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We review recent experimental results on direct C'P violation. The hot topic is a measurement in charmless
two-body decays of B®, BT. In connection to this the first analogous measurements in BY and Ag decays are
now available. Furthermore first evidence for direct C'P violation in BT decays is obtained from Dalitz plot
analyzes of the K+tm— 7T final state at B-factories. The last group of discussed results probes the b — céd
transition in attempt to resolve the discrepancy between Belle and BABAR experiments in C' P violation in the

BY — Dt D~ decays.

1. Introduction

Measurements of the direct C'P violation form an
important test of the CKM mechanism of C'P viola-
tion in the standard model. In addition it provides a
window for searches for new physics beyond the stan-
dard model. Direct C'P violation is a decay property,
where the amplitudes for the processes B — f and
B — f are different. Experimentally it manifests as
the difference in the decay widths of the two charge
conjugated states. In the case of decays to the flavor
eigenstates, the experimental observable is the time
integrated asymmetry

B
Acp = —
cp 5

For decays to a common final state one has to disen-
tangle the C'P violation induced by the mixing from
the direct C'P violation. This requires a study of the
time dependent asymmetry

dr/dt(B — f) —dl'/dt(B — f)

Acp(t) = =t
cr(t) dr/dt(B — f) +dT/dt(B — f)
= Ssin Amt + Acos Amit,

where Am is the mixing frequency, S is the C'P viola-
tion in the interference of the decays with and without
mixing, and A is the direct C'P violation.

To have an observable direct C'P violation, at least
two interfering amplitudes with different weak and
strong phases are required. In case of the two am-
plitudes A; and A, with relative weak phase ¢ and
relative strong phase ¢ the decay widths are

F(B — f) X |A1 + A26i¢ei6|2
(B — f) o |A; + Aye™ )2,

With some algebra one can easily see that the asym-
metry is

Acp o sin ¢sin d.

The necessary condition for an observable direct C'P
violation is to have both the relative weak phase as
well as the relative strong phase different from 0 or 7.

The direct CP violation is rather well understood
theoretically, but difficult to predict. The difficulty
comes from the fact that Acp depends not only on
the weak phase, but also on the strong phase, which
involves non-perturbative long distance effects and it
is this part, which makes predictions difficult.

The importance of the direct C'P violation is man-
ifold. It is crucial for determining the angle v of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix. In ad-
dition it can provide useful tests of the theoretical
tools as well as tests of the CKM mechanism of C'P
violation. It also has potential for the discovery of
physics beyond the standard model. The best decays
for searches of new physics are those, which are dom-
inated by a single CKM phase. Observation of the
direct C'P violation in such decays would imply the
presence of a second amplitude and thus evidence for
new physics.

In this paper we review recent experimental results
on direct C'P violation. We start in section 2 with the
charmless two-body decays of B, B*, BY, and Ag.
In section 3 we discuss the first evidence for direct
CP violation in Bt — KTn~ 7T decays. Section 4
reviews measurements in the b — céd transition with
section 5 focusing on BT — JA)K™ decays.

2. Charmless two body b-hadron decays

Direct C'P violation is most thoroughly studied in
b-hadron decays to charmless two body final states.
Several dozens of different decays are already stud-
ied experimentally. In Fig. 1 we show a summary of
the most precise measurements in decays to a flavor
specific final state [1].

2.1. B® - K*r— and Bt — K*x° decays

The CP violation in the decay B® — K+~ is the
only direct C'P violation, which has been observed in
a single experiment with more than 5 standard devia-
tions. Together with results in the decay B* — K70
this generated a considerable amount of interest. In
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CP Asymmetry in Charmless B Decays
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Figure 1: Summary of the most precise measurements of
direct C'P violation in charmless two body decays of the
BT and B° mesons to a flavor specific final state [1].

the case of BT — K*n¥, two measurements are avail-
able. The Belle experiment [2] used 535 million BB
pairs and measures

Acp =0.07£0.03 £ 0.01.

The BABAR experiment [3], using 383 million BB
pairs, measures in the decay BT — KtrY

Acp =0.03£0.04 £ 0.01.
Averaging those two measurements yields
Acp = 0.05 £ 0.025.

