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Measurements of the angle a (¢2) of the Unitarity Triangle from the BABAR experiment are presented. The
measurements are based on about 230 million BB pairs where one B meson decays into two pions, two rhos, or
three pions (Dalitz analysis). These three measurements yield a combined value of o = (103%4")°.

1. Physics motivation

In the Standard Model, CP violation in the
quark sector is due to the complex Vogayr ma-
trix relating the quark weak eigenstates to their
mass eigenstates. One unitarity condition can
be written as the Unitarity Triangle: V, V.5 +
VgV +VigVip = 0. Over-constraining this trian-
gle allows one to search for inconsistencies in the
Standard Model. Its angles are generally mea-
sured in CP-violating processes. The angle f is
the phase of V;4 accessible in B°B° mixing, and
has already been measured precisely at the B fac-
tories. The angle ~y is the phase of V,; found in
b — wu transitions like B — 77, pp, or pm. The
angle « = m — 3 — v can be extracted in pro-
cesses that involve both BYB® mixing and b — u
transitions.

2. Extraction of a in B — 7w, pp decays.

2.1. Time-dependent CP asymmetry.

A B° meson can decay into a final CP eigen-
state fop, like 717~ or ptp~, either directly
with an amplitude Ay, , or after having mixed
to a B meson with an amplitude 2 x Afer,
where ¢ and p relate the B-mesons mass eigen-
states to their flavor eigenstates: |By, >= p|B® >
+¢|B° >, |By >= p|B° > —¢q|B° >. As CP vi-
olation in the mixing itself is negligible, % ~1
and % ~ ¢~28_ The study of the time dependent

CP asymmetry:
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[(B° = fep) =T(B° = fcp)
L(B° — fep) +T(B® — fep) (1)
= Sop sin(AmgAt) — Cy. , cos(AmgAt)

Afcp (At) =

allows one to measure Sy, , and Cy,, which are

. . A
functions of the ratio Ay, = % X AZ# of the
CcP

B° decay amplitudes with and without mixing:

2% (A fep) D P
Sfcp = T e Cfcp = —F_1+|)‘fcp|2' Note that

Ct.p # 0 only if Iﬁ;CPI # 1, i.e. in the presence
of direct CP violation. While Stop # 0 can occur
without direct CP violation, its value is affected
by direct CP violation.

B° — hth~ decays (hh = wm,pp) are domi-
nated by the b — u tree amplitude 7', with weak
phase v. Ignoring other contributions, one would
simply get Ap+p- = £ x T = e 120727 = ei2
Ch+p- = 0 and Sp+p- = sin(2a). But contri-
butions of amplitude P, from dominant gluonic
penguins and with no weak phase, allow direct
CP violation. If we define the amplitude T as
that dominated by tree processes but also includ-
ing non-dominant penguins with a weak phase
v, and if 0 is the strong phase difference be-
tween the T" and P amplitudes then: A,+,- =

i2a || +|Plet e’ ; _
W, Ch*h* o SZTL(S, and Sthhf -

V1—C? x sin(2aesy). Measuring Cp+p,- and
Sph+n- only yields an effective value of a, .y,
which depends on the B-decay mode studied.
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2.2. The isospin analysis

Fortunately, other B-mesons decays to hh can
be used to determine the difference oo — ey us-
ing isospin symmetry [1]. Tree and penguin con-
tributions to hh decays are summarized in Table
1. Since the tree amplitude in the B® — hOh0
decays is color suppressed and of the same or-
der of magnitude as the penguin amplitude, the
branching ratio of these modes is expected to be
small. Also the isospin conservation rules exclude
gluonic penguin transitions for isospin-even h*h°
final states. These modes are then pure tree de-
cays, though the ptp® final state could have a
slight isospin 1 contribution due to the wide p res-
onances [2]. The SU(2) isospin symmetry relates

