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Fig. 1. Invariant mass (left) and decay time (right) distributions of the B0 → J/ψ K 0
S candidates. The solid line shows the projection of the full PDF and the shaded area the

projection of the background component.

Fig. 2. (Colour online.) Time-dependent asymmetry (NB0 − NB0 )/(NB0 + NB0 ). Here,
NB0 (NB0 ) is the number of B0 → J/ψ K 0

S decays with a B0 (B0) flavour tag. The
data points are obtained with the sPlot technique, assigning signal weights to the
events based on a fit to the reconstructed mass distributions. The solid curve is
the signal projection of the PDF. The green shaded band corresponds to the one
standard deviation statistical error.

from pseudo-experiments where the time-dependent efficiencies
measured from data are used in the generation but omitted in the
fits. Additionally, a possible inaccuracy in the description of the ef-
ficiency decrease at large decay times is checked by varying the
parameters within their errors, but is found to be negligible.

The uncertainty induced by the limited knowledge of the back-
ground distributions is evaluated from a fit method based on the
sPlot technique. A fit with the PDFs for the reconstructed mass
is performed to extract signal weights for the distributions in the
other observable dimensions. These weights are then used to per-
form a fit with the PDF of the signal component only. The dif-
ference in fit results is treated as an estimate of the systematic
uncertainty.

To estimate the influence of possible biases in the CP param-
eters emerging from the fit method itself, the method is probed
with a large set of pseudo-experiments. Systematic uncertainties
of 0.004 for S J/ψ K 0

S
and 0.005 for C J/ψ K 0

S
are assigned based on

the biases observed in different fit settings.
The uncertainty on the scale of the longitudinal axis and on the

scale of the momentum [23] sum to a total uncertainty of < 0.1%
on the decay time. This has a negligible effect on the CP param-
eters. Likewise, potential biases from a non-random choice of the
B0 candidate in events with multiple candidates are found to be
negligible.

The sources of systematic effects and the resulting systematic
uncertainties on the CP parameters are quoted in Table 1 where

Table 1
Summary of systematic uncertainties on the CP parameters.

Origin σ (S J/ψ K 0
S
) σ (C J/ψ K 0

S
)

Tagging calibration 0.034 0.001
Tagging efficiency difference 0.002 0.002
Decay time resolution 0.001 0.002
Decay time acceptance 0.002 0.006
Background model 0.012 0.009
Fit bias 0.004 0.005

Total 0.036 0.012

the total systematic uncertainty is calculated by summing the in-
dividual uncertainties in quadrature.

The analysis strategy makes use of the time-integrated and
time-dependent decay rates of B0 → J/ψ K 0

S decays that are
tagged as B0/B0 meson. Cross-check analyses exploiting only the
time-integrated or only the time-dependent information show that
both give results that are in good agreement and contribute to the
full analysis with comparable statistical power.

7. Conclusion

In a dataset of 1.0 fb−1 collected with the LHCb detector, ap-
proximately 8200 flavour tagged decays of B0 → J/ψ K 0

S are se-
lected to measure the CP observables S J/ψ K 0

S
and C J/ψ K 0

S
, which

are related to the CKM angle β . A fit to the time-dependent decay
rates of B0 and B0 decays yields

S J/ψ K 0
S

= 0.73 ± 0.07 (stat) ± 0.04 (syst),

C J/ψ K 0
S

= 0.03 ± 0.09 (stat) ± 0.01 (syst),

with a statistical correlation coefficient of ρ(S J/ψ K 0
S
, C J/ψ K 0

S
) =

0.42. This is the first significant measurement of CP violation in
B0 → J/ψ K 0

S decays at a hadron collider [24]. The measured val-
ues are in agreement with previous measurements performed at
the B factories [5,6] and with the world averages [7].
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‣ Calibrate the mistag probability 
prediction with self-tagging channels
• linear calibration function
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- validation on other control channels
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Figure 2: Measured mistag fraction (!) versus predicted mistag probability (⌘c) for background
subtracted B+ ! J/ K+ candidates (left) and B0

d ! J/ K⇤0 candidates (Figure2, right). In
each case, the solid (red) line represents the result of a linear fit to the presented data set. In the
right plot the calibration obtained from B+ ! J/ K+ sample is superimposed as the shaded
(blue) area, corresponding to ±1� variation of this calibration. The parameters of the fit to the
B+ ! J/ K+ data are given in Table 2.
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sum of exponential and prompt components, and is con-
volved with Rbkgð!tÞ expressed as a double Gaussian
function. In the J=cK0

