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We report the determination of the Cabibbo-Kobayashi-Maskawa CP-violating angle v through the
combination of various measurements involving B* - DK*, B* - D*K*, and B* —» DK**
decays performed by the BABAR experiment at the PEP-II e"e™ collider at SLAC National Acceler-
ator Laboratory. Using up to 474 million BB pairs, we obtain v = (69%1%)° modulo 180°. The total
uncertainty is dominated by the statistical component, with the experimental and amplitude-model
systematic uncertainties amounting to +4°. The corresponding two-standard-deviation region is
41° < v < 102°. This result is inconsistent with v = 0 with a significance of 5.9 standard devia-
tions.

PACS numbers: 13.25.Hw, 12.15.Hh, 14.40.Nd, 11.30.Er

INTRODUCTION AND OVERVIEW the matrix, Vg and Vj.

The parameter vy, defined as

In the Standard Model (SM), the mechanism of CP
violation in weak interactions arises from the joint ef-
fect of three mixing angles and the single irreducible
phase in the three-family Cabibbo-Kobayashi-Maskawa
(CKM) quark-mixing matrix [1]. The unitarity of the
CKM matrix V implies a set of relations among its el-
ements, V;;, with ¢ = u,c,t and j = d,s,b. In partic-
ular, VgV + VeaVy + ViaVy; = 0, which can be de-
picted in the complex plane as a unitarity triangle whose
sides and angles are related to the magnitudes and phases
of the six elements of the first and third columns of
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arg[—VuaV.h/VeaVyi], is one of the three angles of this
triangle. From measurements of the sides and angles
of the unitarity triangle from many decay processes, it
is possible to overconstrain our knowledge of the CKM
mechanism, probing dynamics beyond the SM [2]. In
this context, the angle v is particularly relevant since it
is the only CP-violating parameter that can be cleanly
determined using tree-level B meson decays [3]. In spite
of a decade of successful operation and experimental ef-
forts by the B factory experiments, BABAR and Belle, v
is poorly known due to its large statistical uncertainty.
Its precise determination is an important goal of present
and future flavor physics experiments.

Several methods have been pursued to extract v [4—
9]. Those using charged B meson decays into DM K+
and DK* final states, denoted generically as D(*) K ()%
yield low theoretical uncertainties since the decays in-
volved do not receive contributions from penguin dia-
grams (see Fig. 1). This is a very important distinction
from most other measurements of the angles. Here, the
symbol D) indicates either a D° (D*°) or a D° (D*?)
meson, and K*¥ refers to K*(892)* states. The meth-
ods to measure v based on BT — D®K®E decays
rely on the interference between the CKM- and color-
favored b — cus and the suppressed b — wucs ampli-



tudes, which arises when the D° from a B~ — DK~
decay [10] (and similarly for the other related B decays)
is reconstructed in a final state which can be produced
also in the decay of a D° originating from B~ — DK~
(see Fig 1). The interference between the b — cus and
b — uts tree amplitudes results in observables that de-
pend on their relative weak phase 7, on the magnitude
ratio rg = |A(b — ucs)/A(b — cus)| and on the relative
strong phase dp between the two amplitudes. In the case
of a nonzero weak phase v and a nonzero strong phase
0, the B~ and BT decay rates are different, a manifes-
tation of direct CP violation. The hadronic parameters
rp and dp are not precisely known from theory, and may
have different values for DK+, D*K*, and DK** final
states. They can be measured directly from data by si-
multaneously reconstructing several D decay final states.

FIG. 1: Dominant Feynman diagrams for the decays B~ —
DK~ (left) and B~ — D°K™ (right). The left diagram
proceeds via b — cus transition, while the right diagram pro-
ceeds via b — u€s transition and is both CKM- and color-
suppressed.

The three main approaches employed by the B factory
experiments are:

e the Dalitz plot or Giri-Grossman-Soffer-Zupan
(GGSZ) method, based on three-body, self-
conjugate final states, such as K277~ [7];

e the Gronau-London-Wyler (GLW) method, based
on decays to CP-eigenstate final states, such as
K+*K~ and Ko7° [8];

e the Atwood-Dunietz-Soni (ADS) method, based
on D decays to doubly-Cabibbo-suppressed final
states, such as D° — K7~ [9].

To date, the GGSZ method has provided the highest
statistical power in measuring v. The other two meth-
ods provide additional information that can further con-
strain the hadronic parameters and thus allow for a more
robust determination of . The primary issue with all
these methods is the small product branching fraction
of the decays involved, which range from 5 x 107° to
5 x 1079, and the small size of the interference, propor-
tional to rp =~ cp|Ves V5 |/|Vus Ve | = 0.1, where c¢p ~ 0.2
is a color suppression factor [11-13]. Therefore a pre-
cise determination of «y requires a very large data sample
and the combination of all available methods involving
different D decay modes.

