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We review the experimental status of the angles of the Unitarity Triangle of the CKM matrix, as measured by

the BABAR and Belle experiments.

1. Introduction

The B Factories have demonstrated since the
beginning of this decade that CP violation in
the B meson system is consistent with the Stan-
dard Model (SM) description in terms of the
complex phase in the three-by-three Cabibbo-
Kobayashi-Maskawa (CKM) matrix [1]. With
one single phase, the SM predicts clear patterns
for quark mixing and CP violations, to be sat-
isfied by all processes. The unitarity relation
VuaVily +VeaVy + VigVy), = 0 among the first and
third columns of the CKM matrix is represented
in the complex plane by a Unitarity Triangle
(UT) with angles o = arg[—ViaVy; /VuaVyy ], B =
arg[—VeaViy /ViaVil, v = arg[~VaaVy/VeaVi3).
Physics beyond the SM could in general change
the picture; for this reason it is very important to
make many independent measurements to possi-
bly find inconsistencies of the SM. In the evo-
lution of BYB° pairs, we reconstruct the decay
of one meson to final f at proper time ¢¢, and
identify (tag) its flavor using information from
the other B meson in the event, decaying at time
ttag- The time-dependent CP asymmetry of B°
(B®) mesons decaying to final state f can be de-
fined as Acp(At) = (Nf — Nf)/(Nf + Nf) =
S¢sin(AmgAt) — Cy cos(AmgAt). Here At =
Ly — tiag, and Amyg is the mass difference of the

B meson mass eigenstates.!. The sine term re-

1Some authors, including the Belle collaboration, use the
symbols ¢2, ¢1, ¢3 for the angles a, 8,7, and Ay = —C}
for the parameter describing direct CP violation. In the
present article we will follow the a, 3,7, C'y nomenclature.

sults from the interference between direct decay
and decay after a B? — BY oscillation. A non-zero
cosine term arises from the interference between
decay amplitudes with different weak and strong
phases (direct CP violation) or from CP violation
in B — B mixing (the latter is predicted to be
small in the SM and has not been observed to
date).

The results discussed in the present paper
were obtained by the BABAR[2] and Belle [3] ex-
periments, respectively located at the PEP-II
and KEKB ete~™ asymmetric-energy B facto-
ries. Here pairs of BB mesons are produced
almost at rest in the decay of the Y(4S) reso-
nance. The separation between their decay ver-
tices is increased in the laboratory frame due to
the boost given by the asymmetric-energy beams.
The BABAR experiment has concluded the data
taking, collecting a total of 531 fb~!, of which
433 fb=! on the Y(4S) peak, corresponding to
about 470 x 10° BB pairs. Belle have logged
about 850 fb=1 (730 fb=! on the Y(4S) reso-
nance) as of June 2008. The results discussed in
the present report refer to about 383 x 106 BB
pairs (BABAR) and about 535 x 10° BB pairs
(Belle) unless otherwise noted.

2. Measurements of 3

2.1. sin23 from b — ccs

The B-Factory paradigm of CP violation mea-
surements is sin23 from b — ¢¢s decays. Be-
ing dominated by a single decay amplitude, in
the SM with very good accuracy Cy = 0 and

Work supported in part by US Department of Energy contract DE-AC02-76SF00515.
SLAC National Accelerator Laboratory, Menlo Park, CA 94025



Sy = —nysin2f for these decays, with n¢ the CP
eigenvalue of the final state. The latest measure-
ment from BABAR [4], sin23 = 0.714 + 0.032 +
0.018, C = 0.049+0.022 £+ 0.0172 includes modes
with n; = —1 (B® — JWpKY, $(25)K?, n.KY,
X1 K2), withny = +1 (B° — Jw K?), and B® —
Jfp K*0(n°K9), which has no definite CP parity.
Belle’s latest published measurement [5] concen-
trates on B — J/ K% sin28 = 0.650 & 0.029 +
0.018, C = 0.018 £ 0.021 £ 0.014. Belle have
recently published an updated measurement in
the 1(25)K? channel [6], based on 657 x 10 BB
pairs. The results, sin23 = 0.72+0.09 £ 0.03 and
C =0.0194+0.020 4+ 0.015, are in good agreement
with the B — J/i) K° measurement.

