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First evidence for cos 23 > 0 and resolution of the CKM Unitarity Triangle ambiguity
by a time-dependent Dalitz plot analysis of B - D®h° with D — K%r* 7~ decays
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We present first evidence that the cosine of the CP-violating weak phase 2/ is positive, and hence
exclude trigonometric multifold solutions of the CKM Unitarity Triangle using a time-dependent
Dalitz plot analysis of B — D™ h® with D — KrH 7~ decays, where h° € {m° n,w} denotes a light
unflavored and neutral hadron. The measurement is performed combining the final data sets of the
BABAR and Belle experiments collected at the 7°(4S) resonance at the asymmetric-energy B factories
PEP-II at SLAC and KEKB at KEK, respectively. The data samples contain (471 & 3) x 10° BB
pairs recorded by the BABAR detector and (7724 11) x 10° BB pairs recorded by the Belle detector.
The results of the measurement are sin28 = 0.80 % 0.14 (stat.) £ 0.06 (syst.) & 0.03 (model) and
cos2f3 = 0.91 £ 0.22 (stat.) & 0.09 (syst.) & 0.07 (model). The result for the direct measurement of
the angle 8 of the CKM Unitarity Triangle is 8 = (22.5 & 4.4 (stat.) & 1.2 (syst.) & 0.6 (model))°.
The quoted model uncertainties are due to the composition of the D — K377~ decay amplitude



model, which is newly established by performing a Dalitz plot amplitude analysis using a high-

statistics e™

e~ — ¢t data sample. CP violation is observed in B® — D h° decays at the level of 5.1

standard deviations. The significance for cos28 > 0 is 3.7 standard deviations. The trigonometric
multifold solution 7/2 — 8 = (68.1 £ 0.7)° is excluded at the level of 7.3 standard deviations. The
measurement resolves an ambiguity in the determination of the apex of the CKM Unitarity Triangle.

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

In the standard model (SM) of electroweak interac-
tions, the only source of CP violation is the irreducible
complex phase in the three-family Cabibbo-Kobayashi-
Maskawa (CKM) quark-mixing matrix [I]. The BABAR
and Belle experiments discovered CP violation in the B
meson system [2H5]. In particular, by time-dependent
CP violation measurements of the “gold plated” decay
moddﬂ B — J/szg and other decays mediated by
b — ¢&cs transitions [6, [7], BABAR and Belle precisely
determined the parameter sin23 = sin 2¢1E| where the
angle 8 of the CKM Unitarity Triangle is defined as
arg [V, , V5 /V,,Vii] and V;; denotes a CKM matrix el-
ement. Inferring the CP-violating weak phase 25 from
these measurements of sin 25 leads to the trigonometric
two-fold ambiguity, 25 and © — 28 (a four-fold ambiguity
in ), and therefore to an ambiguity on the CKM Uni-
tarity Triangle. This ambiguity can be resolved by also
measuring cos 23, which is experimentally accessible in B
meson decay modes involving multibody final states such
as B® — J/yK%r° [8 0], B® — D**D*~K? [10, [11],
B — KOKTK~ [1213], B® — Knt7~ [14, 18], and
B® — DMARO with D — K97t 7~ decays (abbreviated
as B® — [Kgﬂﬂr_]g) h°) [16HI8]. However, no pre-
vious single measurement has been sufficiently sensitive
to establish the sign of cos 23, to resolve the ambiguity
without further assumptions.

The decays B® — D0 with D — K%t~ and
h® € {x% n,w} denoting a light neutral hadron, provide
an elegant way to access cos23 [19]. The B® — D®*)p0
decay is predominantly mediated by CKM-favored b —
¢ud tree amplitudes. Additional contributions from
CKM-disfavored b — ticd tree amplitudes that carry dif-
ferent weak phases are suppressed by |V, V¥ /V, V.5 | ~
0.02 relative to the leading amplitudes and can be ne-
glected at the experimental sensitivity of the presented
measurement. The D — K77~ decay exhibits com-
plex interference structures that receive resonant and
nonresonant contributions to the three-body final state
from a rich variety of intermediate CP eigenstates and
quasi-flavor-specific decays. Knowledge of the variations
on the relative strong phase as a function of the three-
body Dalitz plot phase space enables measurements of

1 In this Letter the inclusion of charge-conjugated decay modes is
implied unless otherwise stated.

2 BABAR uses the notation 8 and Belle uses ¢1; hereinafter 3 is
used.

both sin2f8 and cos2f from the time evolution of the
B — [Kgﬂ'ﬂr’]g) h° multibody final state.