Both experiments use thier sample also to measure
the direct CP asymmetry in the B — K7~ decay.
Belle obtains [2]

Acp = —0.094 £ 0.018 + 0.008

with a significance of 4.8 standard deviations.
BABAR measures [4]

Acp = —0.107 £ 0018027

with a significance of 5.5 standard deviations. Two
other measurements exist for the B — K7~ decay.
The CLEO experiment measures [5]

Acp = —0.040 £ 0.160 = 0.020

and the CDF experiment, using 1 fb~! of pp collisions,
measures [6]

Acp = —0.086 £ 0.023 & 0.009,

which has a significance of 3.5 standard deviations.
Averaging the four mentioned measurements one ob-
tains

Acp = —0.097 £ 0.012.
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Figure 2: Summary of the measurements of the direct C'P
violation in the B® — KTn~ (bottom) and the BT —
KT7° (top) decays.
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Figure 3: Contributions to the decay B — Km. The pos-
sible processes are a) tree, b) penguin, c) color suppressed
tree, and d) electroweak penguin amplitudes. The first
two contribute to both B — K+*7x~ and Bt — K*tx°
decays, while the last two contribute only to the decay
BT — KT7° The figure is reproduced from Ref. [2].

In Fig. 2 we show a graphical summary of the mea-
surements. In both decays, all measurements are con-
sistent with each other. What is clearly different is
the direct CP asymmetry in B and Bt decays. This
difference is in contradiction with the naive expecta-
tion that both asymmetries should be the same. In
Fig. 3 Feynman diagrams of all contributions to the
given decays are shown. The contributions are tree
(Fig. 3a), penguin (Fig. 3b), color suppressed tree
(Fig. 3c), and electroweak penguin (Fig. 3d) ampli-
tudes. While the first two are present in both BT and
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BY decays, the other two are present only in the B
decays. The naive expectation that the two direct C'P
asymmetries should be same comes from the neglec-
tion of color suppressed tree and electroweak penguin
amplitudes in the case of B* decays. While the differ-
ence in C'P asymmetry could be generated by a new
physics contribution to the electroweak penguin am-
plitude [7, 8], it is also too early to exclude that the
standard model with enhanced color suppressed tree
amplitude can explain the observed difference [9]. It
can be concluded that while the situation is tantaliz-
ing, it is not conclusive and it is too early to claim
the observation of new physics beyond the standard
model.

2.2. B, — K7 decays

While at the B-factories one can study only BT and
B9 mesons, the Tevatron experiments have access to
all b-hadron species. One of the important outcomes
is that the CDF experiment, together with the direct
CP violationin B — K*7~, also measures the direct
CP violation in the decay Bs — K~ 7 [6].

The standard model expectations vary strongly
with the calculation method and generally have large
uncertainties [10-12]. In the context of the standard
model a relation between the amplitudes in B° —
KT~ and B; — K~ 7T decays was predicted [13, 14].
In terms of the decay widths it has the form

B’ — K-r+) - T(B° - K*n~)

— =1.
[(BY — K-nt) —T(B. — K+r-)

This relation can be translated into a relation between
the direct C'P asymmetries between B® — K+~ and
B, — K~ 7" decays and has the form

Acp(BY — K~ ) B(B° — K*rn~)r(B°)

Acp(BY — K+tr—)  B(B? — K—n+)7(Bs)’

where B denotes the corresponding branching fraction
and 7 the mean lifetime. Using measured values for
B, lifetimes, and Acp(BY — K+7~) [1] one obtains

Acp(BY — K~ 7)) =~ 40.37. (1)

In Fig. 4 we show a typical mass distribution ob-
served by CDF using 1 fb~! of data in the charmless
two body b-hadron decays [15]. The signal for the de-
cay B — K—n" can be clearly separated and CDF
measures

Acp(B? — K~ nt) = 40.394+0.15+0.08.  (2)

The measurement is well consistent with the expecta-
tion from equation 1. It has 2.5 standard deviations
significance of being nonzero. As CDF already has
about 3 fb~! of data available for analysis, it will be
interesting to watch out for an analysis update, which
has the potential to provide the first evidence for di-
rect C'P violation in the BY system.
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Figure 4: Typical invariant mass distribution in the anal-
ysis of charmless two body b-hadron decays at CDF [15].
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Figure 5: Invariant mass distribution of charmless two
body decays. Shown is a more detailed view from Fig. 4,
focusing on the region with A decays [15].

2.3. A) - pK~ and A) — pr— decays

Two more decays in Fig. 4 are worth of mentioning.
Those are the decays A) — pK~ and A — pr—.
In Fig. 5 we show a zoom of Fig. 4 into the mass
region from 5.3 to 5.6 GeV /c? with a clear A) signal.
This allows for the first time to study the direct C'P
violation in b-baryon decays in experiment.