L mode, there are CP violating
modes among the B ! J=cX backgrounds, which are
included in the background PDF. The !t PDFs for the
remaining B ! J=cX and other combinatorial back-
grounds are estimated from the corresponding large MC
sample and M‘þ‘$ sideband events, respectively. The con-
struction of these PDFs follows the same procedure as in
our previous analyses [7,12].

We determine the following likelihood for the ith event:

Pi ¼ ð1$ folÞ
X

k

fk
Z
½P kð!t0ÞRkð!ti $!t0Þ'dð!t0Þ

þ folPolð!tiÞ; (2)

where the index k labels each signal or background com-
ponent. The fraction fk depends on the r region and is
calculated on an event-by-event basis as a function of !E
and Mbc for the CP-odd modes and p(

B for the CP-even
mode. The term Polð!tÞ is a broad Gaussian function that
represents an outlier component fol, which has a fractional
normalization of order 0.5% [17]. The only free parameters
in the fits are Sf and Af, which are determined by max-
imizing the likelihood function L ¼ Q

iPið!ti;Sf;AfÞ.
This likelihood is maximized for each fCP mode individu-
ally, as well as for all modes combined taking into account
their CP-eigenstate values; the results are shown in
Table II. Figure 2 shows the !t distributions and asymme-
tries for good tag quality (r > 0:5) events. We define the
background-subtracted asymmetry in each !t bin by

ðNþ $ N$Þ=ðNþ þ N$Þ, where NþðN$Þ is the signal yield
with q ¼ þ1ð$1Þ.
Uncertainties originating from the vertex reconstruction

algorithm are a significant part of the systematic error for
both sin2!1 and Af. These uncertainties are reduced by

almost a factor of 2 compared to the previous analysis [7]
by using h for the vertex-reconstruction goodness-of-fit
parameter, as described above. In particular, the effect of
the vertex quality cut is estimated by changing the require-
ment to either h < 25 or h < 100; the systematic error due
to the IP constraint in the vertex reconstruction is estimated
by varying the IP profile size in the plane perpendicular to
the z axis; the effect of the criterion for the selection of
tracks used in the ftag vertex is estimated by changing the

requirement on the distance of the closest approach with
respect to the reconstructed vertex by )100 "m from the
nominal maximum value of 500 "m. Systematic errors
due to imperfect SVD alignment are estimated from MC
samples that have artificial misalignment effects. Small
biases in the !z measurement are observed in eþe$ !
"þ"$ and other control samples: To account for these, a
special correction function is applied and the variation with
respect to the nominal results is included as a systematic
error. We also vary the j!tj range by )30 ps to estimate
the systematic uncertainty due to the j!tj fit range. The
vertex resolution function is another major source of
sin2!1 and Af uncertainty. This effect is estimated by
varying each resolution function parameter obtained from
data (MC) by)1# () 2#) and repeating the fit to add each
variation in quadrature. The uncertainty in the estimated
errors of the parameters of reconstructed charged tracks is
also taken into account. The largest contribution to the

TABLE II. CP violation parameters for each B0 ! fCP mode
and from the simultaneous fit for all modes together. The first
and second errors are statistical and systematic uncertainties,
respectively.

Decay mode sin2!1 * $$fSf Af

J=cK0
S þ0:670) 0:029) 0:013 $0:015) 0:021þ0:045

$0:023

c ð2SÞK0
S þ0:738) 0:079) 0:036 þ0:104) 0:055þ0:047

$0:027

%c1K
0
S þ0:640) 0:117) 0:040 $0:017) 0:083þ0:046

$0:026

J=cK0
L þ0:642) 0:047) 0:021 þ0:019) 0:026þ0:017

$0:041

All modes þ0:667) 0:023) 0:012 þ0:006) 0:016) 0:012

TABLE I. CP eigenvalue ($f), signal yield (Nsig), and purity
for each B0 ! fCP mode.

