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Search for CP Violation in the Decay Dt — KoK ™
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ABSTRACT: We search for C'P violation in the decay DT — KgK T using a data sample
with an integrated luminosity of 977 fb~! collected with the Belle detector at the KEKB
ete™ asymmetric-energy collider. No C'P violation has been observed and the C'P asym-
metry in DT — K2K™ decay is measured to be (—0.25 £ 0.28 £ 0.14)%, which is the most
sensitive measurement to date. After subtracting C'P violation due to K° — K% mixing,
the CP asymmetry in Dt — K°K™ decay is found to be (+0.08 & 0.28 4 0.14)%.
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1 Introduction

Studies of C'P violation in charmed meson decays provide a promising opportunity to
search for new physics beyond the standard model (SM) [1] in the absence of disagreement
between experimental measurements and the SM interpretation of C'P violation in K and
B meson decays [2-4]. Recently, the LHCb collaboration has reported AAcp = (—0.82 £
0.21 £ 0.11)% [5] where AAcp is the CP asymmetry difference between DY — K+ K1
and D — 77~ decays. Thereafter, the CDF collaboration has also announced AAcp =
(—0.624+0.21+0.10)% [6], which strongly supports the non-zero AA¢cp measured from the
LHCb collaboration. Together with results from the BaBar and Belle collaborations, the
value of AA¢p is significantly different from zero [7]. Taking into account that the indirect
CP asymmetries in the two decays are approximately equal [8], AAcp can be expressed as

AAcp = Aadl, + aBIA®1) /7, (1.1)
where ad%, and %% denote direct and indirect CP violation, respectively, and (t)/7 is
the mean proper decay time of the selected signal sample in units of the DV lifetime [9].
The factor A(t)/7 in eq. (1.1) depends on the experimental conditions and the largest
value reported to date is 0.26 = 0.01 from the CDF measurement [6]. Therefore, AAcp
reveals a significant direct C' P violation difference between the two decays. Within the SM,
direct C'P violation in the charm sector is expected to be present only in singly Cabibbo-
suppressed (SCS) decays, and even there is expected to be small, ©(0.1%) [10]. Hence, the
current AAcp measurements engender questions of whether the origin of the asymmetry
lies within [11-14] or beyond [15-18] the SM. The origin of AAcp calls for the precise

IThroughout this paper, the charge-conjugate decay modes are implied unless stated otherwise.
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Figure 1. Feynman diagrams of DT — K°K* and D° — K+ K~ decays.

measurements of Acp in D° — KTK~ and D° — 777~. A complementary test is a precise
measurement of Acp in another SCS charmed hadron decay, Dt — KYK ™, as suggested
in ref. [13]. As shown in figures 1(a) and 1(b), the decay D* — K°K™ shares the same
decay diagrams with D° — K+ K~ by exchanging the spectator quarks, d <> u. Although
there are additional contributions to the two decays as shown in figures 1(c) and 1(d), these
are expected to be small due to helicity- and color-suppression considerations.? Therefore,
neglecting the latter contributions in DT — K°K* and D° — KTK~ decays, the direct
C'P asymmetries in the two decays are expected to be the same.

In this paper, we report results from a search for C'P violation in the decay DT —
KgK+ that originates from DT — KYK™T decay, where Kg decays to #*n~. The CP
asymmetry in the decay, Acp, is then defined as

pt-krIx+ _ (DT - K'KT) (K - 77~ ) —I'(D~ — KK )['(K® — nt7™)

A = _ _
op I'(D+t - KOKH)['(K° — 7tn~) + (D~ — KK )T'(K° — nt7—)
_ Ag;ﬁKOK-F + Ag(; ~ AD*'%ROK‘*' + AKO (1 2)
- ¥ KO+ 10 — “CP CP» .
1+ App 7R AR,
where I' is the partial decay width. In eq. (1.2), Ag;_’ROKJr is the C'P asymmetry in the

decay Dt — KK+ and ACR; is that in K° — 77~ decay induced by K° — K° mixing
in the SM [19-21] in which the decay K® — nt7~ arises from K9 — mFn~ together
with a small contribution from Kg — w7, where the latter is known precisely from K%
semileptonic decays, ACR; = (—0.332 £ 0.006)% [2]. As shown in eq. (1.2), the product of
the two small asymmetries is neglected. The D decaying to the final state K gK T proceeds
from Dt — K°K™* decay, which is SCS. In the SM, direct C'P violation in SCS charmed
meson decays is predicted to occur with a non-vanishing phase that enters the diagram