Assuming no CP violation in B°-B° mixing and no di-
rect CP violation, the rate of the B® — [KOn 7] (;) RO
decays is proportional to

—|at]

e "B

T { [Apol? + 1Aps[?]

—q (| Ap0|* = | Apo|?) cos(AmgAt)

+ 2qnpo (—1)L Im (e‘QiﬁADoA*ﬁU) sin(AmdAt)},
(1)

where At denotes the proper-time interval between the
decays of the two B mesons produced in the ete™ —
T (4S) — BYBY event, and ¢ = +1 (—1) represents
the b-flavor content when the accompanying B meson
is tagged as a BY (BY). The parameters 7o and Amyg
are the neutral B meson lifetime and the B°-B° os-
cillation frequency, respectively. The symbols Apo =
A(M?(gﬂ,,Mf(gﬂ) and Apo = A(M?(gﬂ+,MI2(g7r,) de-
note the D° and D° decay amplitudes as functions of
the Lorentz-invariant Dalitz plot variables Mf{gﬂ_

(Pko + pa—)? and MIQ(g7r+ = (ko + pat)?, where the
symbol p; represents the four-momentum of a final state
particle i. The factor n,o is the CP eigenvalue of hY.
The quantity L is the orbital angular momentum of the
DhY or D*h° system. The last term in Eq. can be

rewritten as

Im (e_QiﬂADoA*ﬁo) = Im (ADoA%O) cos 23
—Re (ApoAf,)sin23,  (2)

which allows sin 28 and cos 2 to be treated as indepen-
dent parameters.

Measurements of sin23 and cos28 in BY — D®)p0
with D — K%7t7~ decays are experimentally chal-
lenging. The branching fractions of the B and D me-
son decays are low (O(10~%) and O(1072), respectively),
and the neutral particles in the final state lead to large
backgrounds and low reconstruction efficiencies. In ad-
dition, a detailed Dalitz plot amplitude model or other
experimental knowledge of the relative strong phase in
the three-body D meson decay is required. Previous
measurements of these decays performed separately by
BABAR and Belle were not sufficiently sensitive to estab-
lish CP violation [16HIS], obtaining results far outside of



the physical region of the parameter space [I6], and us-
ing different Dalitz plot amplitude models [16, [I7], which
complicates the combination of individual results.

In this Letter, we present measurements of sin 25 and
cos2f from a time-dependent Dalitz plot analysis of
B — D®AO with D — K% 7~ decays that combines
the final data samples collected by the BABAR and Belle
experiments, totaling 1.1ab ™! collected at the 1" (45) res-
onance. The combined approach enables unique exper-
imental sensitivity to cos28 by increasing the available
data sample and by applying common assumptions and
the same Dalitz plot amplitude model simultaneously to
the data collected by both experiments. As part of the
analysis, an improved D — K977~ Dalitz plot ampli-
tude model is obtained from high-statistics ete™ — cé
data. This allows the propagation of the model uncer-
tainties to the results on sin28 and cos 23 obtained in
B — D®AO with D° — K% *7~ decays in a straight-
forward way. In the following, the extraction of the
DY — K277~ Dalitz plot amplitude model parameters
from Belle ete™ — cé data is summarized. Thereafter,
the time-dependent Dalitz plot analysis of the B meson
decay combining BABAR and Belle, data is described. A
more detailed description of the analysis is provided in
Ref. [20].

To measure the D° — Ko7t 7~ decay amplitudes, we
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use a data sample of 924fb~! recorded at or near the
7 (4S) and 7(55) resonances with the Belle detector [21]
at the asymmetric-energy e™e™ collider KEKB [22]. This
gives a large sample of D mesons enabling precise mea-
surement of the decay amplitudes, so in effect nothing
would be gained by the inclusion of the equivalent BABAR
data. The decays D** — Dz} with D® — KOrtx-
and KQ — mn~ are reconstructed, and the flavor of the
neutral D meson is identified as D° (D) by the positive
(negative) charge of the slow pion mF emitted from the
D** decay. Charged pion candidates are formed from
reconstructed tracks, and the selection requirements de-
scribed in Refs. [24] 25] are applied to K2 candidates.
To reject background originating from B meson decays,
a requirement of p*(D*T) > 2.5(3.1) GeV/c for candi-
dates reconstructed from 7' (4S5) (7(55)) data is applied,
where p* denotes the momentum evaluated in the eTe™
center-of-mass (c.m.) frame. Events are selected by the
DO candidate mass Mpo and the D*t — DY mass differ-
ence AM, and a yield of 1217300 4 2000 signal decays
is obtained by a two-dimensional unbinned maximum-
likelihood fit to the Mpo and AM distributions [20].