2.2. b — ccd decays

This class of decays includes both B® — J/ip 7",
whose expected main contribution is a color-
suppressed internal spectator tree diagram, and
BY — D®+D®) = dominated by a color-allowed
tree diagram. In either case the weak phase of
the involved CKM matrix elements is the same
as in b — ces decays, and the SM would predict
C =0 and S = sin2( in the absence of penguin-
mediated contributions. The new BABAR mea-
surement of the CP-even BY — J/ih7® channel
based on the full dataset of 466 x 10% BB pairs [7]
(S8 = —1.234+0.214+0.04, C = —0.20+0.19+0.03),
constitutes a 4-sigma evidence for CP violation in
this channel. The At distribution for B® and B°
tagged events is shown in Fig. 1. The branching
fraction of BY — J/ip ¥ is relevant for constrain-
ing possible penguin contributions to the SU(3)-
related channel J/i K° [8], and is measured to be
B(B° — Jiy7®) = (1.69 4+ 0.14 £ 0.07) x 107°.
The recent update from Belle[9] of the time-
dependent measurement of B® — Japn® (S =
—0.65+0.214+0.05, C = —0.08 + 0.16 £ 0.05), is
quite consistent with BABAR’s result.

The B® — D** D*~ channel is a Vector-Vector
(VV) final state, which can have L = 0,1,2 an-
gular momentum and therefore both even and
odd CP components. It is therefore necessary
to measure the CP-odd fraction R, and to take

2Here and in the following, unless otherwise noted, the
first error is statistical and the second one systematic.
They are combined if only one error is given.
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Figure 1. B — Ji7% At distribution for a
sample of signal-enriched events tagged as B°
(top) and B° (middle). The bottom plot shows
the At asymmetry (Ngo — Ngo)/(Npo + Ngo)-
The solid curves represent the fitted distributions;
the dashed line the background contribution.

into account the dilution due to the admixture.
Belle presented a preliminary update [10] of R} =
0.116 £ 0.042 £ 0.004, and of the CP-even asym-
metry measurement: S = —0.93 + 0.24 £+ 0.15,
C = —0.16 + 0.13 £ 0.02. The latest published
BABAR measurement [11] found a consistent value
of Ry, = 0.143 £ 0.034 + 0.008, as well as of
the CP parameters: S = —0.66 + 0.19 4+ 0.04,
C' = —0.02£0.1140.02. Belle claim [12] 3.2 sigma
evidence of direct CP violation in B® — Dt D~:
S =-1.134+0.374+0.09, C = +0.914+0.23+0.06.
This is unexpected in the SM and not supported
by BABAR’s measurement [13], which both in the
Dt D~ and in D** DT channels finds CP asym-
metries consistent with the SM prediction of tree
dominance [14] and therefore with the result in
b — c¢s. Since however some new physics models
could cause sizable corrections [15], it is impor-
tant to keep reducing experimental uncertainties.

2.3. b — gqs decays

The interest of b — ¢gs decays has been
pointed out for a long time. The quark transi-
tion b — s is forbidden in the SM at the tree
level, and proceeds dominantly through a penguin



diagram with CKM coefficients proportional to
Vin Vi and therefore with the same weak phase as
in BY — J/p K9 decays. Since the tree amplitude
is missing, small effects such as those expected
from additional diagrams due to heavy particles
circulating in the loop are in principle more easily
detectable. For this reason these decays are espe-
cially sensitive probes of new physics. We show
in Fig.2 a compilation prepared by the HFAG
group [16] of available measurement of b — s tran-
sitions. No recent measurements are available at
the time of the Capri 2008 Workshop, however
this is a field of central interest, where improved
experimental precision will hopefully help clari-
fying the nature of the small downward shift of
sin2(3.¢¢ observed in most of the b — s channels
respect to the charmonium reference value.

sin(2p™) = sin(2¢") A
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Figure 2. Summary of effective sin23 measure-
ments in b — s decay modes, compared to the
world average sin23 value in b — ccs.

