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Several new and updated BABAR measurements of sin 2β are presented, together with the latest
constraints on the Unitarity Triangle angles α and γ. The higher statistics now available allow
more sophisticated analysis techniques, such as time-dependent Dalitz plot fitting. Combined world-
average results place tight constraints on the Unitarity Triangle. There is good agreement among the
measurements and with the unitarity of the CKM matrix. This represents an impressive verification
of the Standard Model description of the quark-flavour sector and of CP violation.

I. INTRODUCTION

The standard model (SM) of electroweak interactions
describes CP violation as a consequence of an irreducible
phase in the three-family Cabibbo-Kobayashi-Maskawa
(CKM) quark-mixing matrix [1]:

VCKM =





Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 .

VCKM describes the couplings between the u, c and t
quarks and the d, s and b quarks, mediated by the
exchange of a W boson. In B-meson decays the CP -
violating (CPV) parameters of the SM are most directly
related to the angles and sides of the so-called Unitar-
ity Triangle (UT). The angles α, β and γ are defined as
α ≡ arg[−VtdV

∗
tb/VudV

∗
ub], β ≡ arg[−VcdV

∗
cb/VtdV

∗
tb], and

γ ≡ arg[−VudV
∗
ub/VcdV

∗
cb]. In the Wolfenstein parameter-

ization [2], the angle γ is the phase of Vub, β is the phase
of Vtd, and α is the phase difference between Vub and Vtd,
constrained to satisfy α = π−β−γ through the unitarity
of VCKM. In terms of the Wolfenstein parameters (ρ̄, η̄),
the apex of the UT is given by the phase-convention in-
dependent definition [3]: ρ̄+ iη̄ ≡ −VudV

∗
ub/VcdV

∗
cb.

These CPV parameters can be determined from
time-dependent asymmetries measured in the decays of
Υ(4S) → B0B̄0, where one of the two B0 mesons decays
into a CP eigenstate fCP at time tCP , and the other de-
cays into a flavour-specific state ftag at time ttag. The
time-dependent decay rate is

P(∆t) =
e−|∆t|/τ

4τ
×[1 + q{Sf sin(∆md∆t) − Cf cos(∆md∆t)}] (1)

∗
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where ∆t = tCP − ttag, τ is the B0 lifetime, ∆md

is the B0B̄0 mixing frequency and q = +1(−1) when
ftag = B0(B̄0). The parameters Sf and Cf are sensitive
to mixing-induced and direct CP violation, respectively.

II. BABAR DETECTOR AND DATASET

Measurements presented here use data collected with
the BABAR detector [4] at the PEP-II asymmetric en-
ergy e+e− collider, located at SLAC. The analyses are
based on a data sample of (383 ± 4) million BB̄ pairs
recorded at the Υ(4S) resonance (center-of-mass (CM)
energy

√
s = 10.58 GeV) and 37 fb−1 of data collected

40 MeV below the Υ(4S) resonance (“off-resonance”).
Results are preliminary unless a journal publication is
cited.

The BABAR detector provides charged particle tracking
through a combination of a 5-layer double-sided silicon
vertex tracker and a 40-layer drift chamber, both oper-
ating within a 1.5 T magnetic field generated by a su-
perconducting solenoidal magnet. Photons are identified
in an electromagnetic calorimeter surrounding a detector
of internally reflected Cherenkov light, which associates
Cherenkov photons with tracks for charged particle iden-
tification (PID). Further PID information is provided by
the average energy loss (dE/dx) in the tracking devices.
Muon candidates are identified with the use of the in-
strumented flux return of the solenoid.