The decays of A} to pK~ and pr~ are not very
well studied theoretically. Mohanta et al. [16] predict
that in the standard model the C'P asymmetries can
reach a size of the order of 10%. On the other hand
in supersymmetry models with R-parity violation the
direct C'P violation could be significantly suppressed



Flavor Physics and CP Violation Conference, Taipei, 2008

[17].
With the sample shown in Fig. 5, CDF measures
the following C'P asymmetries

Acp(A) — prr) = 0.0340.17 +0.05,
Acp(A) — pK) = 0.3740.17 4 0.03.

Both decays are still compatible with no direct C'P
violation, but in the case of A) — pK ™ it is 2.1 stan-
dard deviations away from zero. Also both results are
compatible with the expected value of direct C'P vi-
olation. We can expect that at least in case of the
decay A) — pK~ the next round of analysis by CDF
will provide first evidence for direct C'P violation in
the b-baryon sector. Until then it would be welcome
if the theory expectations could be refined for those
decays.

3. Dalitz plot analysis of B™ — K*r— 7"

Many of the measurements shown in Fig. 1 involve
broad resonances. The experimental study of those
requires Dalitz plot analyses to resolve the broad res-
onances, which are often overlapping. Several three
body final states were studied by Belle and BABAR
using the Dalitz plot technique. The recent results
include B — K+tr— 70 [18, 19], B® - KTK~K°
[20], B® — K r" 7~ [21] and most importantly Bt —
K*r~nT [22, 23], which we discuss here in some de-
tail.

The Dalitz plot analyses of Bt — Ktx~zt are
performed by both Belle and BABAR using ~ 380
million BB pairs. The chosen Dalitz model slightly
differs between the two experiments, but the extracted
branching fractions for different components are con-
sistent. The total CP asymmetry of the decay BT —
K*T7n~7n% over the full Dalitz space is measured by
Belle to be

Acp(BT — KTn~7T) = 0.049 4 0.026 + 0.020.
BABAR measures the same quantity to be
Acp(BY — Kt7n777) =0.028 £ 0.02 £+ 0.02 + 0.012.

The last uncertainty is due to the Dalitz model, which
in case of the Belle result is included in the system-
atic uncertainty. In addition to the measurement over
the full Dalitz plot, also measurements in different
quasi-two-body final states were performed. In Fig. 6
we show the projection of the Dalitz plot fit from
Belle on the invariant mass of the two pions, sepa-
rately for BT and B~. The analogous distributions
from BABAR are shown in Fig. 7. The two de-
cays which are noteworthy are B* — p°(770)K+ and
BT — f9(1280)K ™. For those Belle measures

Acp(BT — p*(TT0)K ™)
Acp(BT — f(1280)K ) =

0.30 4+ 0.11793L
—0.59 + 0.22 + 0.04,
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Figure 6: Projection of the Dalitz plot fit from Belle of
Bt — KTn7 7" on the 77~ invariant mass in the re-
gion of the p°(770) and fJ(980) resonances [22]. The left
column shows B~ while the right one shows B™. The top
row contains all events. The middle and bottom row shows
two distinct kinematic regions.
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Figure 7: Projection of the Dalitz plot fit from BABAR
of Bt — K*n 7" on the 777~ invariant mass in the
region of the p°(770) and fJ(980) resonances [23]. The
left column shows B~ while the right one shows BT. The
top row contains all events. The middle and bottom row
shows two distinct kinematic regions.

and BABAR obtains
Acp(BT — p°(T70)K ™) = 0.4440.107996,
Acp(BY — f7(1280)K") = —0.85+0.2273%5.

The asymmetry Acp(BT — p?(770)K ) has a signif-
icance of 3.9 and 3.7 standard deviations for Belle and
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BABAR respectively, thus providing first evidence for
the direct CP violation in BT decays. Addition-
ally, the asymmetry Acp(B*T — f9(1280)K ™) from
BABAR shows a significance of more than 3 standard
deviations, but this decreases below 3 standard devia-
tions with some variations in the Dalitz model. Direct
C P asymmetries of all other decay modes in the Dalitz
model are compatible with zero.

4. b — ccd transition

Another topic which recently got a considerable
amount of attention is the C'P violation in b —
ccd transitions. While the standard model expects
tiny direct C'P violation in decays, governed by the
b — céd quark level transition, the measurement in
B° — D*D~ decays by Belle yielded an unusually
high value of [24]

Acp(B® — DTD™) = —0.91 4 0.23 + 0.06.