Decay mode $f Nsig Purity (%)

J=cK0
S $1 12 649) 114 97

c ð2SÞð‘þ‘$ÞK0
S $1 904) 31 92

c ð2SÞðJ=c&þ&$ÞK0
S $1 1067) 33 90

%c1K
0
S $1 940) 33 86

J=cK0
L þ1 10 040) 154 63
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FIG. 2 (color online). The background-subtracted !t distribu-
tion (top) for q ¼ þ1 (red) and q ¼ $1 (blue) events and
asymmetry (bottom) for good tag quality (r > 0:5) events for
all CP-odd modes combined (left) and the CP-even mode
(right).
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systematic uncertainty in Af is the effect of the
tag-side interference (TSI), which is described in detail
in [18]. Since the effect of TSI has an opposite sign for
different CP eigenstates, there is a partial cancellation in
the combined result. Hence, the combined TSI systematic
is smaller than the systematic in each individual mode.
Systematic errors due to uncertainties in the wrong-tag
fractions are studied by varying the wrong-tag fraction
individually in each r region. A possible fit bias is exam-
ined by fitting a large number of MC events. Other
contributions come from uncertainties in the signal
fractions, the background !t distribution, !B0 , and !md.
Each contribution is summarized in Table III. We add them
in quadrature to obtain the total systematic uncertainty.

In summary, we present the final sin2"1 measurement
using the entire Belle"ð4SÞ data sample containing 772#
106B #B pairs. We have reconstructed b ! c #cs induced B
meson decays in three CP-odd modes [J=cK0

S, c ð2SÞK0
S,

and #c1K
0
S] and one CP-even mode (J=cK0

L). The fit,
using commonCP-sensitive parameters for all four modes,
yields the values sin2"1 ¼ 0:667% 0:023ðstatÞ %
0:012ðsystÞ and Af ¼ 0:006% 0:016ðstatÞ % 0:012ðsystÞ.
The results are consistent with previous measurements
[6,7]. These are the most precise determinations of these
parameters and solidify the SM reference value used to test
for evidence of new physics beyond the SM.
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We report a measurement of the CP-violation parameter sin2!1 at the !ð5SÞ resonance using a new

tagging method, called ‘‘B-" tagging.’’ In !ð5SÞ decays containing a neutral B meson, a charged B, and a
charged pion, the neutral B is reconstructed in the J=cK0

S CP-eigenstate decay channel. The initial flavor

of the neutral Bmeson at the moment of the!ð5SÞ decay is opposite to that of the charged B and may thus

be inferred from the charge of the pion without reconstructing the charged B. From the asymmetry

between B-"þ and B-"$ tagged J=cK0
S yields, we determine sin2!1 ¼ 0:57& 0:58ðstatÞ & 0:06ðsystÞ.

The results are based on 121 fb$1 of data recorded by the Belle detector at the KEKB eþe$ collider.

DOI: 10.1103/PhysRevLett.108.171801 PACS numbers: 11.30.Er, 12.15.Hh, 13.25.Hw

In the standard model (SM), CP-violation arises from an
irreducible complex phase in the Cabibbo-Kobayashi-
Maskawa quark mixing matrix [1]. Of the three angles of
the unitary triangle, !1 ¼ argð$VcdV

'
cb=VtdV

'
tbÞ [2] has

been the most accessible, using the B ! ðc "cÞK0 process,
because the hadronic uncertainty in this case is negligibly
small. CP-violation in the neutral B meson system was
clearly observed and!1 was measured by the Belle [3] and
BABAR [4] Collaborations. These measurements used
B0 "B0 pairs that were produced at the !ð4SÞ resonance;
the pairs are produced in a state with C ¼ $1, where C
denotes the eigenvalue of the charge conjugation. Since
the two Bmesons in the C-odd pair state are not allowed to
have the same b flavor, B0B0 or "B0 "B0, the flavor of one B
meson is the opposite of the other B. The other B flavor
is identified by combining information from primary and
secondary leptons, K&, # baryons, and slow and fast
pions [5]. The mixing-induced CP-violation at the !ð4SÞ

