
P
o
S
(
F
P
C
P
 
2
0
1
0
)
0
0
6

Measurements of α (φ2)

J. Dalseno∗ab

aMax-Plank-Insitut für Physik
Föringer Ring 6
Müenchen 80805 Germany

bTechnische Universität Müenchen
Excellence Cluster Universe
Boltzmannstraße 2
Garching 85748 Germany
E-mail: jdalseno@mpp.mpg.de

We present a summary of the measurements of the CKM angle,α (φ2), performed by the BaBar

and Belle experiments which collectBB̄ pairs at theϒ(4S) resonance produced in asymmetric

e+e− collisions. We discuss the measurements of the the branching fractions andCPasymmetries

in B → ππ, ρπ andρρ final states that lead to constraints onα (φ2). Finally, we present the

recent measurement of the branching fraction ofB→ K1Aπ decays which can be used to calculate

a bound on the shift in the measuredα (φ2) of B0 → a1(1260)±π∓ decays caused by second-order

loop processes.
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Figure 1: The unitarity triangle related toB decays as constructed from CKM matrix elements along with
definitions of the internal angles.
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Figure 2: The left diagram shows the first-orderb → uūd transition while the right diagram shows the
second-orderb→ uūd loop process.

1. Introduction

The main goal of the BaBar experiment at SLAC and the Belle experiment at KEK is to
constrain the unitarity triangle forB decays shown in Fig. 1. This allows us to test the Cabibbo-
Kobayashi-Maskawa (CKM) mechanism for violation of the combined charge-parity (CP) sym-
metry [1, 2], as well as search for new physics effects beyond the Standard Model (SM). These
proceedings give a summary of the experimental status of measurements of the CKM phase,α ,
hitherto referred to asφ2, defined from CKM matrix elements asφ2 ≡ arg(−VtdV∗

tb)/(VudV∗
ub), and

shown in Fig. 1.
First-order weak processes (tree) proceeding byb → uūd quark transitions as illustrated in

Fig. 2, such asB0 → ππ, ρπ, ρρ anda1(1260)π, are directly sensitive toφ2. These amplitudes
contain the CKM matrix element,Vub, which carries the CKM phase,−φ3. Now, the phenomena
of neutralB meson mixing includes the phase,−2φ1. Considering only the interference between
the direct decay of aB0 meson to aCP eigenstate and decays to that same final state where the
B0 first mixed to form aB̄0, one obtains a relative phase of−2φ1 from mixing and−2φ3 from
the difference betweenb→ u and the conjugatēb→ ū process. Thus, assuming a closed triangle,
φ1 +φ2 +φ3 = π, first-orderb→ uūd transitions are sensitive to−2φ1−2φ3 = −2φ2.

In the quasi-two-body approach, CKM angles can be determined by measuring the time-
dependent asymmetry betweenB0 andB̄0 decays [3]. For the decay sequence,ϒ(4S)→BCPBTag→
fCP fTag, where one of theB mesons decays at time,tCP, to aCP eigenstate,fCP, and the other de-
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cays at time,tTag, to a flavour specific final state,fTag, with q = +1(−1) for BTag = B0(B̄0), the
decay rate has a time-dependence given by

P(∆t,q) =
e−|∆t|/τB0

4τB0

[

1+q(ACPcos∆md∆t +SCPsin∆md∆t)

]

, (1.1)

where∆t ≡ tCP− tTag and∆md is the mass difference between theBH andBL mass eigenstates.
The parameters,ACP andSCP, describe direct and mixing-inducedCP violation, respectively. An
alternate notation whereCCP =−ACP also exists in literature. If a single first-order weak amplitude
dominates the decay, then we expectACP = 0 andSCP = sin2φ2.

On the other hand, if second-order processes such as those depictedin Fig. 2 are present,
then directCP violation is possible,ACP 6= 0. Additionally, as these loop processes (penguins) are
not directly proportional toVub, our measurement ofSCP does not directly determineφ2, rather,

SCP =
√

1−A2
CPsin(2φ2−2∆φ2), where∆φ2 is the shift caused by the second order contributions.

Despite this, it is still possible to determine∆φ2 in B0 → h+h− with anSU(2) isospin analysis
by considering the set of threeB→ hh decays wherehh is either two pions or two longitudinally
polarisedρs [4]. The main concept behind this is to recognise that the two products inB+ → h+h0

decays must have a total isospin ofI = 1 or I = 2, sinceI3 = 1. For the penguin terms, onlyI = 0
or I = 1 is possible since the gluon carriesI = 0 and isospin is conserved in the strong interaction.
However, asI = 1 is forbidden by Bose-Einstein statistics, strong second-order loops are forbidden
and henceB+ → h+h0 may only decay weakly at tree-level in the limit of neglecting electroweak
penguins.