Recently, Belle [14] and LHCb [15] have presented
the preliminary results of the combination of their mea-
surements related to «, yielding v to be (68f}i)o and

(71f%)0, respectively. Attempts to combine the results
by BABAR, Belle, CDF, and LHCb have been performed
by the CKMfitter and UTfit groups [2]. Their most re-
cent results are (66 £ 12)° and (72 £ 9)°, respectively

The BABAR experiment [16] at the PEP-IT asymmetric-
energy ete™ collider at SLAC has analyzed charged B
decays into DK*, D* K+, and DK** final states using
the GGSZ [17-19], GLW [20-22] and ADS [22-24] meth-
ods, providing a variety of measurements and constraints
on v. The results are based on a dataset collected at a
center-of-mass energy equal to the mass of the 7°(45) res-
onance, and about 10% of data collected 40 MeV below.
We present herein the combination of published BABAR
measurements using detailed information on correlations
between parameters that we have not previously pub-
lished. This combination represents the most complete
study of the data sample collected by BABAR and bene-
fits from the possibility to access and reanalyze the data
sample (see Sec. II for detail).

Other analyses related to v [25-27] or 28 + v [28, 29]
have not been included, because the errors on the exper-
imental measurements are too large.

II. INPUT MEASUREMENTS

In the GGSZ approach, where D mesons are re-
constructed into the K2rt7~ and KYK+K~ final
states [17-19], the signal rates for B* — D™ K* and
B* — DK** decays are analyzed as a function of the
position in the Dalitz plot of squared invariant masses
m% = m?(K%h™), m% = m?(KSh™), where h is either
a charged pion or kaon (h = 7, K). We assume no CP
violation in the neutral D and K meson systems and ne-
glect small DY — DY mixing effects [32, 33], leading to
A(m2,m?%) = A(m3,m%), where A (A) is the D° (D°)
decay amplitude. In this case, the signal decay rates can
be written as [34]

Fg)(mg,mi) x

* 2 *
A+ 78| A 2 + 20 Rel2) AL A,
s (m?,m%) «

|A+? + 72| A2 |? + 2Refzec AL AZ], (1)

with Ay = A(m%,m2) and AL is the complex conjugate
of Ax. The symbol A for B¥ — D*K¥ accounts for the
different CP parity of the D* when it is reconstructed
into D7° (A = +1) and Dy (A = —1) final states, as a
consequence of the opposite CP eigenvalue of the 7° and
the photon [35]. Here, Tgi and rsy are the magnitude
ratios between the b — u¢s and b — cus amplitudes for
BT — DWK* and B* — DK** decays, respectively,
and (5](_;), 05 are their relative strong phases. The analysis



extracts the CP-violating observables [19]
20 = 2+ iyl
Zst = Tt + 1Yst, (2)

defined as the suppressed-to-favored complex amplitude
ratios zgf) = rgiei(‘;g)i” and zg4 = m“siei(‘;si”, for
BT — DWK* and B* — DK** decays, respectively.

The hadronic parameter k is defined as
IAC(p)Au (p)eia(p)dp
VJ A2p)dp [ A2 (p)dp

where A.(p) and A, (p) are the magnitudes of the b — cus
and b — wucs amplitudes as a function of the B¥ —
DK97* phase space position p, and §(p) is their relative
strong phase. This coherence factor, with 0 < x < 1 in
the most general case and k = 1 for two-body B decays,
accounts for the interference between B* — DK** and
other B¥ — DK97t decays, as a consequence of the
K** natural width [12]. In our analysis, s has been
fixed to 0.9 and a systematic uncertainty has been as-
signed varying its value by 40.1, as estimated using a
Monte Carlo simulation based on Dalitz plot model of
B* — DK97™ decays [18]. Thus, the parameter &, is an
effective strong-phase difference averaged over the phase
space.

Kelds =

(3)

TABLE I: CP-violating complex parameters z(;) = x(ﬂ;‘) —|—iy:(t*)
and zs4+ = Zs+ + 1Ys+, measured using the GGSZ tech-
nique [17]. The first uncertainty is statistical, the second is
the experimental systematic uncertainty and the third is the
systematic uncertainty associated with the D° decay ampli-
tude models. The sample analyzed contains 468 million BB
pairs.