Similar to previous D°-D° oscillation analyses and
measurements of the Unitarity Triangle angle v [26] by
BABAR, Belle and LHCb [27H30], the D° — K%t 7~ de-
cay amplitude is parameterized as:

A(M?(gﬂ— ) Migﬂ) = Z arew"'Ar(M;Q(gﬂ—vMigﬂ) + P (M) + AKWLZO(MIQ(gW—) + AK""L:O(ME{%‘N‘F)’ (3)

r#(Kn/nm)L=0

The symbols a, and ¢, represent the magnitude
and phase of the 7™ intermediate quasi-two-body
amplitude A, contributing to the P- and D-waves.
These amplitudes are parameterized using an isobar
ansatz [31] by relativistic Breit-Wigner (BW) prop-
agators with mass-dependent widths, Blatt-Weisskopf
penetration factors [32], and Zemach tensors for the
angular distributions [33]. The following intermedi-
ate two-body resonances are included: the Cabibbo-
favored K*(892)~ 7", K3(1430)" 7+, K*(1680) 7T,
K*(1410)~ 7™ channels; the doubly Cabibbo-suppressed
K*(892)Tn~, K3(1430)T7n~, K*(1410)*7~ modes; and
the CP eigenstates K2p(770)°, KOw(782), K2f2(1270),
and KYp(1450)°. The symbol F; denotes the amplitude
for the mm S-wave using the K-matrix formalism in the
P-vector approximation with 4 physical poles [34] [35].
The symbol Ak, _, represents the amplitude for the K
S-wave using the LASS parametrization [36], which com-
bines a BW for the K{(1430)* with a coherent nonres-
onant contribution governed by an effective range and a
phase shift.

The D° — K%+7~ decay amplitude model parame-

(

ters are determined by an unbinned maximum-likelihood
Dalitz fit performed for events in the signal region of the
flavor-tagged DY sample. The probability density func-
tion (p.d.f.) for the signal is constructed from Eq.
with a correction to account for reconstruction efficiency
variations over the Dalitz plot phase space due to exper-
imental acceptance effects [23], and an additional term
to account for wrong flavor identifications of D mesons.
In addition, the likelihood function contains a p.d.f. for
the background that is constructed from the distributions
taken from the Mpo and AM data sidebands. The a, and
¢, parameters for each resonance are floated in the fit and
measured relative to the K%p(770)° amplitude, which is
fixed to a9 p(rr0)0 = 1 and P10 p(r70y0 = 0°. The masses
and widths of the resonances are fixed to the world aver-
ages [37] except for those of the K*(892) and K (1430),
which are floated to improve the fit quality. The LASS
parameters and several parameters in the K-matrix are
floated in the fit.

The results of the Dalitz fit are summarized in Table ITI
of Ref. [20]. The data distributions and projections of
the fit are shown in Fig. By a two-dimensional y?2
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FIG. 1. (color online). The Dalitz plot data distributions

(points with error bars) for D° — K2xt7~ from D** —
D°r} decays reconstructed from Belle ee™ — c¢ data, and
projections of the Dalitz fit. The red solid lines show the
projections of the total fit function including background, and
the grey regions show projections of the background.

test, a reduced x? of 1.05 is obtained for 31 272 degrees of
freedom based on statistical uncertainties only, indicating
a relatively good quality of the fit [27H29 [38] 39].

The time-dependent Dalitz plot analysis of B® —
DAY with D — K27tn~ decays is performed using
data samples containing 471 x 10 BB pairs recorded
with the BABAR detector [40, [4I] at the asymmetric-
energy ete™ (3.1 on 9 GeV) collider PEP-II [42] and
772 x 105 BB pairs recorded with the Belle detector [21]
at the asymmetric-energy ete™ (3.5 on 8 GeV) collider
KEKB [22] collected at the 7°(4S) [23].