2In helicity suppression, a spinless meson decaying to a back-to-back quark-antiquark pair is suppressed
by the conservation of angular momentum. In color suppression, the final state quarks are required to carry
the correct color charge in order for the final state to be colorless.



shown in figure 1(b) in the Kobayashi-Maskawa ansatz [22]. The current average of AAcp
favors a negative value of direct C'P violation in D® — KK~ decay. Correspondingly,
the CP asymmetry in DT — KYK™ decays is more likely to have a negative value since
the two C'P asymmetry terms shown in eq. (1.2) are negative.

2 Methodology

DT KK+ . . . .
We determine AC P by measuring the asymmetry in the signal yield
Dt KIK+ D™ —KYK~
AD"’%K%K*’ B Nrec s — Nrec 21
ree T Dt KOK+ D=—KYK—’ (2.1)

N rec s + N rec

where Nye. is the number of reconstructed decays. The asymmetry in eq. (2.1) includes
the forward-backward asymmetry (Arpg) due to v*-Z° interference and higher order QED
effects in ete™ — cc [23-25], and the detection efficiency asymmetry between KT and

- (Afﬁ) as well as Acp. In addition, ref. [26] calculates another asymmetry source,
denoted Ap, due to the differences in interactions of K? and K° mesons with the material
of the detector. Since we reconstruct the Kg with 777~ combinations, the 777~ detection
asymmetry cancels out for Kg. The asymmetry of eq. (2.1) can be written as

Dt KK+ Dt KOK+
Aree 7 (cos O3, plifer cos 0% piR) = Agp % +ARp(cos O51)
+
+ AL (PRes cos B2+ Ap (D) (22)
i i i . D —SKIKT |
by neglecting the terms involving the product of asymmetries. In eq. (2.2), A is

the sum of Ag;%ROK © and Ag{; as stated in eq. (1.2), where the former is mdependent of
all kinematic variables while the latter is known to depend on the K g decay time according
to ref. [27], and AIQ; is an odd function of the cosine of the polar angle 071 of the
DT momentum in the center-of-mass system (c.m.s.). Af+ depends on the transverse
momentum plﬁ?ﬁ and the polar angle 9133 of the K in the laboratory frame (lab). Here,

Ap is a function of the lab momentum plab of the K3. To correct for AKT ineq. (2.2),

we use the technique developed in our previous publication [28]. We use DY — K~ 7F and
D} — ¢nt decays where the ¢ is reconstructed with KK~ combinations and hence the
K1K~ detection asymmetry nearly cancels out [29] (the residual small effect is included
in the systematic error). Since these are Cabibbo-favored decays for which the direct C'P

ADO%K nt AD Sont

asymmetry is expected to be negligible, in analogy to eq. (2.2), Al.. and Arec

can be written as

ADO—>K ot C. m s. , lab elab lab elab)

C.Im.s.
roc (cos 056", ppj—,cos s Dt COS )

0
— APp(cos 033
+ Af{ (plﬁ?( , COS Hlab )
+ AT (PP, cos02P),  (2.3)
ADS—ort (cos QC i ,pljri‘lﬁ , COS Hlab) AIQB (cos QC TS

rec
+ A7 (pl_,‘?2+ , cos 01D). (2.4)



Thus, with the additional A% term in A=K ™" one can measure AKX~ by subtracting

ADjﬁtz?ﬂ'Jr from 14D0—>K*7rJr

ree e , assuming the same App for D° and D} mesons. We also

obtain Ap according to ref. [26]. After these AKX and Ap corrections®, we obtain
DY K9 Ko DY KIKT +
Arec s (cos CDI-ES) = AC’P s + AgB(COS %I.ES) (2.5)