vanishes in the time-integrated rates, and thus a precise
measurement of the distance between the decay vertices of
the two B mesons is required.
The CP-violation parameter sin2!1 can also be

measured at the !ð5SÞ resonance using a new tagging
method which we call ‘‘B-" tagging’’ [6]. In the decay
of the !ð5SÞ to "Bð'Þ0Bð'Þþ"$ or its charge conjugate,
the initial flavor of the neutral B meson is determined
from the charge of the pion. In the B-" tagging
method, the neutral B is fully reconstructed in a CP
eigenstate, while the charged B is not explicitly recon-
structed and identified indirectly through the recoil mass
of the neutral B and the charged pion. This method
works as well for events containing B' ! B#, where
one or more photons are present but not reconstructed.
The CP-violation parameter sin2!1 can be obtained
from the time-integrated asymmetry of BB"þ and
BB"$ tagged events:
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• Belle has measured sin2β at the Y(5S) 
using the technique of “B-π” tagging

Tag with the 
charge of the π

Fully reconstructed to 
CP eigenstate Not reconstructed

ABB! ! NBB!" " NBB!þ

NBB!" þ NBB!þ
¼ SxþA

1þ x2
; (1)

where NBB!þ and NBB!" are the observed number of
Bð&Þ0Bð&Þ"!þ and !Bð&Þ0Bð&Þþ!" events in which the neutral
B decays to aCP eigenstate, respectively, and S andA are
the mixing-induced and direct CP-violating parameters,
respectively. The mixing parameter x ¼ ðmH "mLÞ=",
where " ¼ ð"H þ "LÞ=2, is defined in terms of the masses
mH;L and the decay widths "H;L of the heavy (H) and light
(L) neutral B mass eigenstates. The mixing parameter y ¼
ð"L " "HÞ=2" is assumed to be zero, as the SM predicts its
value to be negligibly small [7] and the observed upper
limit is Oð10"2Þ [8]. In the case of B ! ðccÞK0

S, the SM
predicts S ¼ ""CP sin2#1 and A ¼ 0 with very small
theoretical uncertainty [9], where"CP is theCP eigenvalue
of the final state. Therefore, we can write

sin2#1 ¼ ""CP

0
@1þ x2

x

1
AABB!: (2)

There are several notable advantages to the B-! tagging
method. First, CP violation is observed through an asym-
metry in event yields, a measurement of the decay time ofB
mesons is not required, and associated systematic uncer-
tainties are avoided. Moreover, the method is applicable to
decay channels such asB ! !0!0, in which it is difficult to
measure decay vertices. Current analyses at the #ð4SÞ
resonance constrain onlyA for this mode [10]. The analy-
sis using this new tagging method can give a constraint on
the combination of the parameters S andA. In addition, as
only one B in the incoherent B !B pair is reconstructed per
event, systematic uncertainties associated with flavor tag-
ging, such as tag-side interference [11], do not arise.
Finally, the B-! tagging method can be extended to higher
# resonance decays. For example, final states such as
!Bð&Þ
s Bð&ÞþK" can be used to measure CP violation in the
!Bs system by tagging with a K". Although the production
cross section is smaller than that at the #ð4SÞ resonance,
B-! tagging at and above the #ð5SÞ is likely to become a
powerful technique at upgraded B factories in the future.

In this Letter, we first measure the time-integrated mix-
ing probability $d using the flavor-specific modes B0 !
J=cK&0 and D&"!þ [12] to validate the B-! tagging
method. We also measure direct CP violation in the
charged Bþ ! J=cKþ mode, where the CP asymmetry
is known to be very small [13]. Finally, we report a
measurement of sin2#1 using the CP-eigenstate mode
B0 ! J=cK0

S with "CP ¼ "1.
The results reported here are based on 121 fb"1 of data

recorded by the Belle detector [14] at the KEKB eþe"

collider [15], running at the center-of-mass (c.m.) energy
of the #ð5SÞ resonance. The Belle detector is a general-
purpose magnetic spectrometer which consists of a silicon
vertex detector, a 50-layer central drift chamber (CDC), an

array of aerogel threshold Cherenkov counters, time-of-
flight scintillation counters, and an electromagnetic calo-
rimeter (ECL) comprised of CsI(Tl) crystals. The devices
are 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 K0

