(= sin 2φ1) = 0.652 ± 0.039(stat) ±
0.020(syst) and Ab→cc̄s = 0.010±0.026±0.036. BaBar
has also measured these parameters with consider-
ing not only J/ψK0 but also ψ(2S)KS, χc1KS and
ηcKS decays observed in 227M BB̄ events [5] and de-
termined to be, sin 2φ1 = 0.722 ± 0.040 ± 0.023 and
Ab→cc̄s = −0.051± 0.033± 0.014.

The combined results from B-factories [6] (summa-
rized in Fig. 2) are

Sb→cc̄s = sin 2φ1 = 0.685± 0.032(0.028stat.only)

Ab→cc̄s = −0.026± 0.041(0.020stat.only)

and show a good agreement with the SM expectations.
The relative error for sin 2φ1 has reached less than 5%
level. This fact allows us to test a new physics effect
which would manifests itself in a loop-diagram such
as b→ s penguin [4, 7, 8].

3. cos 2φ1 Measurements

The analyses for b→ cc̄s decay modes impose con-
straints on sin 2φ1 only and then lead to a four-fold
ambiguity in the determination of φ1. The next nat-
ural step is to reduce this ambiguity from four-fold to
two-fold by measuring the sign of cos 2φ1. For this
purpose, the following two methods have been per-
formed.

fpcp06 131



2 Flavor Physics and CP Violation Conference, Vancouver, 2006

Figure 1: a(c) shows the observed proper time distribu-
tion for B0

→ J/ψKS(J/ψKL) at Belle. Open(closed)
squares represent events tagged as B0(B̄0). b(d) shows
the corresponding raw asymmetry together with an un-
binned maximum-likelihood fit result.

Figure 2: sin 2φ1 from B-factories.

3.1. B0
→ J/ψK

�
0 Decay

Because the B0 → J/ψK∗0 mode is a pseu-
doscalar decay to two vector particles, interfer-
ence between three helicity states with different CP
eigenstates contributes to the CP violation param-
eters sin 2φ1 and cos 2φ1 [9–12]. To extract these,
the complex transversity amplitudes of three helic-
ity states and strong phase differences are neces-
sary to be measured in advance. BaBar [13] and
Belle [14] have performed this analysis. In partic-
ular, BaBar has measured these through a time-

integrated angular analysis of flavor specific decays,
such as B+ → J/ψK∗+(K∗+ → KSπ

+ and K+π0)
and J/ψK∗0(K∗0 → K+π−) modes recorded in 88M
BB̄ events, considering the interference between S-
wave and P-wave Kπ final states [13]. Using these
values, then an unbinned maximum likelihood fit has
been applied to the time-dependent angular distribu-
tion of the CP decay mode B0 → J/ψK∗0(K∗0 →
K0
Sπ

0). The extracted sin 2φ1 and cos 2φ1 from this
fit are;

sin 2φ1 = −0.10± 0.57± 0.14

cos 2φ1 = 3.32+0.76
−0.96 ± 0.27

When sin 2φ1 is fixed to 0.731 (this was the world
average as of this analysis), the resultant cos 2φ1 =
2.72+0.50

−0.79 ± 0.27 is obtained and the sign of cos 2φ1 is
found to be positive at the 86% C.L.

3.2. B0
→ D[K0� π+π � ]h0 Decay

Another technique of reducing φ1 ambiguity is
based on the analysis of B0 → DCPh

0 governed by
the CKM favored b → cūd transitions [15]. Here h0

means light neutral mesons. Though the CKM sup-
pressed b→ uc̄d decays contribute to these modes, the
effect is small and can be taken into account. When
DCP decays toK0

Sπ
+π−, a time dependent Dalitz plot

analysis of the neutral D decay allows to determine φ1

directly.
Belle has performed an analysis for the decays

B → Dπ0, Dη, Dω and also for the B → D∗π0,
D∗η (D∗ → Dπ0 and D → K0

Sπ
0π−) collected in

386M BB̄ events [16]. Totally 309 ± 31 events were
observed. An unbinned maximum likelihood fit has
been applied to the observed time-dependent Dalitz
plot. The results are given in Table I for each of the
three final states separately. Then the result of the
simultaneous fit over all these modes is;

φ1 = 16± 21 ± 11◦

The first error is statistical and the second is sys-
tematic. The 95% C.L. region including systematic
uncertainty is −30◦ < φ1 < 62◦.