We subsequently extract Acp and App as a function of cos 073 by taking sums and

differences:
T KK N
D+—>KgK+ sy Agc —KgKcorr (+ COS 93;)1115) + Agc %Kchorr(_ oS GETS)
Acp (| cos 0555]) = . |
(2.6a)
Dt K§Ke, D¥SKOKT
AD+(| oS C.m.s.’) _ AI‘eC — g Corr(+ cos CDTS) _ Arec —Kg Corr(_ cos CDTS)
FB D+ 5 '
(2.6D)

Note that extracting Acp in eq. (2.5) using eq. (2.6a) is crucial here to cancel out the Belle

detector’s asymmetric acceptance in cos 671

3 Data and event selections

The data used in this analysis were recorded at the Y(nS) resonances (n =1,2,3,4,5) or
near the Y (495) resonance with the Belle detector at the ete™ asymmetric-energy collider
KEKB [30] (and other papers included in that volume). The data sample corresponds to an
integrated luminosity of 977 fb~!. The Belle detector is a large solid angle magnetic spec-
trometer that consists of a silicon vertex detector (SVD), a 50-layer central drift chamber
(CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement
of time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter compris-
ing CsI(T1) crystals located inside a superconducting solenoid coil that provides a 1.5 T
magnetic field. An iron flux return located outside the coil is instrumented to detect K%
mesons and to identify muons. A detailed description of the Belle detector can be found
in ref. [31].

Except for the tracks from K g decays we require charged tracks to originate from the
vicinity of the interaction point (IP) by limiting the impact parameters along the beam
direction (z-axis) and perpendicular to it to less than 4 cm and 2 cm, respectively. All
charged tracks other than those from K g decays are identified as pions or kaons by requiring
the ratio of particle identification likelihoods, Lk /(Lx+ L), constructed using information
from the CDC, TOF, and ACC, to be larger or smaller than 0.6, respectively [32]. For both
kaons and pions, the efficiencies and misidentification probabilities are about 90% and 5%,
respectively.

We form Kg candidates adopting the standard Belle Kg criteria [33], requiring the
invariant mass of the charged track pair to be within [0.4826,0.5126] GeV/c%. The “loose”
Kg candidates not satisfying these standard selections are also used in this analysis with
additional requirements described later.

3We define A" = [Nth — ]\/"f]/[]\/'h+ + N"7]. Hence A" = AN



The Kg and KT candidates are combined to form a DT candidate by fitting their
tracks to a common vertex; the DT candidate is fitted to the independently measured IP
profile to give the production vertex. To remove combinatorial background as well as D+
mesons that are produced in possibly CP-violating B meson decays, we require the DT
meson momentum calculated in the c.m.s. (p},,) to be greater than 2.5 and 3.0 GeV/c for
the data taken at the YT(4S) and T(5S5) resonances, respectively. For the data taken below
Y (4S), where no B mesons are produced, we apply the requirement p},,>2.0GeV/c. In
addition to the selections described above, we further optimize the signal sensitivity with

four variables: the goodness-of-fit values of the D decay- and production-vertex fits x7,

lab
TK+>

the DT momentum vector (as reconstructed from its daughters) and the vector joining the

and X%;., the transverse momentum of the K™ in the lab p and the angle £ between
D production and decay vertices. We optimize the requirement on these four variables
with the standard and loose K3 selections by maximizing Ng/v/Ns + Np, where Ns+Np
and Np are the yields in the K2K™T invariant mass signal ([1.860,1.884] GeV/c?) and
sideband ([1.843,1.855] and [1.889,1.901] GeV/c?) regions, respectively. The optimal set
of (x3, X%, plji‘}’ﬁ, €) requirements are found to be (<100, <10, >0.30GeV/c, <40°),
(<100, <10, >0.25GeV/c, <115°), and (<100, <10, >0.20 GeV /¢, <125°) for the data
taken below the Y(4S5), at the Y(45), and at the Y(55), respectively. Note that p},, is

highly correlated with plﬁ})ﬁ and §; hence, a tighter p},, requirement on the Y(55) sample

results in looser p?}’{+ and £ requirements and vice versa for the data taken below the
T (4S). The DT candidates with the loose K2 requirement are further optimized with two
additional variables: the x? of the fit of tracks from the Kg decay and the kaon from the
DT meson decay to a single vertex (x%;,) and the angle ¢ between the K9 momentum
vector (as reconstructed from its daughters) and the vector joining the Dt and Kg decay
vertices. The two variables are again varied simultaneously and the optimum is found
to be x%(hh>6 and (<3° for all data. The inclusion of DT candidates with the loose
Kg requirement improves the statistical sensitivity by approximately 5%. After the final
selections described above, we find no significant peaking backgrounds — for example,
Dt — 7tx~ K decays — in the Monte Carlo (MC) simulated events [34, 35]. Figure 2
shows the distributions of M(KJK™) and M (KK ™) together with the results of the fits
described below.