3. Measurements of «

The angle « is measured with a time-dependent
analysis of charmless decays of neutral B mesons,
B — h*h™, with h = 7, p, a;. Due to the
interplay of tree and penguin diagrams in these
channels, the experiments are actually sensitive
to an effective parameter aeyry. As shown in [17],
one can in principle determine the shift o — aey ¢

induced by the penguin amplitudes using the
isospin-related decays B® — hTh~, B® — hOR?
and B* — hOh*. The procedure of measur-
ing the so-called ”isospin triangles” requires how-
ever rather large datasets, and leaves with up to
eight-fold ambiguities. A relation less stringent,
but more accessible with the current data sam-
ple since it does not require to tag the flavor of
the decaying B also holds [18]: sin?(a — aesf) <
B(B® — h°h°)/B(B* — h°h*), which is particu-
larly useful for small values of the numerator.

3.1. a from B — 7w

This is the “classic” channel to measure «, with
a well-established evidence for indirect CP viola-
tion by both B-Factory experiments, which still
show instead a poor (2.1 sigma) agreement on the
Crr parameter. Both BABAR[19] and Belle [20]
perform an isospin analysis to extract «, using all
the available information (S4+_, Cy_, Coo, B4,
B0, Boo), shown in Fig. 3. One of the allowed so-
lutions (a = (9673")° for BABAR, (o = 97 + 11)°
for Belle) is consistent with the indirect determi-
nation of o in the SM.
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Figure 3. Constraints on the angle o in B — 7w
from BABAR (left) and Belle (right).

3.2. o from B — pp

The decay channel B® — p*p~ has the same
quark content as 7T7~ and can also be used to
measure «. There are non-trivial experimental
complications due to the presence of two neutral
pions in the final state, with just weak mass con-
straints from the wide intermediate resonances.
Moreover, pTp~ is a VV state and necessitates
in principle a complete angular analysis to dis-
entangle the effect of the three possible helicity



states. On the other hand, the branching fraction
is about five times larger than B(B? — ntn™),
and the state is found to be almost purely longitu-
dinally polarized, so that a per-event transversity
analysis can be avoided and only the longitudi-
nal CP parameters need to be determined. There
is good agreement between CP violation measure-
ment in p*p~ from BABAR [21] and Belle [22]. The
HFAG average for the longitudinal components is
Cytp- = —0.06 £0.13, S,+,- = —0.05 £ 0.17.
BABAR [23] presented a preliminary first time-
dependent measurement in the B — p%p° chan-
nel. With 85 + 28 + 17 signal events in a sample
of 427 x 10% BB events, BABAR measure By =
(0.84+0.29+0.17) x 107°, f, = 0.704-0.144-0.05,
S, =05+09+0.2, C, =0.44+0.94+0.2. Con-
sistently, Belle [24] set the upper limit Bjo,0 <
1.0 x 107 at 90 % confidence level (C.L.).

3.3. a from B° — pm

The third mode used to measure the angle «
is B — 7t7~ 7Y This is not a CP eigenstate,
and four flavor-charge configurations (B°(B°) —
pt7T) must be considered. The corresponding
isospin analysis is extremely complicated involv-
ing pentagonal relations among the different am-
plitudes, and cannot be solved for the 12 un-
knowns with the present statistics. It was how-
ever pointed out[25] that the variation of the
strong phase of the interfering p resonances in
the Dalitz plot provides the necessary degrees of
freedom to constrain « with only the irreducible
(¢ — « + m) ambiguity. The two B-Factory
experiments have both performed this analysis.
BABAR [26] constrain « = (87713)°; Belle [27] ob-
tain the tighter constraint 68° < a < 95° at 68 %
C.L. for the solution compatible with the SM.