On the other hand the same measurement by BABAR
[25] resulted in

Acp(B® — DTD7) =0.11 4 0.22 4+ 0.07,

which is consistent with expectations, but inconsis-
tent with the Belle measurement. This discrepancy
and the fact that Belle measured a large C'P violation
prompted large interest and more work on related de-
cays governed by the b — ccd quark level transition.

41. Bt — D*D°

The decay BT — DD’ is an analog of the B —
D+ D~ decay proceeding with the same quark level
transition. This decay was previously analyzed by
BABAR using 231 million BB pairs [26]. In Fig. 8 the

beam constrained mass distribution of BT — D+tD°
events is shown. From 129 £ 20 signal events BABAR
extracts

Acp(BT — DVD’) = —0.13 £ 0.14 £ 0.02.

Recently Belle performed the same analysis using
657 million BB pairs [27]. The beam constrained mass
distribution is shown in Fig. 9. Using 194.2 £+ 20.4
signal events the measured direct C P asymmetry is

Acp(BT — D+D’) = 0.00 £ 0.08 £ 0.02.

Both measurements are consistent with no direct
C P violation, as expected within the standard model.
But it is also difficult to make a firm statement about
the C'P violation in the decay B® — DT D~ as spec-
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Figure 8: The beam constrained mass distribution of the
Bt — D™D’ events from BABAR [26].
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Figure 9: The beam constrained mass distribution of the
Bt — D™D’ events from Belle [27].

B9 — DT D~ decays so that the weak exchange and
weak annihilation diagrams are missing in the BT
case. While the two diagrams are expected to be neg-
ligible, it cannot be excluded that B° and Bt would
have different direct C'P violation in those decays.

4.2. B® — D**D*~

Another decay in which one can test the b — ccd
transition is the decay B° — D**D*~. This de-
cay proceeds through the same diagrams as the de-
cay B — Dt D~ and is therefore very useful in try-
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tribution, the full line the fit projection, and the points
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ing to understand the discrepancy between Belle and
BABAR in the B® — DT D~ decay. There is one com-
plication in the measurement as the final state consists
of two vector particles for which decays through dif-
ferent orbital momenta are possible. This causes that
the final state is a mixture of C'P-even and C'P-odd
final states, which needs to be taken into account.

BABAR uses 383 million BB pairs providing a sig-

nal of 617 + 33 BY — D**D*~ decays [28]. Belle re-
cently presented a measurement based on 535 million
BB pairs, which provides 545 & 29 signal events [29].
Both experiments use a cos 8y, distribution to disen-
tangle the C'P-even and C' P-odd fraction on a statis-
tical basis. 6y, is the polar angle of the pion from the
D** decay in the D*T rest frame with the z-axis being
normal to the D*~ decay plane and the x-axis oppo-
site to the D*~ momentum. The cos 8y, distribution
together with the fit projection is shown for BABAR
in Fig. 10 and for Belle in Fig. 11. The measured frac-
tion of C'P-odd component is 0.143 +0.034 + 0.008 for
BABAR and 0.116 £ 0.042 4+ 0.004 for Belle. For the
direct CP asymmetry BABAR measures

Acp(B0 — D**D*’) =—-0.02+0.11 £ 0.02,
and Belle measures
Acp(B® — D**D*7) = —0.16 £ 0.13 £ 0.02.

Both measurements are consistent with each other and
consistent with no direct C'P violation. This favors in
the B — DT D~ decays the BABAR measurement
to be correct over the Belle measurement.

4.3. BY — Jhr°

The last discussed decay proceeding through the
b — ced transition is the decay B® — Jar’. In
this decay, the tree amplitude is Cabibbo- and color-
suppressed, thus providing a useful laboratory to test
the penguin contribution from new physics beyond the
standard model.

Both Belle and BABAR analyzed this decay re-
cently. The Belle analysis is based on 535 million BB
pairs which provides 290 signal events [30]. The mea-
sured direct C' P asymmetry is

Acp(B® — Jhpn®) = —0.08 £ 0.16 & 0.05.

The analysis from BABAR is based on 466 million
BB pairs which yields 184 £ 15 signal events [31]. The
result for the direct CP asymmetry is

Acp(B® — Jhpn®) = —0.20 £ 0.19 £ 0.03.

Measurements from both B-factory experiments are
consistent with no direct C' P asymmetry as expected
in the standard model.