Each D* — KgK *+ signal is parameterized as two Gaussian distributions with a
common mean. The combinatorial background is parameterized with the unnormalized
form ea+AM(KsK i), where a and 8 are fit parameters. The asymmetry and the sum of
the DT and D~ yields are directly obtained from a simultaneous fit to the D™ and D~
candidate distributions. Besides the asymmetry and the sum of the DT and D~ yields,
the common parameters in the simultaneous fit are the widths of the two Gaussians and
the ratio of their amplitudes. The asymmetry and the sum of the Dt — KgK + and
D~ — K2K~ yields from the fit are (+0.048 & 0.275)% and 276812 + 1156, respectively,
where the errors are statistical.

In order to measure the CP asymmetry in Dt — KgK T decays, we must also re-
construct D° — K~nt and Df — ¢rnT decays: see egs. (2.2), (2.3), and (2.4). For
the reconstruction of the D° — K7t and D} — ¢n ' decays, we require the same track
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Figure 2. Distributions of M(K2K™") (left) and M(K2K ™) (right). Dots are the data while the
histograms show the results of the parameterizations of the data. Open histograms represent the
D* — KJK * signal and shaded regions are combinatorial background.

quality, particle identification, vertex fit quality, and p}, requirements as used for the recon-
struction of the DT — K9K* decays, where the mass window for the ¢ is =16 MeV /c? [29]
of the nominal ¢ mass [2].

4 Extraction of Acp in the decay DT — K3K™*

To obtain Af( +, we first extract AQ% —ert from a simultaneous fit to the mass distributions
of Df and D candidates with similar parameterizations as for D*¥ — K2K¥* decays
except that, for the D¥ — ¢n signal description, a single Gaussian is used. The values
of A%ZE 97" are evaluated in 10x10x10 bins of the three-dimensional (3D) phase space
(pl&b,, cos 612P, cos 051*). Each DY - K—nt and D° — K* 7~ candidate is then weighted

D ont F ot
with a factor of 1 — AR 7% and 1+ AR: 7" , respectively, in the corresponding bin of

this space. After this weighting, the asymmetry in the D° — K~ 7t decay sample becomes
AK” . The detector asymmetry, AX ™, is measured from simultaneous fits to the weighted
M (K¥r*) distributions in 10x10 bins of the 2D phase space (p'2b._, cos 6!2P ) with similar
parameterizations as used for DT — KYK™ decays except that, for the D — K~z
signal description, a sum of a Gaussian and bifurcated Gaussian is used. Figure 3 shows
the measured AX™ in bins of p!2b _ and cos 91;}'3 together with ADV =R g comparison;

TK— rec
we observe that AQEHK "™ shows a cos 911?1 dependency that is inherited from Ag;; while
AE™ does not. The average of AX™ over the phase space is (—0.150 & 0.029)%, where the
error is due to the limited statistics of the D° — K~7t sample.

Based on a recent study of Ap [26], we obtain the dilution asymmetry in bins of K§
lab momentum. For the present analysis, Ap is approximately 0.1% after integrating over
the phase space of the two-body decay.

The data samples shown in figure 2 are divided into 10x10x16 bins of the 3D phase

space (plj'i";ﬁ, cos 9}%‘1, plgg). Each D* — KK + candidate is then weighted with a factor
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Figure 3. The AX™ map in bins of p'2b and cos §'#P of the K~ obtained with the D — K7+

and DI — ¢t samples (triangles). The Ar[éc_)K ™" map is also shown (rectangles).

of (1 ¥ AX")(1 ¥ Ap) in this space. The weighted M(K3K®) distributions in bins of

cos 0% are fitted simultaneously to obtain the corrected asymmetry. We fit the linear

component in cos 631 to determine Afpp; the Acp component is uniform in cos 6773

DFSKYK+
Figure 4 shows A P_> and AP B as a function of | cos

over the |cos 6%7*| bins, we obtain AgP%K SK* = (—0.246 £ 0.275)%, where the error is

statistical.