The light neutral hadron h° is reconstructed in the
decay modes 7 — vy, n = vy and 7t7 7%, and
w — 7wt~ 7% Neutral D mesons are reconstructed in
the decay mode D — K% +7~ and neutral D* mesons
are reconstructed in the decay mode D* — D7%. The de-
cay modes B® = D7% Dn, Dw, D*r°, and D*n, where
sufficient signal yields are reconstructed, are included in
the analysis. The selection requirements applied to the
reconstructed candidates are summarized in Ref. [20].

The B® — D®hO yields are determined by three-
dimensional unbinned maximum likelihood fits to the dis-
tributions of the observables My, AE, and Cjyy . The
beam-energy-constrained mass M{_ defined in Ref. [43]
is computed from the beam energy Ef . . in the c.m.
frame, the D) candidate momenta, and the h° can-
didate direction of flight. The quantity M{_ provides
an observable that is insensitive to possible correlations

with the energy difference AE = Ef — EY,. . that can
be induced by energy mismeasurements for particles de-
tected in the electromagnetic calorimeters, for example,
caused by shower leakage effects. The variable Cyy
defined in Ref. [44] is constructed from the output of
a neural network multivariate classifier trained on event
shape information based on a combination of 16 mod-
ified Fox-Wolfram moments [45, [46] to identify back-
ground originating from ete™ — qq (¢ € {u,d,s,c})
continuum events. The fit model accounts for contri-
butions from B® — D™ hO signal decays, cross-feed from
partially-reconstructed B® — D*h° decays, background
from partially-reconstructed Bt — D)%y decays, com-
binatorial background from BB decays, and background
from continuum events. In total, a B — D0 sig-
nal yield of 1129 4 48 events in the BABAR data sample
and 1567 + 56 events in the Belle data sample is ob-
tained. The signal yields are summarized in Table IV of
Ref. [20]. The M., AE, and Cyy_~data distributions
and fit projections are shown in Fig.

The time-dependent Dalitz plot analysis follows
the technique established in the previous combined
BABAR+Belle time-dependent CP violation measurement
of B® — D(Cf;ho decays [25]. The measurement is per-
formed by maximizing the log-likelihood function con-
structed from the events reconstructed from BABAR and
Belle data [20]. The measurement includes all events
used in the previous M., AE, and Cyy_ = fits. In the
log-likelihood function, the p.d.f.s are functions of the ex-
perimental flavor-tagged proper-time interval and Dalitz
plot distributions for the signal and background com-
ponents. The signal p.d.f.s are constructed from Egs.
and [2] convolved with experiment-specific resolution func-
tions to account for the finite vertex resolution [6l 47] and
including the effect of incorrect flavor assignments [0} [48].
The p.d.f.s for the proper-time interval distributions of
the combinatorial background from BB decays and back-
ground from continuum events account for background
from non-prompt and prompt particles convolved with ef-
fective resolution functions. The partially-reconstructed
BY — D*hY decays are modeled by the signal p.d.f. with
a different set of parameters to account for this cross-
feed contribution, and the background from partially-
reconstructed BT — D®0pt decays is parameterized by
an exponential p.d.f. convolved with the same resolution
functions as used for the signal.

In the fit, the parameters 7o, T+, and Amy are fixed
to the world averages [50], and the Dalitz plot amplitude
model parameters are fixed to the results of the D% —
K%+ 7~ Dalitz plot fit described above. The signal and
background fractions are evaluated on an event-by-event
basis from the three-dimensional fit of the M| ., AE, and
Chn.,, observables. The only free parameters are sin 23
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and cos 23, and the results are

sin2f = 0.80 £ 0.14 (stat.) £ 0.06 (syst.) & 0.03 (model),

cos 2 = 0.91 + 0.22 (stat.) & 0.09 (syst.) & 0.07 (model).
4)

The second quoted uncertainty is the experimental sys-
tematic error, and the third is due to the D® — K977~
decay amplitude model. The evaluation of these uncer-
tainties is described in detail in Ref. [20]. The linear
correlation between sin28 and cos28 is 5.1%. The re-
sult deviates less than 1.0 standard deviations from the
trigonometric constraint given by sin 23 + cos? 26 = 1.