Real part (%)
zZ_ 6.0+3.9+0.7+0.6
zi —-10.3+3.7+0.6 £0.7
z* —1044+51+£1.94+0.2
Zi 14.7+53+1.7+0.3
Zs— 75+£9.6+29+0.7
zsy —15.14+83+294+0.6

Imaginary part (%)
6.2+ 45+04+0.6
—21+ 484+044+0.9
— 52+ 63+09+0.7
—32+ 7.7+£08+0.6
127+ 95+£2.74+0.6
4.5+ 10.6 £3.6 0.8

Table I summarizes our experimental results for the

CP-violating parameters zgf) and zg1. Complete 12 x 12
covariance matrices for statistical, experimental system-
atic and amplitude model uncertainties are reported in

Ref. [17]. The 20 and z,4 observables are unbiased and
have Gaussian behavior with small correlations, even for
low values of rg), krs and relatively low statistics sam-
ples. Furthermore, their uncertainties have minimal de-
pendence on their central values and are free of physical
bounds [19]. These good statistical properties allow for
easier combination of several measurements into a sin-
gle result. For example, the rather complex experimen-
tal GGSZ likelihood function can be parameterized by a

12-dimensional (correlated) Gaussian probability density

function (P.D.F.), defined in the space of the 25:) and
zs+ measurements from Table I. After this combination
has been performed, the values of v and of the hadronic
parameters rg), KT, 5g), and J5 can be obtained.

The D decay amplitudes Ay have been determined
from Dalitz plot analyses of tagged D° mesons from
D*T — D% decays produced in eTe™ — ¢ events [18,
36], assuming an empirical model to describe the varia-
tion of the amplitude phase as a function of the Dalitz
plot variables. A model independent, binned approach
also exists [7, 37|, which optimally extracts information
on ~ for higher statistics samples than the ones available.
This type of analysis has been performed as a proof of
principle by the Belle collaboration [38], giving consis-
tent results to the model-dependent approach [39]. The
LHCDb collaboration has also released results of a model-
independent GGSZ analysis [40].

In order to determine v with the GLW method, the
analyses measure the direct CP-violating partial decay
rate asymmetries

I'(B~ - DY), K~)-T(B+* - DY) K+)
I(B~ — DS K=) + T(B* — DG K+)
(4)

and the ratios of charge-averaged partial rates using D
decays to CP and flavor eigenstates,

Ag}i =

I'(B~ = DS) K~)+T(Bt = DY) K+)
[(B~ — D®OK—) + (Bt — DXOKT)
(5)

(G —
Repy = 2

)

where Dg;l . refers to the CP eigenstates of the D®) me-

son system. We select D mesons in the CP-even eigen-
states 7~ 7t and K~ Kt (Dcpy), in the CP-odd eigen-
states K97Y, K2¢, and K% (Dcp-), and in the non-CP
eigenstate K7+ (D° from B~ — D°h~) or KTn~ (D°
from BT — DYh*). We recontruct D* mesons in the
states Dr® and Dv. The observables Afp . and Rip.,
for B¥ — DK** decays are defined similarly.

For later convenience, the GLW observables can be re-
lated to zgf ) and zs+ (neglecting mixing and CP violation
in neutral D decays) as

OBING

A(C*I)Di N j:1 + |z(*)|; + (,Téi) + xS:))’ ©)

and
RE., = 141202+ @" +20)), (7)
where |2(*)|? is the average value of |z$)|2 and |z(_*)|2. For

B* — DK** decays, similar relations to Eqs. (6) and (7)
hold, with k = 1, since the effects of the non-K* B —
DK events and the width of the K* are incorporated



into the systematic uncertainties of the A¢p, and R¢py
measurements [22].

Table IT summarizes the results obtained for the GLW
observables. In order to avoid overlaps with the sam-
ples selected in the Dalitz plot analysis, the results for
B* — Dcp_K®* decays are corrected removing the
contribution from Dep— — K2¢, ¢ — KTK~ candi-
dates [20]. For the decays B¥ — D¥p [Dcep-nl]K*,
B* — D¢p [Dep-~)K*, and BY — Dep_K**, such
information is not available. In this case, the overlap
is accounted for by increasing the uncertainties quoted
in Refs. [21, 22] by 10% while keeping the central val-
ues unchanged. The 10% increase in the experimen-
tal uncertainties is approximately the change observed
in B — Dcp_K® decays when excluding or including
D — K% in the measurement. The impact on the com-
bination has been found to be negligible.

TABLE II: GLW observables measured for the B — DK®
(based on 467 million BB pairs) [20], B¥ — D*K¥* (383
million BB pairs) [21], and B¥ — DK** (379 million BB
pairs) [22] decays, corrected removing the contribution from
Dep_ — K%, ¢ — KT K~ candidates. The first uncertainty
is statistical, the second is systematic.