III. ANALYSIS OVERVIEW

To discriminate between signal and background, two
independent kinematic variables, the beam energy sub-
stituted massmES ≡

√

s/4 − (p∗B)2 and energy difference
∆E ≡ E∗

B −√
s/2 are used. Here E∗

B and p∗B are the en-
ergy and 3-momentum of the B candidate measured in
the CM frame. For signal decays mES (∆E) peaks at the
B mass (zero) with a resolution of a few (few tens of)
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MeV. Event topology is used to reject continuum back-
ground, arising primarily from random combinations of
particles in e+e− → qq̄ (q = u, d, s, c) events, which have
a “jet-like” structure, in contrast to BB̄ events, which are
more uniform. To improve the separation of signal from
background, some of these variables are combined in a
multivariate algorithm, such as a Fisher discriminant or
Neural Network, which is trained using simulated Monte
Carlo (MC) signal and qq̄ background events.

Physical quantities, such as signal yields or CPV pa-
rameters, are determined using extended and unbinned
maximum likelihood (ML) fits. The likelihood function
includes probability density functions (PDF) with shapes
based on MC or data (sidebands or off-resonance). Their
most important parameters are left free. In addition to
signal and continuum background, B-background cate-
gories are also included in the fits. Systematic errors
arise from several sources, such as uncertainties in sig-
nal PDF shape parameters, B-background estimates and
the effects of interference between resonances. In all the
CP -violation measurements reported here the statistical
errors dominate.

IV. RESULTS

New or updated measurements are reported of the UT
angles β, α and γ. The most precisely determined is β,
and consistency among the various measurements of this
angle from different B decay modes is an important test
of the SM.

A. Measurements of angle β

1. sin 2β from b → cc̄s decays; B0
→ Charmonium K(∗)0

In the CKM framework, neutral B decays to CP
eigenstates containing a charmonium meson and a K (∗)0

meson are dominated by processes involving tree dia-
grams. They provide a direct and clean measurement
of sin 2β [5]. The B0 candidates are reconstructed
from the final states J/ψK0

S , J/ψK0
L, ψ(2S)K0

S , χc1K
0
S ,

ηcK
0
S and J/ψK∗0. We reconstruct K0

S → π+π− (and
also K0

S → π0π0 for J/ψK0
S). Charmonium mesons

are reconstructed in the decays J/ψ → e+e−, µ+µ−;
ψ(2S) → e+e−, µ+µ−, J/ψµ+µ−; χc1 → J/ψγ and
ηc → K0

SK
+π−. A new ηcK

0
S event selection is in-

cluded, based on the Dalitz plot (DP) structure of the
ηc → K0

SK
+π− decay. We have performed a more de-

tailed study of the CP properties of background events,
resulting in reduced systematic errors. Figure 1 shows
the ∆t distributions and asymmetries in yields between
events with B0 tags and B̄0 tags as functions of ∆t, with
projections of the likelihood fit results overlaid. We mea-
sure sin 2β = 0.714 ± 0.032 ± 0.018 and the param-
eter C = 0.049 ± 0.022 ± 0.017, where the first er-
rors are statistical and second errors are systematic [6].
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FIG. 1: a) Number of candidates in the signal region, with
CP -odd final states, with a B0 tag (NB0) and with a B̄0 tag
(NB̄0), and b) the raw asymmetry, (NB0−NB̄0)/(NB0+NB̄0),
as functions of ∆t. Figures c) and d) are the corresponding
distributions for CP -even final states. The solid (dashed)
curves represent the fit projections in ∆t for B0(B̄0) tags.

These results provide an improved model-independent
constraint on the position of the apex of the UT [7] and
form a benchmark against which to compare other mea-
surements of sin 2β.

2. sin 2β from b → cc̄d decays: B0
→ D(∗)+D(∗)−

Colour-allowed b→ cc̄d decays provide another way to
measure sin 2β. Within the SM, the amplitudes are dom-
inated by tree-level processes and time-dependent CP
asymmetries in B0 → D(∗)+D(∗)− decays are directly
related to sin 2β, if corrections due to penguin diagram
contributions are neglected. The penguin-induced cor-
rections have been estimated in models based on the fac-
torization approximation and heavy quark symmetry and
are predicted to be a few percent. A significant devia-
tion between sin 2β measured in b→ cc̄d decays and that
from b → cc̄s decays would be evidence for new physics
(NP) beyond the SM [8].