4.4, Summary

A graphical summary of the recent results on the
direct C'P violation in the B° decays governed by the
b — ccd transition is shown in Fig. 12. Taking into
account also B™ decays governed by the same transi-

tion, all measurements but BT — D+D" from Belle
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Figure 12: Summary of the current status of the direct
CP violation in the B° decays governed by the b — czd
transition [1].

are consistent with no direct C'P violation as expected
by the standard model. This is an indication that in
case of the B® — DT D~ decay the result observed
originally by Belle is most probably due to a fluctua-
tion rather than a sign of a new physics. On the other
hand averaging all measurements from the B° decays
yields

Acp(b— c€) = —0.14 £ 0.06,

which is naively 2.3 standard deviations from zero.

5. Bt — JiyK* decays

The last topic to discuss is a measurement of the di-
rect C'P violation in B* — JA)K™ by D@ [32]. This
decay is governed by the b — c¢s transition. In the
standard model tree and penguin amplitudes have a
small relative weak phase. Therefore one expects a
small direct C'P violation on a subpercent level. On
the other hand new physics contributions can enhance
it to around 1% [33, 34]. The measurement of the di-
rect C'P violation in this decay can be a clean way of
observing new physics, or important in constraining
different models of new physics. In addition the same
analysis has access to the decay BT — JApm™ pro-
ceeding through the b — céd transition which allows
another check of the large direct C P asymmetry seen
by Belle in the B — D™D~ decays.

The analysis uses 2.8 fb~! of data collected by the
D@ detector using the dimuon trigger. The invari-
ant mass distribution of selected events is shown in
Fig. 13. After selection, 40222 + 242 BT — JAK™*
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Figure 13: Invariant mass distribution of the BT —
Ji KT candidates from D@ [32].

and 1578 119 Bt — JAnt signal events are avail-
able. The most important effect which needs to be
controlled is the asymmetry induced by the difference
in the interaction of kaons with the detector material.
This asymmetry is measured directly from data using
the decay D** — D%rT with D° — ptv, K~ and
assuming no direct C'P violation in the semileptonic
DO decays. The asymmetry due to the kaon interac-
tion with material is found to be —0.0145 £ 0.0010.
Taking this into account, D@ measures the direct C'P
asymmetries

Acp(BY — JK™) = 0.0075 4+ 0.0061 & 0.0027,
Acp(BY — Jhpnt) = —0.09 £ 0.08 + 0.03.

Both asymmetries are consistent with zero as expected
in the standard model. The sensitivity of the asym-
metry Acp(BtY — JA)K™T) is approaching the inter-
esting region where it can start to make constraints
on new physics models.

6. Conclusions

The last year was very productive for experimental
studies of the direct C'P violation. We saw results
from the BABAR, Belle, CDF and D@ experiments.

The topic which attracted the most attention in the
last year is the direct C'P violation in the B® — K+n~
decay, which is most precisely measured and the only
one seen in a single experiment with a significance
of more than 5 standard deviations. The main point
of discussions is its difference from the decay BT —
K*70 which could be a sign of new physics, but could
also be an effect of neglected standard model ampli-
tudes, which could be sizable. In connection to this
result it will be interesting to watch out for updates of
the measurement in By, — K ~7+ decays. The current
measurement by CDF is 2.5 standard deviations from
zero and consistent with the large expected direct C'P
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violation. With the next update we could have first
evidence for C'P violation in the B system.

The second important achievement in the previous
year is the first analysis of the direct C'P violation in
the charmless two body A decays from CDF. While
its significance of being nonzero is only 2.1 standard
deviations for the decay A, — pK ~, the next update
could result in the first evidence of the direct C'P vi-
olation in the b-baryon sector.

The third important topic is the first evidence
for direct CP violation in the BT sector in decays
to pKT. This is seen by both Belle and BABAR,
with a chance that the asymmetry in the decay to
9(1280) K+ will reach a significance of more than 3
standard deviations as well.

The last point which obtained considerable atten-
tion are decays governed by the b — ced transition.
This interest was generated by the large C'P viola-
tion seen by Belle in the B® — D*tD~ decay. In
the last year new results most importantly on the
BY — D**D*~ and B° — J/)n°® decays became avail-
able. For both decays, measurements are consistent
with no C'P violation, but the naive average of the
BY decays governed by the b — ccd transition is 2.3
standard deviations from zero.

Altogether the last year provided many exciting re-
sults in the area of direct C'P violation with promises
for the near future. In that we might witness the first
evidence for the direct C'P violation in the By system
as well as in the Ap system.
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