CP-even CP-odd
Rep+ 1.18 + 0.09 £+ 0.05 1.03 + 0.09 £+ 0.04
Acp+ 0.25 £0.06 & 0.02 —0.08 & 0.07 £ 0.02
Ripy 1.31 £0.13 £ 0.04 1.10 £0.13 & 0.04
Cr+ —0.11 £ 0.09 £ 0.01 0.06 = 0.11 £ 0.02
Répy 2.17 £0.35 £ 0.09 1.03 £0.30 = 0.14
CP+ 0.09 £0.13 £0.06 —0.23 £ 0.23 £ 0.08

As in the case of the GGSZ observables, A(&li, Atpy,

Rg} 4, and R¢p, have Gaussian uncertainties near the
best solution, with small statistical and systematic cor-
relations, as given in Ref. [20] for B¥ — Dcp_ K+ de-
cays. The GLW method has also been exploited by the
Belle [41], CDF [42], and LHCb collaborations [43], with
consistent results.

In the ADS method, the DY meson from the favored
b — cus amplitude is reconstructed in the doubly-
Cabibbo-suppressed decay KTm~, while the D° from
the b — wcs suppressed amplitude is reconstructed in
the favored decay Ktm~ [22, 23]. The product branch-
ing fractions for these final states, which we denote
as B~ — [Ktn7|pK~, B~ — [K'n7|5K~, B~ —
[KT7~]pK*~, and their CP conjugates, are small (~
10~7). However, the two interfering amplitudes are of
the same order of magnitude, allowing for possible large
CP asymmetries. We measure charge-specific ratios for
BT and B~ decay rates to the ADS final states, which
are defined as

and similarly for R%, where the favored decays B~ —
[K~7t]pK~, B~ — [K nt],K~, and B~ —
[K~7t|pK*~ serve as normalization so that many sys-
tematic uncertainties cancel. The rates in Eq. (8) depend
on v and the B decay hadronic parameters. They are re-

lated to zgf) and zs4 through

2
Rgf) = Tgi +74 4+ 2 rp x(*)cosép—yik)sinép ,
(9)

where rp = |A(DY - Ktn™)/AD? — K—71)| and
d0p are the ratio between magnitudes of the suppressed
and favored D decay amplitudes and their relative strong
phase, respectively. As in Eq. (1), the symbol A for
B* — D*K#* decays accounts for the different CP parity
of D* = D% and D* — D~. The values of rp and dp
are taken as external constraints in our analysis. As for
the GLW method, the effects of other B*¥ — DK9r*
events, not going through K**, and the K*¥ width,
are incorporated in the systematic uncertainties on R?.
Thus, similar relations hold for these observables with
k=1.

The choice of the observables Ry (and similarly for
R% and R?%) rather than the original ADS observ-
ables Raps = (Ry + R_)/2 and Aaps = (R- —
R.)/2Raps [9] is motivated by the fact that the set of
variables (Raps, Aaps) is not well behaved since the un-
certainty on Aapg depends on the central value of Raps,
while R4 and R_ are statistically independent observ-
ables. Although systematic uncertainties are largely cor-
related, the measurements of R, and R_ are effectively
uncorrelated since the total uncertainties are dominated
by the statistical component.

We have also reconstructed B* — [KFr*n0p K+ de-

cays [24] from which the observables RE ™’ have been
measured, which are related to the GGSZ observables as

Knn® 2 2
Riﬂ—ﬂ' = Trp+ + TKnm0 + 2K;K7r7'ro/rK7Tﬂ’0
X [X4 COSOf¢crn0 — Y4 SINOpcrro], (10)

where Kgqr0 is a D decay coherence factor similar to
that defined in Eq. (3) for the B* — DK%* decay,
and where 70 and g0 are hadronic parameters for
DY — K*7F70 decays analogous to rp and ép.

Table IIT summarizes the measurements of the ADS
charge-specific ratios for the different final states. Con-
trary to the case of the GGSZ and GLW observables,
R(*), %, and Rf”o do not have Gaussian behavior.
The experimental likelihood function for each of the
four decay modes, shown in Fig. 2 for B¥* — DK#*
and B* — D*K%* decays, is well described around the
best solution by an analytical P.D.F. composed of the
sum of two asymmetric Gaussian functions. For the
B* — DK** channel, we use instead a simple Gaus-
sian approximation since in this case the experimental
likelihood scans are not available. The effect of this ap-
proximation has been verified to be negligible, given the



small statistical weight of this sample in the combination.
Measurements using the ADS technique have also been
performed by the Belle [44, 45], CDF [46], and LHCb
collaborations [43], with consistent results.