Updated measurements of CP -violating asymmetries
in B0 → D+D− are presented [9], with D± → K∓π±π±.
A major source of background is from continuum e+e− →
qq̄ (q = u, d, s, c) events, which are suppressed using the
Fisher Discriminant. An unbinned ML fit to mES and
∆t distributions yields 131±14 (stat.) signal events, and
CPV parameters S = −0.54±0.34(stat.)±0.06(syst.) and
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FIG. 2: Comparison between BABAR and Belle measurements
of CPV parameters in B0

→ D+D− decays [11].

C = 0.11±0.22(stat.)±0.07(syst.). The time-dependent
asymmetries are consistent with SM predictions. No evi-
dence is found for large direct CP violation, as reported
by the Belle Collaboration [10]. A comparison between
BABAR and Belle results is shown in Fig. 2, provided by
HFAG [11].

The decay B0 → D∗+D∗− is similar to B0 → D+D−,
but results in a vector-vector final state. It proceeds
through the CP -even S and D waves and through
the CP -odd P wave. A combined analysis of the
time-dependent flavour-tagged decays and the one-
dimensional angular distribution of the decay products
gives an improved measurement of the CP -odd frac-
tion R⊥ and the time-dependent CP -asymmetry parame-
ters [12]. The D∗+ is reconstructed in its decay to D0π+

and D+π0 with D0 → K−π+, K−π+π0, K−π+π+π−,
K0

Sπ
+π− and D+ → K−π+π+. An unbinned ML fit to

mES extracts the signal yield as 617 ± 33(stat.). The
CP -odd fraction R⊥ is measured in a simultaneous un-
binned ML fit to cos θtr and mES distributions, as shown
in Fig. 3, where θtr is one of the angles in the transver-
sity framework [13], giving R⊥ = 0.143 ± 0.034(stat.) ±
0.008(syst.). A combined analysis of the cos θtr distribu-
tion and its time dependence results in the CPV parame-
ters S = −0.66±0.19±0.04 and C = −0.02±0.11±0.02.
These results are consistent with SM predictions, with no
evidence for direct CP violation.

3. sin 2βeff from b → qq̄s (q = s, d, u) decays

The decays b → qq̄s (q = s, d, u) are dominated by
penguin-diagram processes. In the SM, the CPV param-
eters Sf and Cf are expected to be near the values from
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FIG. 3: Distributions of (a) mES and (b) cos θtr, with mES >
5.27 GeV/c2. The solid line is the projection of the fit result.
The dotted line represents the background component.

b→ cc̄s decays (namely, Cf ∼ 0 and Sf ∼ sin 2β). Addi-
tional CKM suppressed contributions to the amplitudes
can induce only small deviations, whereas additional loop
contributions from NP processes may produce large ob-
servable deviations [8, 14]. There are many decay modes
available for CP studies e.g. η′K0

S , ρ0K0
S , π0K0

S , π0π0K0
S

etc. There has been a tendency for the effective values
of sin 2β (sin 2βeff) derived from b→ qq̄s decay modes to
lie below the reference value from b → cc̄s decays. Until
August 2007, the HFAG “näıve average” of sin 2βeff mea-
surements from b→ qq̄s penguin modes was roughly two
standard deviations below the reference value [11]. How-
ever, this näıve average neglects the theoretical and ex-
perimental differences among the various b → qq̄s decay
modes, and so it should be treated with extreme caution.

BABAR has a new preliminary measurement of CPV
parameters in B0 → K0

Sπ
+π− decays, based for the first

time on a full time-dependent Dalitz plot analysis. Ear-
lier studies have been reported using a quasi-two-body
(Q2B) approach, in which, for example, f0(980)K

0
S or

ρ0K0
S decays are reconstructed from the three-body final

state K0
Sπ

+π−, but the interference between resonances
is not fitted, and is accounted for as part of the systematic
error. Therefore, more precise results can be obtained us-
ing a DP fit to B0 → K0

Sπ
+π−. Furthermore the inter-

ference terms allow the cosine of the effective weak phase
difference between mixing and decay amplitudes to be de-
termined, thus helping to resolve ambiguities that arise
from Q2B analyses. Also the observation of direct CP
violation in B0 → K+π− decays [15] motivates a search
for possible similar effects in B0 → K∗+π−.