An alternative fit is performed to measure directly the
angle [ using the signal p.d.f. constructed from Eq. ,
and the result is

B = (22.5+ 4.4 (stat.) £ 1.2 (syst.) £ 0.6 (model))®. (5)

The proper-time interval distributions and projections
of the fit for sin28 and cos2f are shown in Fig. [3] for
two different regions of the D — K977~ phase space.
Figure shows a region predominantly populated by
CP eigenstates, B — [Kgp(770)0]g) hP. For these de-
cays, interference emerges between the amplitude for di-
rect decays of neutral B mesons into these final states
and those following B°-B° oscillations. The time evolu-
tion exhibits mixing-induced CP violation governed by
the CP-violating weak phase 23, which manifests as a
sinusoidal oscillation in the CP asymmetry. Figure
shows a region predominantly populated by quasi-flavor-
specific decays, B — [K* (892)i7er](D*) h°. For these de-
cays, the time evolution exhibits B%-B? oscillations gov-
erned by the oscillation frequency, Amg, which appears
as an oscillation proportional to cos(AmgAt) in the cor-
responding asymmetry.
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FIG. 3.  (color online). Distributions of the proper-time

interval (data points with error bars) and the correspond-
ing asymmetries for B® — D®R® candidates associated
with high-quality flavor tags for two different regions of the
D — K9r 7~ phase space and for the BABAR and Belle data
samples combined. The background has been subtracted us-
ing the sPlot technique [49], with weights obtained from the
fit presented in Fig. [

The measurement procedure is validated by various
cross-checks. The B® — D®)Oh0 decays with the CKM-
favored D® — K7~ decay have very similar kinemat-
ics and background composition as B — D™ RO with
D — K97 tn~ decays and provide a high-statistics con-
trol sample. Using the same analysis approach, the
time-dependent CP violation measurement of the con-
trol sample results in mixing-induced and direct CP



violation consistent with zero, in agreement with the
assumption of negligible CP violation for these flavor-
specific decays. Measurements of the neutral B me-
son lifetime for B® — DAY with D — KOtz
decays, and for the control sample without flavor-
tagging applied, yield 750 = (1.500 £ 0.052 (stat.)) ps
and 7o = (1.535 4 0.028 (stat.)) ps, respectively, which
are in agreement with the world average 7o =
(1.520 £ 0.004) ps [B0]. In addition, we have performed
all measurements for data separated by experiment yield-
ing consistent results [20].

The significance of the results is determined by a
likelihood-ratio approach that accounts for the exper-
imental systematic uncertainties and the Dalitz plot
amplitude model uncertainties by convolution of the
likelihood curves. The measurement of sin2f agrees
within 0.7 standard deviations with the world average
of sin28 = 0.691 £+ 0.017 [50] obtained from more precise
measurements using b — éc§ transitions. The measure-
ment of cos2f excludes the hypothesis of cos28 < 0 at
a p-value of 2.5 x 10~%, which corresponds to a signifi-
cance of 3.7 standard deviations, providing the first ev-
idence for cos25 > 0. The measurement of S excludes
the hypothesis of 3 = 0° at a p-value of 3.6 x 1077,
which corresponds to a significance of 5.1 standard devi-
ations. Hence, we report an observation of CP violation
in B® — D™ 10 decays. The result for 3 agrees well with
the preferred solution of the Unitarity Triangle, which
is (21.9 £ 0.7)°, if computed from the world average of
sin2f = 0.691 + 0.017 [50]. The measurement excludes
the second solution of /2 — f = (68.1 £0.7)° at a p-
value of 2.31 x 10™!3, corresponding to a significance of
7.3 standard deviations. Therefore, the present measure-
ment resolves an ambiguity in the determination of the
apex of the CKM Unitarity Triangle.

In summary, we combine the final BABAR and Belle
data samples, totaling an integrated luminosity of more
than 1ab™ ' collected at the 7" (4S) resonance, and per-
form a time-dependent Dalitz plot analysis of B —
DWRY with D — K9t~ decays. We report the
world’s most precise measurement of the cosine of the
CP-violating weak phase 23 and obtain the first evidence
for cos28 > 0. The measurement directly excludes the
trigonometric multifold solution of 7/2—/ = (68.1£0.7)°
without any assumptions, and thus resolves an ambigu-
ity related to the CKM Unitarity Triangle parameters.
An observation of CP violation in B® — D™ A decays
is reported.

The B — D®AO decays studied by the combined
BABAR and Belle approach provide a probe for the CP-
violating weak phase 2 that is theoretically more clean
than the “gold plated” decay modes mediated by b — éc5
transitions [51]. Therefore, B — D10 decays can
provide a new and complementary SM reference for 203
at the experimental precision achievable by the future
high-luminosity B factory experiment Belle 1T [52].
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