TABLE III: ADS observables included into the combination
for B¥ — DK* with D — K= (based on 467 million BB
pairs) and D — Knr® (based on 474 million BB pairs),
B* — D*K* (467 million BB pairs), and B¥* — DK**
(379 million BB pairs) decays [22-24]. The first uncertainty
is statistical, the second is systematic.

Bt B~
Ry 0.022 £ 0.009 £ 0.003  0.002 £ 0.006 £ 0.002
R% [Dn°] 0.005 £ 0.008 £ 0.003  0.037 £ 0.018 4= 0.009
R%L [D~] 0.009 £ 0.016 £ 0.007  0.019 £ 0.023 £ 0.012

R3 0.076 £0.042 £ 0.011 0.054 £ 0.049 £ 0.011
0
RE™ 0005 g0 R o012 ook oo

IIT. OTHER MEASUREMENTS

Similar analyses related to ~ measurement have
been carried out using the decay B~ — DK~
with the D — 7t7 7% final state [25], and the
neutral B decay B — DK*(892)°, K*(892)° —
K-nt, with D — Ktn~ [26] and D —
K*a% K*n¥a0 K*aFrEa® [27]. For neutral B de-
cays, rp is naively expected to be larger (= 0.3) be-
cause both interfering amplitudes are color suppressed
and thus cp =~ 1. However, the overall rate of events
is smaller than for B~ — DK™~ decays. The flavor
of the neutral B meson is tagged by the charge of the
kaon produced in the K** decay, K*(892)° — K7t or
K*(892)° — KTm—.

Experimental analyses of the time-dependent decay
rates of B — D®Fx+ and B — D¥p(770)* decays have
also been used to constrain v [28, 29]. In these decays,
the interference occurs between the favored b — cud and
the suppressed b — ucd tree amplitudes with and without
B — BY mixing, resulting in a total weak phase differ-
ence 283 + v [30], where 8 is the angle of the unitarity
triangle defined as arg[—V.qV);/ViaV;]. The magnitude
ratios between the suppressed and favored amplitudes
rpe, and rp, are expected to be ~ 2%, and have to
be estimated either by analyzing suppressed charged B
decays (e.g., Bt — D*7%) with an isospin assumption
or from self-tagging neutral B decays to charmed-strange
mesons (e.g., B — D}7n~) assuming SU(3) flavor sym-
metry and neglecting contributions from W-exchange di-
agrams [30]. Performing a time-dependent Dalitz plot
analysis of B — DT K97* decays [31] could in principle
avoid the problem of the smallness of r. In these decays
the two interfering amplitudes are color suppressed, and
rp is expected to be =~ 0.3 but the overall rate of events
is too small with the current data sample.
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FIG. 2: Experimental likelihoods as functions of the ADS
charge-specific ratios R+ (a,b), R [D7°] (¢,d), R [Dv] (e,f),
and Rﬁf”o (g,h), from Refs. [23, 24], including systematic
uncertainties. The P.D.F.s are normalized so that their max-
imum values are equal to 1. These distributions are well pa-
rameterized by sums of two asymmetric Gaussian functions
with mean values as given in Table III.

In both cases, the errors on the experimental measure-
ments are too large for a meaningful determination of ~,
and have not been included in the combined determina-
tion of v reported in this paper. However, these decay
channels might provide important information in future
experiments.

IV. COMBINATION PROCEDURE

We combine all the GGSZ, GLW, and ADS observables
(34 in total) to extract «y in two different stages. First, we
extract the best-fit values for the CP-violating quantities

ng ) and Zs+, whose definitions correspond to those for



()
+

the quantities z_’ and zs4 of the GGSZ analysis given in

Eq. (2).

Their best-fit values are obtained by maximizing a
combined likelihood function constructed as the product
of partial likelihood P.D.F.s for GGSZ, GLW, and ADS
measurements. The GGSZ likelihood function uses a 12-
dimensional Gaussian P.D.F. with measurements z\,’ and
zs+ and their covariance matrices for statistical, exper-
imental, and amplitude model uncertainties, and mean