A time-dependent DP analysis of B0 → K0
Sπ

+π− has
been used to extract the CPV parameters of f0(980)K

0
S

and ρ0(770)K0
S and the direct CP asymmetries (ACP )

of K∗+(892)π−. The DP model consists of the following
ππ and K0

Sπ resonances, a non-resonant term, and inter-
ferences among all of them: ρ0(770), f0(980), K

∗(892),
f2(1270), f0(1300), χc0(1P ), K∗(1430). A neural net-
work (NN) is used to separate the signal from the con-
tinuum background. MC simulated events are used to
study the background from other B decays. We per-
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FIG. 4: Distributions of m(K0
Sπ+) (left) and m(π+π−) (right)

for samples enhanced in B0
→ K0

Sπ+π− signal. The solid
histogram shows the projection of the fit result. The dark,
medium, and light shaded areas represent respectively the
contribution from continuum events, the sum of continuum
events and the B background expectation, and the sum of
these and the mis-reconstructed signal events. The last con-
tribution is hardly visible due to its small fraction.

form an unbinned extended ML fit to extract the inclu-
sive B0 → K0

Sπ
+π− event yield and the resonant am-

plitudes. The fit uses the variables mES, ∆E, the NN
output and the Dalitz plot coordinates. The ∆t infor-
mation allows measurement of mixing-induced CP vi-
olation and provides additional continuum background
rejection. Figure 4 shows the distributions for m(K0

Sπ
+)

and m(π+π−) and indicates the good quality of the
fit. The relative magnitudes and phases of the differ-
ent components of the signal model are fitted directly,
and we obtain the Q2B parameters and the UT an-
gle 2βeff . The measured values of 2βeff in B0 decays
to f0(980)K

0
S and ρ0(770)K0

S are (89+22
−20 ± 5 ± 8)◦ and

(37+19
−17 ± 5± 6)◦, respectively, where the first quoted un-

certainty is statistical, the second is systematic and the
third is the Dalitz plot signal model uncertainty. Both re-
sults are consistent with SM predictions, but in the case
of B0 → f0(980)K

0
S it is 2.1 standard deviations higher

than 2β derived from b → cc̄s decays. This is opposite
to the trend found from other results in b → qq̄s tran-
sitions. Also, 2βeff(f0(980)K

0
S) = 0 is excluded at the

4.3σ level. In the decays to K∗(892)π we find ACP =
−0.18 ± 0.10 ± 0.03 ± 0.03. The measured phase differ-
ence between decay amplitudes of B0 → K∗+(892)π−

and B̄0 → K∗−(892)π+ is (−164 ± 24 ± 12 ± 15)◦. The
details of this analysis are described in Ref. [16].

B. Measurement of angle α from b → uūd decays

1. Observation of CP violation in B0
→ h+h− decays

The proper-time evolution of the asymmetry between
B0 and B̄0 decays to π+π− is characterized by sine and
cosine terms with amplitudes Sππ and Cππ, respectively.
Sππ arises from interference between decays with and
without B0-B̄0 mixing, and Cππ is due to interference be-

ππS
-1 -0.5 0 0.5 1

ππC
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1

-810×1-CL = 8 

FIG. 5: Sππ and Cππ: the central values, errors and confi-
dence level (C.L.) contours for 1 − C.L. = 0.317 (1σ), 4.55×
10−2(2σ), 2.70× 10−3(3σ), 6.33× 10−5(4σ), 5.73× 10−7(5σ),
and 1.97 × 10−9(6σ), calculated from the square root of the
change in the value of −2 lnL compared with its value at the
minimum. The systematic errors are included.