TheB→ hhamplitudes obey the complex relations,

A+0 =
1√
2

A+− +A00, Ā−0 =
1√
2

Ā+− + Ā00, (1.2)

which can be represented as triangles in Fig. 3. AsB+ → h+h0 is a pure first-order mode, these
triangles share the same base,A+0 = Ā−0, and∆φ2 can be determined from the difference between
the two triangles. These triangles andφ2 can be fully determined from the branching fractions,
B(B0 → h+h−), B(B0 → h0h0), B(B+ → h+h0) and theCPviolation parameters,ACP(B0 → h+h−),
ACP(B0 → h0h0), SCP(B0 → h+h−). This method exhibits an 8-fold discrete ambiguity in the de-
termination ofφ2 which arises from the 4 triangle orientations aroundA+0 and the two solutions of
φ2 in the measurement ofSCP.

At the B factories, two of the key variables in discriminatingB signal from the large back-

ground are the beam-constrained mass,Mbc = mES≡
√

(ECMS
beam)

2− (pCMS
B )2, and the energy differ-

ence,∆E ≡ EB−ECMS
beam, which arise as the energy of eachB in theϒ(4S) centre-of-mass is known.

The full data sets taken at theϒ(4S) resonance for the BaBar and Belle collaborations are 467
million and 772 millionBB̄ pairs, respectively.

2. B→ ππ

The analysis ofB→ ππ performed by the BaBar collaboration is based on their full data set
467 million BB̄ pairs [5], while the analysis from the Belle collaboration is based on 535 million
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Figure 3: Complex isospin triangles from which∆φ2 can be determined.
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Figure 4: The left plot shows the time-dependent asymmetry,a(∆t) ≡ (NB0 −NB̄0)/(NB0 + NB̄0), of B0 →
π+π− from BaBar. The right plots from Belle show the fit to∆t for each flavour tag on top and the resulting
asymmetry below. Mixing-inducedCP violation can be clearly seen in the asymmetry plots and the height
difference in the∆t projection indicates directCPviolation.

BB̄ pairs [6]. They obtain theCP parameters,

BaBar Belle
ACP = +0.25±0.08±0.02(3.0σ) ACP = +0.55±0.08±0.05(5.5σ)

SCP = −0.68±0.10±0.03(6.3σ) SCP = −0.61±0.10±0.04(5.3σ),

and the fit projections are shown in Fig. 4. Both experiments have observedCPviolation inB→ ππ
and the difference between the two measurements is 1.9σ . They also findACP to be non-zero
implying that more than a tree amplitude is present and thus the presence of additional amplitudes
should be considered to extractφ2. A χ2 of the 6 physical observables is constructed from the 5
constraining amplitudes in Eq. 1.2 andφ2 which is then minimised in aφ2 scan. Theχ2 is then
converted to a probability for one degree of freedom as shown in Fig. 5,from which BaBar excludes
the range[23◦,67◦] at the 90% CL and Belle excludes the range[11◦,79◦] at the 95% CL.

3. B→ ρρ

B→ ρρ decays have an additional complication that the two spin 1ρ mesons have a relative
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Figure 5: The left plot shows the constraint onφ2 in the B → ππ system from BaBar where an 8-fold
ambiguity can be seen. The right plot shows the constraint from Belle where the apparent 4-fold ambiguity
is coincidental.
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Figure 6: The left schematic shows the 3 possible spin projections (blue) onto the momentum direction of
eachρ (dashed) in theB rest frame forB→ ρρ channels. The right figure defines the planes from which the
longitudinal polarisation amplitude can be separated.

orbital angular momentum,L = 0,1,2. Since theCP eigenvalue ofB0 → ρ+ρ− is (−1)L, it is
necessary to isolate a definiteCP component in order to constrainφ2. Now, the total angular
momentum of theρρ system isJρρ = 0 andL has no component along the decay axis. Therefore,
the final state is a superposition of three possible polarisation amplitudes as shown in Fig. 6: one
longitudinal (A0 : L = 0,2) and two transverse (A± : L = 0,1,2) amplitudes. By considering the
distributions of theρ helicity angles defined in their respective rest frames as illustrated in Fig. 6,
and integrating over the azimuthal angle between the decay planes, the angular decay rate is given
by

d2N
dcosθ1dcosθ2

=
9
16

[4 fL cos2 θ1cos2 θ2 +(1− fL)sin2 θ1sin2 θ2], (3.1)

where fL is the fraction of longitudinal polarisation which can be determined in a fit to data. Con-
veniently, it turns out that theρρ system is dominated by theCPeven longitudinal amplitude [7, 8],
which means the transverse component can be ignored in an isospin analysis.