(expected) values ng ) and Z,.. Similarly, the GLW like-
lihood is formed as the product of four-dimensional Gaus-

sian P.D.F.s for each B decay with measurements A(C*lli,

Atpy, Rgg 1, R¢py and their covariance matrices, and
expected values given by Egs. (6) and (7) after replacing

the 25: ) and zs+ observables by the ng ) and Z,+ parame-
ters. Finally, the ADS P.D.F. is built from the product of
experimental likelihoods shown in Fig. 2. With this con-
struction, GGSZ, GLW, and ADS observables are taken
as uncorrelated. Similarly, the individual measurements
are considered uncorrelated as the experimental uncer-
tainties are dominated by the statistical component.
The combination requires external inputs for the
D hadronic parameters Tp, 0p, Tirx0, Orro, and
Kizr0. We assume Gaussian P.D.F.s for rp = 0.0575 +
0.0007 [32] and r g rr0 = 0.046940.0011 [47], while for the
other three we adopt asymmetric Gaussian parameteri-
zations based on the experimental likelihoods available

either from world averages for dp = (202.079;%,)° [32] or

from the CLEOc collaboration for d g -0 = (472%)" and
Kinmo = 0.84 & 0.07 [48]. The values of §p and dpr0
have been corrected for a shift of 180° in the definition
of the phases between Refs. [23, 24] and Refs. [32, 48].
The correlations between rp and dp, and between K g0
and dg .0, are small and have been neglected. All five
external observables are assumed to be uncorrelated with
the rest of the input observables.

The results for the combined CP-violating parameters

ng ) and Z;+ are summarized in Table IV. Figure 3 shows
comparisons of two-dimensional regions corresponding to
one-, two-, and three-standard-deviation regions in the
Z4, Zy, and Zg4 planes, including statistical and sys-
tematic uncertainties, for GGSZ only, GGSZ and GLW
methods combined, and the overall combination. These
contours have been obtained using the likelihood ratio
method, —2AIn £ = s2, where s is the number of stan-
dard deviations, where 2AIn £ represents the variation
of the combined log-likelihood with respect to its maxi-
mum value [47]. With this construction, the approximate
confidence level (C.L.) in two dimensions for each pair
of variables is 39.3%, 86.5%, and 98.9%. In these two-
dimensional regions, the separation of the B~ and B*
positions is equal to 2rg|sinvy|, 2rg|siny|, 2krg|sin-y|
and is a measurement of direct CP violation, while the
angle between the lines connecting the B~ and BT cen-
ters with the origin (0,0) is equal to 2. Therefore, the
net difference between 7, and Z_ observed in Table IV
and Fig. 3 is clear evidence for direct CP violation in

10

B* — DK® decays.

In Fig. 3, we observe that when the information from
the GLW measurements is included the constraints on
the best fit values of the parameters are improved. How-
ever, the constraints on 7, are poor due to the quadratic
dependence and the fact that rg < 1. This is the reason
why the GLW method alone can hardly constrain . Sim-
ilarly, Eq. (9) for the ADS method represents two circles
in the (ZT4,7,) plane centered at (rpcosdp,rpsindp)

and with radii \/R+. It is not possible to determine
~ with only ADS observables because the true (T4,74)
points are distributed over two circles [49]. Therefore,
while the GLW and ADS methods alone can hardly de-
termine -y, when combined with the GGSZ measurements
they help to improve significantly the constraints on the
CP-violating parameters Z, 7z}, and Z+.

TABLE IV: CP-violating complex parameters 23? ) = fi‘ )+
iyg) and Zs+ = Ts+ + 17, obtained from the combination
of GGSZ, GLW, and ADS measurements. The first error is
statistical (corresponding to —2A1n £ = 1), the second is the
experimental systematic uncertainty including the systematic

uncertainty associated to the GGSZ decay amplitude models.

Real part (%) Imaginary part (%)

zZ_ 81+23+0.7 44+£34+£05
Zy -9.3£22+0.3 —1.7£46+04
z" —70+£36=+1.1 —10.6 £5.4+2.0
pa 10.3+£29+£0.8 —1.4+£83%£25
Zs— 13.3£81+£26 13.9+£88£3.6
Zst —9.8+69+1.2 11.0+11.0+6.1

V. INTERPRETATION OF RESULTS

In a second stage, we transform the combined (Z+,7, ),
(74,7%), and (Tsy,y,y) measurements into the physi-
cally relevant quantities v and the set of hadronic pa-
rameters u = (rg,rp, krs,08,05,0s). We adopt a fre-
quentist procedure [50] to obtain one-dimensional con-
fidence intervals of well-defined C.L. that takes into
account non-Gaussian effects due to the nonlinearity
of the relations between the observables and physical
quantities. This procedure is identical to that used in
Refs. [17, 18, 20, 22, 23].