tween b → u tree and b → d penguin decay amplitudes.
Similarly, the direct CP -violating asymmetry AKπ be-
tween the B̄0 → K−π+ and B0 → K+π− decay rates
arises from interference between b → u tree and b → s
penguin amplitudes. Negligible contributions to these
asymmetry parameters are expected from CP violation
purely in B0-B̄0 mixing, which has been determined to be
very small [7]. The quantity sin 2αeff = Sππ/

√

1 − C2
ππ

can be related to the UT angle α through a model-
independent analysis that uses the isospin-related de-
cays B± → π±π0 and B0 → π0π0 [17]. The unbinned
ML fit [18] uses as input mES, ∆E, the Fisher dis-
criminant, dE/dx, the Cherenkov angle and ∆t. We
find 4372 ± 82(stat.) B0 → K+π− decays and mea-
sure AKπ = −0.107± 0.018(stat.)+0.007

−0.004(syst.), which ex-
cludes the CP conserving hypothesis with a significance
of 5.5 standard deviations. In the same sample, we find
1139 ± 49(stat.) B0 → π+π− decays and measure the
CPV parameters Sππ = −0.60± 0.11(stat.) ± 0.03(syst.)
and Cππ = −0.21 ± 0.09(stat.) ± 0.02(syst.). CP con-
servation in B0 → π+π−(Sππ = Cππ = 0) is excluded
at a confidence level 1 − C.L. = 8 × 10−8, correspond-
ing to 5.4 standard deviations. A contour plot of the
(Sππ, Cππ) confidence level is shown in Fig. 5. The
correlation between Sππ and Cππ is −0.07. Combin-
ing these new preliminary BABAR measurements with
B0 → π0π0 and B± → π±π0 [19] constrains the value
of |∆α| = |α− αeff | < 39◦.

2. Constraints on α from B0
→ ρ+ρ− decays

The flavour transitions in the decay B0 → ρ+ρ−

are the same as those in B0 → π+π−. Isospin rela-
tions [17], and measurements of the B+ → ρ+ρ0 [20]
and B0 → ρ0ρ0 [21] branching fractions, show that the
penguin contribution in B → ρρ is smaller than the
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leading tree diagram, resulting in tighter constraints on
αeff than those obtained from B0 → π+π−. The de-
cay B0 → ρ+ρ− leads to a vector-vector final state, so
the CP analysis is complicated by the presence of one
amplitude with longitudinal polarization (CP even) and
two amplitudes with transverse polarization (CP even
and CP odd). The decay is observed to be dominated
by the longitudinal polarization, with a fraction fL, de-
fined as the fraction of the helicity-zero state in the decay.
For longitudinal polarization the parameters S = Slong

and C = Clong describe the B-mixing induced and di-
rect CP violation, respectively. In the absence of pen-
guin contributions Slong = sin 2α and Clong = 0. The
presence of penguin contributions, with different weak
phases to the tree level amplitude, shifts the experi-
mentally measurable parameter: αeff = α + δα, where

Slong =
√

1 − C2
long sin 2αeff , and Clong can be non-zero.

From the ML fit we obtain [22] 729 ± 60(stat.) sig-
nal events and measure B(B0 → ρ+ρ−) = (25.5 ±
2.1+3.6

−3.9) × 10−6, the longitudinal polarization fraction

fL = 0.992 ± 0.024±+0.026
−0.013 and the CPV parameters

Slong = −0.17±0.20±+0.05
−0.06 and Clong = 0.01±0.15±0.06,

where the first errors are statistical and the second er-
rors are systematic. The correlation between Slong and
Clong is −0.035. We constrain the CKM angle α and
the penguin contribution δα from an isospin analysis of
B → ρρ: |∆α| = |α − αeff | < 16.5◦ (90% C.L.). The
latest world average constraints on α from various mea-
surements (provided by [7]) can be seen in Fig. 6.