L mesons and to
identify KL muons.
All charged tracks other than K0

S ! !þ!" daughters
are required to originate from the interaction point (IP).
Charged kaons and pions are identified by combining
information from the energy loss measurement in the
CDC, the flight time measured by the time-of-flight scin-
tillation counters, and the response of the aerogel threshold
Cherenkov counters [16]. Electrons are identified by a
combination of the energy loss measurement in the CDC,
the ratio of the cluster energy in the ECL to the track
momentum measured by the silicon vertex detector and
CDC, and the shower shape in the ECL. Muons are iden-
tified by the track penetration depth and hit scatter in the
KL muons.
We reconstruct J=c mesons in the leptonic channels

eþe" or %þ%". For the e( candidates, we add the four-
momentum of every photon detected within 0.05 radians
of the original track direction. The invariant mass of
eþe" pairs is then required to satisfy "100 MeV=c2 <
Meþð&Þe"ð&Þ "mJ=c <þ30 MeV=c2, where mJ=c is the

nominal J=c mass; the interval is asymmetric because
small residual radiative tails remain. For %þ%" pairs, we
require the invariant mass to be within 30 MeV=c2 of the
nominal J=c mass. The J=c mass resolution is about
10 MeV=c2.
The K0

S candidates are formed by combining two oppo-
sitely charged tracks, assuming both are pions. Since the
K0

S’s can be selected with low background, we apply a
loose mass selection that requires an invariant mass within
30 MeV=c2 of the K0 mass. We then impose the following
additional requirements: (1) The closest approach of the
two pion tracks must have a large distance to the IP in the
plane perpendicular to the electron beam line; (2) the pion
tracks must intersect at a common vertex that is displaced
from the IP; (3) the K0

S candidate’s momentum vector
should originate from the IP.
Candidates for K&0 and !D0 mesons are reconstructed in

the K&0 ! Kþ!" and !D0 ! Kþ!" channels, respec-
tively. They are formed by combining oppositely charged
kaon and pion tracks and requiring the invariant mass
to lie within 50 MeV=c2ð)1"Þ for K&0 and within
10 MeV=c2ð)2'Þ for !D0 of the nominal masses, respec-
tively. D&" candidates are reconstructed by combining a
!D0 candidate with a !". The mass difference between the
D&" and !D0 candidates is then required to be within
2 MeV=c2ð)3:5'Þ of the nominal mass difference.
The B candidates are required to have an invariant mass

within 20 MeV=c2 of the B mass, which corresponds to
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tracks must intersect at a common vertex that is displaced
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S candidate’s momentum vector
should originate from the IP.
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the K&0 ! Kþ!" and !D0 ! Kþ!" channels, respec-
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to lie within 50 MeV=c2ð)1"Þ for K&0 and within
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!D0 candidate with a !". The mass difference between the
D&" and !D0 candidates is then required to be within
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There are several notable advantages to the B-! tagging
method. First, CP violation is observed through an asym-
metry in event yields, a measurement of the decay time ofB
mesons is not required, and associated systematic uncer-
tainties are avoided. Moreover, the method is applicable to
decay channels such asB ! !0!0, in which it is difficult to
measure decay vertices. Current analyses at the #ð4SÞ
resonance constrain onlyA for this mode [10]. The analy-
sis using this new tagging method can give a constraint on
the combination of the parameters S andA. In addition, as
only one B in the incoherent B !B pair is reconstructed per
event, systematic uncertainties associated with flavor tag-
ging, such as tag-side interference [11], do not arise.
Finally, the B-! tagging method can be extended to higher
# resonance decays. For example, final states such as
!Bð&Þ
s Bð&ÞþK" can be used to measure CP violation in the
!Bs system by tagging with a K". Although the production
cross section is smaller than that at the #ð4SÞ resonance,
B-! tagging at and above the #ð5SÞ is likely to become a
powerful technique at upgraded B factories in the future.