3.4. o from B° — a7

The channel B — a7, which has the same
quark content as the previous modes, has been re-
cently explored in [28]. With a sample of 608 £ 52
signal events, BABAR adopt a quasi-two-body ap-
proach to obtain a precise measurement of o fy =
(78.6 £ 7.3)°. Following the proposal in[29],
BABAR are also measuring branching fractions
in the SU(3)-related modes B — a1 K [30] and
B — K7 to constrain |a — ceyy|.

4. Measurements of ~y

Several ways have been proposed to measure
the angle v at the B Factories. The most ef-
fective methods to date exploit direct CP viola-
tion in B~ — D®O(D®O) K~ decays. The tree-
level decay amplitudes for the B~ — D®0K—
and B~ — D®OK~ transitions differ by a fac-
g)ei(sg (%)

tor r =), where rp’ is the magnitude of

the (b — u/b — ¢) amplitude ratio, and (55;) the
strong phase difference. Estimates of Tg) consid-
ering CKM and color suppression factors predict
small values, TS) ~ 0.1 + 0.2. Different mecha-
nisms have been proposed to obtain interference
from identical D° or D° final states. We shall
review recent results in the next subsections.

4.1. The GLW method

In the GLW method [31] neutral D mesons
are reconstructed in CP-even (Dcpy) and CP-
odd (Dcp—) eigenstates, as well as in fla-
vor eigenstates (D° or D°). The observables
Rep: = (Bapi + ngi)/(BBOK— + BgOK+)/2
and ACPi = ( 5pi - Bé'rpi)/(ngi + ngi)
are measured®. These quantities are sensitive to
the angle v: Rocp+ = 1+ 1% £ 2rpcosdp cos,
Acp+ = +2rpsindpsiny/Rop+. BABAR[32] re-
cently published updated measurement in B+ —
D*K*, with D** — D%, D20 and D°(DY)
reconstructed in CP-even (KTK~ ntn~), CP-
odd (K%7°, K%, K2¢), and flavor-specific modes
(K—7T), obtaining Acp+ = —0.11+0.09 +0.01,
Aop- = +0.06 £ 0.10 + 0.02, Rop+ = 1.31 £
0.13+0.04, Rcp- = 1.10£0.12 + 0.04. The ac-
curacy of these measurements does not allow a
determination of v with the GLW method alone,
but contributes improving the overall precision
when combined with the other methods.

4.2. The ADS method

The idea in the ADS approach [33] is to select
decays with similar overall amplitudes, in order
to maximize the interference and therefore the
sensitivity to CP asymmetries. This is achieved

3We use the compact notation 85P¥ = BB~ —
DopsK™), Bpy = B(B~ — DOK~), B, = B(B~ —

DYK ), and analogously for the BT decays.



selecting favored B — D decays followed by sup-
pressed D decays, or viceversa. Analogously to
the GLW case, it is possible to define ratios of
branching fractions of suppressed and favored de-
cays as Raps = BBéDsqpr/BB_)DfMK = 7‘% +
7"]23 + 2rprp cosycosdp, and CP asymmetries as
Aaps = (Bg-—p,,,k-—Bp+—p, k+)/SUM =
2rprpsinysindp/Raps. Belle [34] recently pub-
lished an updated analysis of the suppressed de-
cay chain B~ — DK, D — K't7—, based
on 657 x 10% BB pairs. They do not observe a
statistically significant signal in the suppressed
mode, and obtain Raps = (8.0753729) x 1073,
Aaps = (—0.137057 +0.26). These numbers are
used to set a 90 % C.L. upper limit on rg < 0.19.