C. Measurement of angle γ

1. CP violation in B±
→ D0

CP K± decays

The decays B± → D0K± are central to some of the
proposed methods for extracting the UT angle γ in a
theoretically clean way [23]. Two direct CP asymmetries

need to be measured

ACP± ≡ B(B− → D0
CP±K

−) − B(B+ → D0
CP±K

+)

B(B− → D0
CP±K

−) + B(B+ → D0
CP±K

+)

=
±2r sin δ sin γ

1 + r2 ± 2r cos δ cos γ
(2)

as well as two ratios of charge-averaged branching frac-
tions inD0 decays to CP = +1 and CP = −1 eigenstates

RCP± ≡ B(B− → D0
CP±K

−) + B(B+ → D0
CP±K

+)

[B(B− → D0K−) + B(B+ → D̄0K+)]/2

= 1 + r2 ± 2r cos δ cos γ(3)

where r ≡ |A(B− → D̄0K−)/A(B− → D0K−)| ≈
O(0.1) is the magnitude of the ratio of the amplitudes
for B− → D̄0K− and B− → D0K− decays and δ is
the difference between their strong phases. The asym-
metries ACP± are also of interest because, if significantly
different from zero, they would indicate direct CP viola-
tion in charged B decays. To measure RCP± and ACP±,
B± → D0

CP±K
± decays are reconstructed, with D0

CP±

decaying to two CP -odd (K0
Sπ

0, K0
Sω) and two CP -even

(K+K−, π+π−) eigenstates. Also B− → D0K− and
B− → D0π− decays are reconstructed with D0 decaying
to a non-CP state. The signal and background yields
for each D0 decay mode are determined from a two-
dimensional extended ML fit to selected data events. The
input variables to the fit are ∆E and a PID probability
for each track based on the Cherenkov angle. We mea-
sure [24] the CP asymmetries ACP+ = 0.35±0.09±0.05
and ACP− = −0.19 ± 0.12 ± 0.02, where the errors
are statistical and systematic. The result for ACP+ is
3.4σ away from zero, giving the first evidence for di-
rect CP violation in B− → D0K− decays. The dou-
ble ratios of branching fractions are measured to be
RCP+ = 1.07±0.10±0.04 and RCP− = 0.81±0.10±0.05.

This GLW method (M. Gronau, D. London and D.
Wyler [23]), combined with previous measurements of γ
using a Dalitz analysis of B± → D(∗)0K± with D0 →
K0

Sπ
+π−, and the ADS method (D. Atwood, I. Dunietz

and A. Soni [23]), improves the constraints on angle γ,
as shown in Fig. 7.

V. CONCLUSION

Results have been presented from several new or up-
dated measurements of sin 2β made by the BABAR Col-
laboration, showing reasonable self-consistency. There
are also improved constraints on the UT angles α and γ.
The higher statistics now available allow more sophisti-
cated analysis techniques, such as time-dependent Dalitz
plot fitting.

Fig. 8 shows the combined world-average constraints
on the apex of the Unitarity Triangle in the ρ̄-η̄ plane.
In addition to the direct measurements of the angles,
from CP violation in B decays, there are also direct
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measurements of the sides, from charmless B decays
(|Vub| / |Vcb|), from B0

s -B̄0
s mixing (∆ms) and from B0-

B̄0 mixing (∆md), and a constraint from CP violation
in neutral kaon decays (εK). All of these results, com-
ing from a diverse range of flavour-physics measurements
made by many different experiments, show good agree-
ment among themselves and with the unitarity of the
CKM matrix. This represents an impressive verification
of the Standard Model description of the quark-flavour
sector and of CP violation.

The BABAR experiment has one further year of
data-taking, up to September 2008. We expect to collect
a final dataset more than twice as large as that used
for the results presented here. This will improve all the
measurements, which are statistics-limited, and allow
the study of more rare B decay modes. The resulting
constraints on the Unitarity Triangle will be a legacy
from the B-Factory experiments and will focus the
continued search for new physics in the flavour sector.
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