We define a x2 function as

(y,u) = —2AInL(y,u)
= —2[1n£(’7,u)_1n£max]u (11)

where 2A1InL(y,u) is the variation of the combined
log-likelihood with respect to its maximum value, with

the E(i* ) and Zs+ expected values written in terms of ~y

and u, i.e., replacing 70 and Zs+ by rg)ei@g)iv) and
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FIG. 3: (color online). Two-dimensional —2AIn £ = s® contours (up to three standard deviations, i.e., s = 1,2,3) in the Z+
(left column), z4 (center column), and Zs+ (right column) planes, for the GGSZ measurement only (top row), the GGSZ and
GLW combination (middle row), and the GGSZ, GLW, and ADS combination (bottom row). The solid (blue) and dashed (red)

lines correspond to B~ and BT decays.

kree%E7) respectively. To evaluate the C.L. of a cer-
tain parameter (for example 7) at a given value (), we
consider the value of the x? function at the new mini-
mum, anin(FYOa u0)7 sa’tiSfying AX2 (’YO) = anin(FYOa uO) -
X2 > 0. In a purely Gaussian situation, the C.L. is
given by the probability that Ax?(vp) is exceeded for a
x? distribution with one degree of freedom, 1 — C.L. =
Prob[Ax?(y0); v = 1], where Prob[Ax?(vo); v = 1] is the
corresponding cumulative distribution function (this ap-
proach is later referred to as “Prob method”) [47]. In
a non-Gaussian situation one has to consider Ax?(7o)
as a test statistic, and rely on a Monte Carlo simula-
tion to obtain its expected distribution. This Monte
Carlo simulation is performed by generating more than

10° samples (sets of the 39 GGSZ, GLW, ADS, and D
decay observable values), using the combined likelihood
evaluated at values (yo,up), i.e., £(70,up). The confi-
dence level C.L. is determined from the fraction of exper-
iments for which Ax%(v0) > Ax?(70), where Ax%(v) =
X% (v0,u)) — X2, for each simulated experiment is de-
termined as in the case of the actual data sample. We
adopt the Monte Carlo simulation method as baseline
to determine the C.L., and allow 0 < Tg), krs < 1 and

—180° < v,6%), 6, < 180°.

Figure 4 illustrates 1 — C.L. as a function of ~, rg),

KT, 5g), and Jg, for each of the three B decay chan-
nels separately and, in the case of -, their combination.



The combination has the same twofold ambiguity in the
weak and strong phases as that of the GGSZ method,
(1:6%).6,) — (v + 180°;6%) + 180°, 6, + 180°). From
these distributions, we extract one- and two-standard-
deviation intervals as the sets of values for which 1 —C.L.
is greater than 31.73% and 4.55%, respectively, as sum-
marized in Table V. When comparing these intervals to
those obtained with the GGSZ method only, also shown
in Table V, we observe that the combination helps im-

proving the constraints on rg) and krg, but not those on
~. To assess the impact of the GLW and ADS observables

in the determination of v, we compare 1 — C.L. as a func-

tion of rg) and ~ for all B decay channels combined using
the GGSZ method alone, the combination with the GLW
measurements, and the global combination, as shown in
Fig. 5. While the constraints on rp are clearly improved
at the one- and two-standard-deviation level, and to a
lesser extent on 7%, their best (central) values move to-
wards slightly lower values. Since the uncertainty on -y

scales approximately as 1 /rg), the constraints on v at
68.3% and 95.4% C.L. do not improve, in spite of the
tighter constraints on the combined measurements shown
in Fig. 3. However, adding GLW and ADS information
reduces the confidence intervals for smaller 1 — C.L., as
a consequence of the more Gaussian behavior when the

significance of excluding rg) = 0 increases. Thus, for
example, in the region close to four standard deviations,
the GGSZ method alone does not constrain -y, while the

combination is able to exclude large regions.

TABLE V: 68.3% and 95.5% 1-dimensional C.L. regions,
equivalent to one- and two-standard-deviation intervals, for
Y, 553*), s, rg), and krs, including all sources of uncertainty,
obtained from the combination of GGSZ, GLW, and ADS
measurements. The combined results are compared to those
obtained using the GGSZ measurements only, taken from
Ref. [17]. The results for 7, 51(;), and Js are given modulo
a 180° phase.