4.3. Dalitz plot method

Selecting three-body decays of DY and D such
as KOhth™ (h = m, K), the Dalitz plot distribu-
tion depends on the interference of Cabibbo al-
lowed, doubly-Cabibbo suppressed and CP eigen-
state decay amplitudes. Neglecting mixing and
CP violation in the D°D° meson system, the am-
plitude for BT — D[K%hth~]K¥* can be written
as Ag;)(mQ_,mi) o« Aps + )\rg)ei(‘sg):”)ADi,
where m2 and mﬁ_ are the squared invariant
masses of the K%h~ and K2h* combinations re-
spectively, A = —1 for D°* — yD% and = 1 oth-
erwise, and Apy (Ap_) are the amplitudes of
the D°(D%) — KYh*h~ decay, described with
a detailed model involving several intermediate
resonances and extracted from large control sam-
ples of flavor-tagged D*t — DOt decays pro-
duced in c¢ events. The ’cartesian’ variables
2 =75 cos(65) F4), ¥ =y sin(sl) )
are used by the experiments to avoid the bias
due to rg) being positive definite. In their pre-
liminary work [35] based on 657 x 10° BB pairs,
the Belle collaboration reconstruct the decays
BT — DUOKF with D** — D9 and D° —
K% T7~, producing new and more precise re-
sults for the (x7y)$) parameters. With a sta-
tistical procedure they find rg = 0.16 £+ 0.04,
r = 0.21 £ 0.08 and v = (761]3)°. BABAR is
also publishing an updated result [36], based on
383 x 10° BB pairs. In addition to the modes
used by Belle, BABAR also reconstruct the decays

D* — D%, B¥ — DK*¥[K%¥], and D —
KYKTK~. As an illustration, results for (z,y)+
in the BT — DK mode from BABAR and Belle
are shown in Fig.4. Thanks to the larger num-
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Figure 4. One- and two-sigma 2-dimensional C.L.
contours in the (24, y+) plane from BABAR (left)
and Belle (right).

ber of reconstructed channels and to a better
analysis efficiency, BABAR determines the (z, y)(; )
parameters with the same accuracy as Belle de-
spite the smaller data sample, finding 3 sigma
evidence of CP violation. However, the BABAR
data favor smaller rp values (rp = 0.086 £ 0.035,
75 = 0.135+0.051, kry = 0.16370:952)4, and thus
a larger error for v (y = (76133)°).

5. Summary and outlook

The B Factories have established CP viola-
tion in several B decays, and measured sin2(
in charmonium decays with precision better than
4%. All 8 measurements in many different chan-
nels are consistent. Some channels, such as the
penguin-dominated b — s modes are particularly
promising because they are especially sensitive to
heavy virtual states.

The angle « is being studied in charmless B —
wm, pp and pmw transitions. The first measure-
ments of the B® — p°p® decay confirm the in-
dication that the effect of penguin amplitudes is
relatively small in pp decays, which in fact yield
the most stringent constraints on «. New chan-
nels such as B — a;7 and SU(3)-related decays
are being studied, and will hopefully contribute to

4The amplitude ratio in BT — DYK*F events is described
by krs, with s taking into account non-resonant K gﬂ':F
contributions .



improve the determination of «, which will even-
tually be limited by penguin pollution.

A precise measurement of the angle ~, simply
unthinkable at the beginning of the B-Factory
era, is now a reality thanks to the large accumu-
lated statistics and the number of B decays sen-
sitive to this angle. Several new measurements
of BT — DYKT transitions have appeared re-
cently, and strong evidence for direct CP viola-
tion in these decays is building up. The Dalitz
method in particular provides the most stringent
constraints to date.

All measurements of CKM angles are at present
statistically limited, and will therefore become
more precise in the near future, when the BABAR
collaboration analyze their full dataset, and Belle
continue to accumulate new data.
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