The BaBar analysis ofB0 → ρ+ρ− is based on 384 millionBB̄ pairs [7] while the Belle
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Figure 7: The left plot shows the∆t distributions ofB0 → ρ+ρ− for (a) B0 and (b)B̄0 tags and (c) the
resulting asymmetry for BaBar. The same is shown on the rightfor Belle.

analysis is based on 535 millionBB̄ pairs [9]. They obtain theCP parameters,

BaBar Belle
ACP = 0.01±0.15±0.06 ACP = +0.16±0.21±0.07
SCP = −0.17±0.20+0.05

−0.06 SCP = +0.19±0.30±0.07,

shown in Fig. 7 which demonstrate thatACP is consistent with zero, implying no evidence of a
penguin contribution.

The BaBar collaboration has recently updated theirB+ → ρ+ρ0 analysis with the final data
set [10]. They obtain the branching fraction,B(B+ → ρ+ρ0) = (23.7±1.4±1.4)×10−6, which al-
lows a precise measurement of the isospin triangle base, andACP = 0.054±0.055±0.010, showing
no evidence for amplitudes which do not conserve isospin.

Unlike in B → ππ, we can measureSCP from B0 → ρ0ρ0, which can ultimately remove the
4-fold ambiguity of∆φ2, leaving two solutions forφ2. This is mode is experimentally difficult to
isolate due to its relatively low branching fraction in the presence of multiple backgrounds with the
same final state. BaBar has observed this mode with a significance of 3.1σ [11] and obtained the
CP parameters,ACP = −0.2±0.8±0.3 andSCP = +0.3±0.7±0.2, while Belle has obtained an
upper limit [12].

A consequence of the smallB0 → ρ0ρ0 branching fraction relative toB+ → ρ+ρ0, is that the
isospin triangles become flat making the 4 solutions of∆φ2 nearly degenerate. The constraints on
φ2 in B→ ρρ are shown in Fig. 8 from which BaBar determinesφ2 = (92.4+6.0

−6.5)
◦ and Belle finds

φ2 = (91.7±14.9)◦.

4. B0 → (ρπ)0

As B0 → (ρπ)0 is not aCP eigenstate, four flavour-charge configurations need to be consid-
ered. In principle, one can extend the isospin analysis leading to isospin pentagon relations. How-
ever, it is possible to constrainφ2 explicitly in a time-dependent amplitude analysis that includes
variations of the strong phase of interferingρ resonances over the Dalitz Plot [13]. The relative
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Figure 8: The left plot shows the constraint onφ2 in theB→ ρρ system using only BaBar results. The right
plot shows the constraint from Belle which uses its latestB0 → ρ0ρ0 result, otherwise world averages. This
analysis was performed before the recent update ofB+ → ρ+ρ0 from BaBar and a plateau is present as there
is no constraint onACP(ρ0ρ0).
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Figure 9: The left plot from BaBar shows the constraint onφ2 in theB0 → (ρπ)0 system with their time-
dependent amplitude analysis. The right plot shows the constraint from Belle where the dashed curve cor-
responds to the BaBar curve and the red curve contains additional constraints from chargedB+ → (ρπ)+

modes.

moduli and phases of the six possible amplitudes ofB0(B̄0) → π+π−π0 decays via charged and
neutral intermediateρ resonances are determined. These amplitudes are constructed from isospin
relations from whichφ2 can be constrained without ambiguity.

The BaBar and Belle collaborations have performed this analysis with 375 and 449 millionBB̄
pairs, respectively, and are in good agreement. Their correspondingφ2 scans are shown in Fig. 9
where BaBar obtainsφ2 = (87+45

−13)
◦ while Belle can only constrain 68◦ < φ2 < 95◦ at 68.3% CL

for the solution consistent with SM.

5. B0 → a1(1260)±π∓

The B0 → a1(1260)±π∓ system is analogous toB0 → (ρπ)0 however, information onφ2 is
obtained in a quasi-two-body approach since a Dalitz plot analysis is complicated by an additional
π0 in the final state. The time-dependence of the four flavour-charge configurations where thea1
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possesses charge,c (a+
1 : c = +1, a−1 : c = −1), is given by

Pa1π(∆t,q,c) = (1+cACP)
e−|∆t|/τB0

8τB0

{

1+q×
[

(SCP+c∆S)sin∆md∆t − (CCP+c∆C)cos∆md∆t

]}

. (5.1)