Parameter 68.3% C.L. 95.5% C.L.
Combination GGSZ Combination GGSZ
v (°) 69710 68715 [41,102] (39, 98]
re (%) 9.2t13 96+29  [6.0,12.6] [3.7,15.5]
5 (%) 106758 133732 [3.0,14.7]  [4.9,21.5]
wrs (%) 14.3755 149755 [3.3,25.1] < 28.0
5 (°) 105118 119759 [72,139]  [75,157]
65 (%) —66121 —82421 [-132,—26] [—124, —38]
bs (°) 101 +43 111432 [32,166]  [42,178]

The significance of direct CP violation is obtained by
evaluating 1 — C.L. for the most probable CP conserving
point, i.e., the set of hadronic parameters u with v = 0.
Including statistical and systematic uncertainties, we ob-
tain 1 — C.L. = 3.4 x 1077, 2.5 x 1073, and 3.6 x 1072,
corresponding to 5.1, 3.0, and 2.1 standard deviations,
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FIG. 4: (color online). 1 — C.L. distributions for the combi-
nation of the GGSZ, GLW and ADS methods as a function of
v (top), rg)7 and krs (middle), and 6](;)7 ds (bottom), includ-
ing statistical and systematic uncertainties, for BY — DK™,
B* - D*K®*, and B* — DK** decays. The combination of
all the B decay channels is also shown for v. The dashed (dot-
ted) horizontal line corresponds to the one- (two-) standard-
deviation C.L..

for B¥f - DK*, B* — D*K*, and B* — DK** de-
cays, respectively. For the combination of the three decay
modes we obtain 1 — C.L. = 3.1 x 10~?, corresponding
to 5.9 standard deviations. For comparison, the corre-
sponding significances with the GGSZ method alone are
2.9, 2.8, 1.5, and 4.0 standard deviations [51], while with
the GGSZ and GLW combination they are 4.8, 2.7, 1.8,
and 5.4, respectively.

The frequentist procedure used to obtain ~ and the
hadronic parameters u is not guaranteed to have perfect
coverage, especially for low values of rg), rs. This is due
to the treatment of nuisance parameters [50]. Instead
of scanning the entire parameter space defined by v and
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FIG. 5: (color online). Comparison of 1—C.L. as a function of
rp (top), rp (middle), and v (bottom) for all B decay chan-
nels combined with the GGSZ method only, the combination
with the GLW measurements, and the global combination,
including statistical and systematic uncertainties. The hori-
zontal lines represent the one-, two-, three- and four-standard-
deviation C.L..

u (seven dimensions), we perform one-dimensional scans,
in which, during MC generation, the nuisance parameters
are set to their re-optimized best-fit values at each scan
point. In order to evaluate the coverage properties of our
procedure, we generate more than 10° samples with true
values of (y,u) set to their best fit values, (Ybest, Ubest)s
as given in Table V. For each generated experiment, we
determine 1 —C.L." at 79 = Ypest, as done previously with
the actual data sample using the Monte Carlo simulation
method. The statistical coverage «, defined as the prob-
ability for the true value of v (79) to be inside the given
1 — C.L. interval, is evaluated as the fraction of exper-
iments with 1 — C.L.” larger than 1 — C.L.. We obtain
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a = 0.679 + 0.005 (0.955 4 0.002) for the combination,
and o = 0.670 £+ 0.005 (0.950 £ 0.002) for the GGSZ
method alone, for C.L. = 0.683 (0.954), respectively.
For comparison purposes, the corresponding values using
the Prob method are o = 0.641 + 0.005 (0.941 + 0.003)
and o = 0.609 4 0.005 (0.920 4 0.003). While the Prob
method tends to underestimate the confidence intervals,
the Monte Carlo simulation method provides intervals
with correct coverage, especially for the combination
where the magnitude ratios between the suppressed and
favored decays have more stringent constraints.

VI. SUMMARY

In summary, using up to 474 x 10 BB decays recorded
by the BABAR detector, we have presented a combined
measurement of the CP-violating ratios between the
b — ucs and b — cus amplitudes in processes BT —
D®K* and B¥* — DK**. The combination proce-
dure maximizes the information provided by the most
sensitive v measurements and analysis techniques that
exploit a large number of D decay final states, includ-
ing three-body self-conjugate, CP, and doubly-Cabibbo-
suppressed states, resulting in the most precise measure-
ment of these ratios. From the measurements of these
ratios we determine v = (6971%)° (modulo 180°), where
the total uncertainty is dominated by the statistical com-
ponent, with the experimental and amplitude model sys-
tematic uncertainties amounting to +4°. We also derive
the most precise determinations of the magnitude ratios
rg) and krs. The two-standard-deviation region for v is
41° < v < 102°. The combined significance of v # 0
is 1 —C.L. = 3.1 x 1079, corresponding to 5.9 standard
deviations, meaning observation of direct CP violation in
the measurement of . These results supersede our pre-
vious constraints based on the GGSZ, GLW, and ADS
analyses of charged B decays [17-21, 23, 24|, and are
consistent with the range of values implied by other ex-
periments [38-43, 43-46].
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