Table I Fit results of φ1 for the three final states. The
errors are statistical only.

Final state φ1[
◦]

Dπ0 11 ± 26

Dω, Dη 28 ± 32

D∗π0, D∗η 25 ± 35

Taking into account both the angular analysis of
B → J/ψK∗0 and the time-dependent Dalitz plot
analysis of B → DCPh

0, the solutions with negative
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cos 2φ1 can be considered to be ruled out at ∼ 3σ [6].
The resultant constraint to the sin 2φ1 obtained by
these φ1 measurements is shown in Fig. 3.

Figure 3: Constraint for φ1 on the (ρ̄, η̄) plane, obtained
from the analysis of b→ cc̄s decays, the angular analysis of
B → J/ψK∗0 and the time-dependent Dalitz plot analysis
of B → DCPh

0. The hatched area, corresponding to the
solutions with negative cos 2φ1, is ruled out at ∼ 3σ.

4. b → cc̄d Decay Modes

The comparison sin 2φ1 derived from b→ cc̄smodes
with that from different quark transition is an im-
portant test to check the SM. Because a sizable CP
asymmetry deviated from the SM expectation might
be observed, if new physics beyond the SM exists. The
decays dominated by the b → cc̄d transition, such as
B0 → J/ψπ0 and D(∗)+D(∗)−, are suitable for this
check [17–22].

Since the FPCP2004, BaBar has updated the re-
sults for these decay modes. Recently, the improved
measurement for B0 → J/ψπ0 mode observed in
232M BB̄ events has been reported [17]. The 109±12
signal events are observed and CP violation parame-
ters are determined to be,

SJ/ψπ0 = 0.68± 0.30± 0.04

CJ/ψπ0(= −AJ/ψπ0) = −0.21± 0.26± 0.06

These are consistent both with previous measure-
ments from B-factories [18] and with the SM expecta-
tions.

Other improved measurements for the B0 →
D(∗)+D− decays have been also reported. In particu-
lar, BaBar has performed a first measurement of CP

Figure 4: The proper time distribution for B → J/ψπ0

tagged as B0 (top) and B̄0 (middle) observed at BaBar.
The solid lines are the sum of signal and backgrounds and
the dotted lines show the background components. The
time-dependent CP asymmetry is shown (bottom) with
an unbinned maximum-likelihood fit result.

asymmetries in the B0 → D+D− decay [19]. The
measured values are

SD+D− = −0.29± 0.63 ± 0.06

CD+D− = −0.11± 0.35 ± 0.06

and consistent again with the SM expectations within
the currently large statistical uncertainty, that will be
more precise in the future.

5. Summary

One of the angles of the Unitarity Triangle, φ1(=
β), has been measured by several approaches at B-
factories, BaBar and Belle experiments. The analyses
for b → cc̄s decay modes impose the stringent con-
straint on sin 2φ1 with a precision of ∼ 5%.

Then the four-fold ambiguity of φ1, which are al-
lowed in [0, 2π] mathematically, are reduced by the
time-dependent angular analysis of B0 → J/ψK∗0

and the time-dependent Dalitz plot analysis of DCP

in B0 → DCPh
0 decays, the solutions with negative

cos 2φ1 can be considered to be ruled out at ∼ 3σ.

The comparisons sin 2φ1 derived from b → cc̄s
modes with that from different quark transition, b →
cc̄s, also have been done, because a sizable CP asym-
metry deviated from the SM expectation might be ob-
served, if new physics beyond the SM exists. Though
these measurements are dominated by statistical un-
certainties, more significant measurements will be an-
ticipated in the future.
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