0715 |. From a weighted average

5 Systematic uncertainty

The entire analysis procedure is validated with fully simulated MC events [34, 35] and the
result is consistent with null input asymmetry. We also consider other sources of systematic
uncertainty. The dominant one in the Acp measurement is the A§+ determination, the
uncertainty of which is mainly due to the statistical uncertainties in the D% — K-zt
and Df — ¢ samples. These are found to be 0.029% and 0.119%, respectively, from a
simplified simulation study. A possible Acp in the D° — K~rt final state is estimated
using Acp = —ysindsinpv/R [36]. A calculation with 95% upper and lower limits on
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Figure 4. Measured Acp (top) and App (bottom) values as a function of | cos %% |. In the top
plot, the dashed line is the mean value of Agp while the hatched band is the *1oyoa interval,
where oyota is the total uncertainty.

DY — DY mixing and C'P violation parameters y, ¢, and strong phase difference § and
Cabibbo suppression factor R from ref. [3], Acp in the D? — K7+ final state is estimated

to be less than 0.005% and this is included as one of systematic uncertainties in the AX "
KK for

rec

the ¢ reconstruction in D — ¢n™ decays is 0.051%, which is also added to the systematic

determination. As reported in our previous publication [29], the magnitude of A

uncertainty in the AX " measurement. By adding the contributions in quadrature, the
systematic uncertainty in the AX " determination is estimated to be 0.133%. We estimate
0.008% and 0.021% systematic uncertainties due to the choice of the fitting method and
that of the cos 071> binning, respectively. Finally, we add the systematic uncertainty in
the Ap correction, which is 0.010% based on ref. [26]. The quadratic sum of the above
uncertainties, 0.135%, is taken as the total systematic uncertainty.

6 Results

Dt KYK+ .
We find Ap = (—0.246 £ 0.275 £ 0.135)%. This measurement supersedes our
previous determination of AgP%K K [28]. In table 1, we compare all the available mea-

surements and give their weighted average.

According to Grossman and Nir [27], we can estimate the experimentally measured
CP asymmetry induced by SM K" — K° mixing, Ag(;;. The efficiency as a function of Kg
decay time in our detector is obtained from MC simulated events. The efficiency is then
used in eq. (2.10) of ref. [27] to obtain the correction factor that takes into account, for



Experiment Ag;%Kg K (%)
FOCUS [37] +71+£61+1.2
CLEO [38] —0.2+£1.5=£09
Belle (this measurement) | —0.246 £+ 0.275 £+ 0.135
New world average —0.23 £0.30
Table 1. Summary of Ag;_ﬂ(g K measurements (where the first uncertainties are statistical and

the second systematic), together with their average (assuming the uncertainties to be uncorrelated,
the error on the average represents the total uncertainty).

Ag;, the dependence on the kaon decay time. The result is 0.987 & 0.007. By multiplying
the correction factor 0.987+0.007 and the asymmetry due to the neutral kaons [2], we find
the experimentally measured Ag; to be (—0.328 £ 0.006)%.

7 Conclusion

We report the most sensitive C'P asymmetry measurement to date for the decay D —
K gK * using a data sample corresponding to an integrated luminosity of 977 fb~! collected
with the Belle detector. The C'P asymmetry in the decay is measured to be (—0.25 +
0.28 +-0.14)%. After subtracting the contribution due to K° — K° mixing (Ag;), the CP
asymmetry in the charm decay (Ag;HKOKJF) is measured to be (4+0.08 + 0.28 + 0.14)%,
which can be compared with direct CP violation in D° — KTK~. For the latter the
current averages of AAcp and CP asymmetry in D° — K+ K~ favor a negative value [3].
Our result, on the other hand, does not show this tendency for D* — KYK* decays, albeit
with a significant statistical uncertainty.
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