The parameterACP, measures time and flavour-integrated directCPviolation,SCP measures mixing-
inducedCPviolation andCCP measures flavour-dependent directCPviolation. The quantity∆S, is
related to the strong phase difference between the contributing amplitudes toB0 → a1(1260)±π∓

decays and∆C measures the rate asymmetry betweenΓ(B0→ a+
1 π−)+Γ(B̄0→ a−1 π+) andΓ(B0→

a−1 π+)+ Γ(B̄0 → a+
1 π−). These two parameters are not sensitive toCP violation. From these pa-

rameters, an effectiveφeff
2 can be determined with a four-fold ambiguity,

φeff
2 =

1
4

[

arcsin

(

SCP+∆S
√

1− (CCP+∆C)2

)

+arcsin

(

SCP−∆S
√

1− (CCP−∆C)2

)]

. (5.2)

The BaBar collaboration has performed this analysis with 384 millionBB̄ pairs [14] and ob-
tained the parameters

CPviolating CPconserving
ACP = −0.07±0.07±0.02
CCP = −0.10±0.15±0.09 ∆C = +0.26±0.15±0.07
SCP = +0.37±0.21±0.07 ∆S = −0.14±0.21±0.06.

The shift inφ2 caused by penguin processes can be determined by invokingSU(3) symme-
try [15] which involves measuring the branching fractions of theSU(3) related channels,B→ a1K
andB→ K1Aπ. One can then solve this system of inequalities,

cos2(φ±
2 , eff −φ2) ≥

1−2R0
±

√

1−A± 2
CP

, cos2(φ±
2 , eff −φ2) ≥

1−2R+
±

√

1−A± 2
CP

, (5.3)

where

R0
+ ≡

λ̄ 2 f 2
a1

Γ̄(K+
1Aπ−)

f 2
K1A

Γ̄(a+
1 π−)

, R0
− ≡ λ̄ 2 f 2

π Γ̄(a−1 K+)

f 2
KΓ̄(a−1 π+)

, R+
+ ≡

λ̄ 2 f 2
a1

Γ̄(K0
1Aπ+)

f 2
K1A

Γ̄(a+
1 π−)

, R+
− ≡ λ̄ 2 f 2

π Γ̄(a+
1 K0)

f 2
KΓ̄(a−1 π+)

,

(5.4)
whereλ 2 = |Vus|/|Vud| = |Vcd|/|Vcs|, Γ̄ are averaged decay rates andfi are decay constants. By
inverting these equations, a bound on|∆φ2| ≡ |φeff

2 −φ2| is calculated from|φeff
2 −φ2| ≤ (|φ+

2 , eff −
φ2|+ |φ−

2 , eff −φ2|)/2.
The B → a1K branching fraction has been measured by BaBar [16], and they have recently

performed a branching fraction measurement ofB → K1Aπ decays with their final data set [17].
BecauseK1A is a mixture of theK1(1270) andK1(1400) states there interference must be consid-
ered. As such it was necessary to determine theKππ model from external WA3 data taken by the
ACCMOR collaboration. They obtained the branching fractions,

B(B0 → K1(1270)+π− +K1(1400)+π−) = 3.1+0.8
−0.7×10−5 (7.5σ)

B(B+ → K1(1270)0π+ +K1(1400)0π+) = 2.9+2.9
−1.7×10−5 (3.2σ), (5.5)
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Figure 10: TheKππ fit projections from BaBar. The top two plots are from twoB0 classes and the bottom
is for theB+ channel. The dashed curve representsK1(1270)π + K1(1400)π, the dash-dotted,K∗(1410)π
and the dotted curve is forK∗(892)ππ decays.

where theKππ fit projections are shown in Fig. 10. Using these results they obtain,|∆φ2| <

11◦ (13◦) at the 68% (90%) CL. Thus, the solution nearest the SM expectation fromB0→a1(1260)±π∓

decays isφeff
2 = (79±7±11)◦.

6. Summary

Many independent measurements ofφ2 have been performed at theB factories including new
results from BaBar inB+ → ρ+ρ0 andB→K1Aπ decays. At this time,B→ ρρ is the best environ-
ment for constrainingφ2 because of its relatively small penguins. However, only a time-dependent
amplitude analysis such as that which can be performed withB0 → (ρπ)0 will constrainφ2 without
ambiguity. The world average forφ2 has been determined by the CKMfitter and UTfit groups.
They obtainφ2 = (89.0+4.4

−4.2)
◦ [18] andφ2 = (92.0±3.4)◦ [19], respectively, which was obtained

from theφ2 scans shown in Fig. 11. TheB experiments have now accumulated their final data sets
and we anticipate the final word onφ2 from the first generation ofB experiments in the near future.
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