Table 1
Mode Tree Penguin
hth— Color-allowed Present
hOhO Color-suppressed Present
hThO Color-allowed Forbidden

the amplitudes of all the hh modes. Moreover, the
amplitude of the pure tree AT h? mode is equal to
that for its charge conjugate process. We define
AT™ = A(B® = hth™), AT = A(BT — hth?),
A% = A(B® — hPRY), with the symbol ~ for
the charge conjugate processes. Neglecting elec-
troweak penguins and SU (2)-breaking effects, we
obtain:

At 00 40 _ -0 At- 500
— 4+ A =AT"=A4A""=— 4+ A" . (2)

V2 V2

These relationships are represented as two tri-
angles with a common base, as shown in Figure
1. Measuring the lengths of the sides of the two
triangles, or the branching ratios of the various
modes, constrains a — ae¢y.

3. BABAR analyses

Three analyses are discussed. A combined con-
straint on a will be shown at the end.
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Figure 1. Isospin relationships.

3.1. Common features of analyses

The BABAR detector is described in details in
[3]. BB pairs resulting from the Y (4S) decays are
produced in a coherent state. The CP asymme-
try is measured as a function of the difference
At = yBAz between the two B-mesons decay
times which is proportional to Az, the difference
between their flight distances due to a boost of
vB = 0.56 given to the Y(4S). The average Az
is around 250 pm, with a resolution of about 170
pm. One of the B mesons is fully reconstructed
into the B decay of interest (7w, pp, or wrw),
while the other B meson is used to tag its flavor
at production time. Tagging combines different
techniques including the use of semileptonic de-
cays and secondary kaons. The B-flavor tagging
power @ = ¥;€;(1 — 2w;)? is close to 30%, when
summed over the different tagging categories i,
with efficiencies €; and mistag rates w;.

To select the signal, hadron identification
is used to separate pions from kaons. The
beam energy (Epeqm) substituted mass mps =
VE;2 —~—pi, and the energy difference AE =

Ey — Ej, ... are powerful kinematic discriminat-
ing variables, peaking respectively for the signal
at the B-meson mass and zero. The symbol *
refers to the Y(4S) rest frame. The largest back-
ground consists of ¢7 (¢ = u,d,s,c) continuum
events. The BB events look spherical while the
continuum events are jet-like, so event shape vari-
ables are also used for separation. The variables
are combined into one using either a Fisher dis-
criminant or a neural network. The following re-
sults are based on a multi-variable maximum like-
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lihood analysis of the quasi-independent observ-
ables mgs, AE, and the Fisher discriminant or
neural net output.

3.2. Results from B — 77 decays

The time-dependent CP asymmetry of the
B° — mt7~ decays has been studied using
227 x 10 BB pairs [4]. A fit that includes
467 £ 33 reconstructed signal events gives a mea-
surement of S, = —0.30 &+ 0.17 &+ 0.03 and
Crr = —0.09 + 0.15 + 0.04, consistent with no
direct CP violation. The errors are statistics lim-
ited.

The branching ratios of the various 7w modes
are needed to perform an isospin analysis. The
branching ratio BR(B? — nt7n~) = [4.7+ 0.6 &+
0.2]x 10~ was measured earlier using 88 x10° BB
pairs [5], and was updated after this conference
[6]. The branching ratios of the B® — 79%7% and
BT — 7t7% modes, as well as those of their
charge conjugate processes, have been measured
using 227 x 10% BB pairs [7]. The average branch-
ing ratios BR over the charge conjugate pro-
cesses, as well as the time-integrated charge asym-
metries C' are: BRoo = [1.17£0.324+0.10] x 107,
Coo = —0.12 £ 0.56 + 0.06, BR1o = [5.8 £ 0.6 +
0.4] x 1075, C4p = —0.01 £ 0.10 £ 0.02. The
B® — 7%7% branching ratio is small but much
larger than theoretical expectations. It was ob-
served with a 5.0 o significance. The final con-
straints on a are not strong enough to derive a
measurement (see Sec. 4).

3.3. Results from B — pp decays

B — pp analyses are experimentally more chal-
lenging than the B — 77 analyses as the final
states consist of four pions, including two 7° for
the p*p~ mode. The wide p resonances result in
more background. These vector-vector modes are
also not CP eigenstates. But as they are almost
100% longitudinally polarized, an analysis of the
sole longitudinal (CP-even) component is ade-
quate. On the other hand, the B — pp branching
ratio is about 6 times larger than for B — 7, and
the penguin pollution is much smaller as we will
see. Thus this mode is better for constraining «
(see Sec. 4). A similar analysis to that for 77—
is performed for the p™p~ mode in [8], with the

Figure 2. B® — p*p~ decay helicity frame.

reconstructed masses of the two ps as well as their
helicity angles as additional observables, and the
fraction fr, of longitudinal polarization as an ad-
ditional parameter. The decay rate as a func-
tion of fr and the helicity angles 6; 5 (Fig. 2) is:
d(ffl;ez x % sin? 6, sin® @5 + f1, cos? 6 cos? 0,
Using 232 x 10 BB pairs, we obtain f; =
0.978 £ 0.01473050.  For the longitudinal com-

ponent, we have S7 ” = —0.33 £ 0.241393 and

4 -
C?"P" = —0.03+ 0.18 % 0.09.

The 617 £+ 52 signal events found are con-
sistent with the previous measurement of the
branching ratio [9] of [30 £ 4 £ 5] x 1075 us-
ing 89 x 10% BB pairs. To perform the isospin
analysis, a lower limit of 1.1 x 107% at 90%
confidence level on BR(B® — p°p°) [10] was
measured recently, assuming this mode is purely
longitudinal (the most conservative limit). The
largest systematics is due to the potential inter-
ference with a7 (22%). An isospin analysis is
also presented in [10], using the average of old
Belle [12] and BABAR [11] results for the p*p°
mode: BR(BT — ptp®) = [26.4 £6.4] 107% and
fr(ptp®) = 0961095, The small value of the
p°p° branching ratio compared to the one for the
pure tree p* p® mode shows that the penguin con-
tributions are small in the pp modes.

The most probable solution for a is (100+13)°.
(See Sec. 4).

3.4. B® - rt7— 7% Dalitz analysis.

The B® — p*r* decay has no final CP eigen-
state like 77~ or ptp~. An isospin analysis
would not constrain sufficiently the many ampli-
tudes of the B%* decays to ptn—, p~nt, p°n0,
pT 0, p°7t and their charge conjugates. A bet-
ter approach [13] is based on the time-dependent



analysis of the B® — nt7=70 decay over the
Dalitz plot, using the isospin symmetry as an
additional constraint. As this B — 37 decay is
dominated by pm resonances (Fig. 3), its ampli-
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Figure 3. Dalitz plot for B® — 7+ 7~ 70 decays.

tude is a function of well-known kinematic func-
tions of the Dalitz variables and of the B® — pr
amplitudes, themselves functions of a and tree
and penguin contributions: A(B? — pfr %) =
Tre~' + P% (k=(0,+,—)). Only the sign of the
weak phase « is changed when switching to the
charge conjugate process. The time-dependent
CP analysis of the B — nt7=7% decay then
provides enough constraints to extract o and the
tree and penguin amplitudes. This measurement
has been done at BABAR [14] using 213 x 10 BB
pairs, giving a value of a = (113727 £ 6)°.

4. Summary of the BABAR results on «

Figure 4 [15] summarizes all constraints on «
obtained at BABAR , yielding a combined value of
a = (10373")° in good agreement with the global
CKM fit using other world measurements. The
pp mode gives the best single measurement, but
has mirror solutions that are disfavored thanks
to the Dalitz analysis results. The contribution
to the constraint from the 77 modes is limited,
mostly due to the large penguin pollution.
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Accuracy will improve in the future with more
data, and with updates of the ptp® and ptp~
branching ratios using our full data sample. The
measurement of the p°p® branching ratio is the
limiting factor. When the p°p® channel is ob-
served, a time-dependent CP analysis could also
provide additional constraints. New Belle results
using the pp mode [16] shown shortly after this
conference are in good agreement with BABAR .
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Figure 4. Confidence level versus « for all modes.
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