In this Letter, we first measure the time-integrated mix-
ing probability $d using the flavor-specific modes B0 !
J=cK&0 and D&"!þ [12] to validate the B-! tagging
method. We also measure direct CP violation in the
charged Bþ ! J=cKþ mode, where the CP asymmetry
is known to be very small [13]. Finally, we report a
measurement of sin2#1 using the CP-eigenstate mode
B0 ! J=cK0
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flight scintillation counters, and an electromagnetic calo-
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provides a 1.5 T magnetic field. An iron flux-return located
outside the coil is instrumented to detect K0
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identify KL muons.
All charged tracks other than K0

S ! !þ!" daughters
are required to originate from the interaction point (IP).
Charged kaons and pions are identified by combining
information from the energy loss measurement in the
CDC, the flight time measured by the time-of-flight scin-
tillation counters, and the response of the aerogel threshold
Cherenkov counters [16]. Electrons are identified by a
combination of the energy loss measurement in the CDC,
the ratio of the cluster energy in the ECL to the track
momentum measured by the silicon vertex detector and
CDC, and the shower shape in the ECL. Muons are iden-
tified by the track penetration depth and hit scatter in the
KL muons.
We reconstruct J=c mesons in the leptonic channels

eþe" or %þ%". For the e( candidates, we add the four-
momentum of every photon detected within 0.05 radians
of the original track direction. The invariant mass of
eþe" pairs is then required to satisfy "100 MeV=c2 <
Meþð&Þe"ð&Þ "mJ=c <þ30 MeV=c2, where mJ=c is the

nominal J=c mass; the interval is asymmetric because
small residual radiative tails remain. For %þ%" pairs, we
require the invariant mass to be within 30 MeV=c2 of the
nominal J=c mass. The J=c mass resolution is about
10 MeV=c2.
The K0

S candidates are formed by combining two oppo-
sitely charged tracks, assuming both are pions. Since the
K0

S’s can be selected with low background, we apply a
loose mass selection that requires an invariant mass within
30 MeV=c2 of the K0 mass. We then impose the following
additional requirements: (1) The closest approach of the
two pion tracks must have a large distance to the IP in the
plane perpendicular to the electron beam line; (2) the pion
tracks must intersect at a common vertex that is displaced
from the IP; (3) the K0

S candidate’s momentum vector
should originate from the IP.
Candidates for K&0 and !D0 mesons are reconstructed in

the K&0 ! Kþ!" and !D0 ! Kþ!" channels, respec-
tively. They are formed by combining oppositely charged
kaon and pion tracks and requiring the invariant mass
to lie within 50 MeV=c2ð)1"Þ for K&0 and within
10 MeV=c2ð)2'Þ for !D0 of the nominal masses, respec-
tively. D&" candidates are reconstructed by combining a
!D0 candidate with a !". The mass difference between the
D&" and !D0 candidates is then required to be within
2 MeV=c2ð)3:5'Þ of the nominal mass difference.
The B candidates are required to have an invariant mass

within 20 MeV=c2 of the B mass, which corresponds to
approximately (2', (2:7', (2:4', and (3' intervals

PRL 108, 171801 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

27 APRIL 2012

171801-3

ABB! ! NBB!" " NBB!þ

NBB!" þ NBB!þ
¼ SxþA

1þ x2
; (1)
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There are several notable advantages to the B-! tagging
method. First, CP violation is observed through an asym-
metry in event yields, a measurement of the decay time ofB
mesons is not required, and associated systematic uncer-
tainties are avoided. Moreover, the method is applicable to
decay channels such asB ! !0!0, in which it is difficult to
measure decay vertices. Current analyses at the #ð4SÞ
resonance constrain onlyA for this mode [10]. The analy-
sis using this new tagging method can give a constraint on
the combination of the parameters S andA. In addition, as
only one B in the incoherent B !B pair is reconstructed per
event, systematic uncertainties associated with flavor tag-
ging, such as tag-side interference [11], do not arise.
Finally, the B-! tagging method can be extended to higher
# resonance decays. For example, final states such as
!Bð&Þ
s Bð&ÞþK" can be used to measure CP violation in the
!Bs system by tagging with a K". Although the production
cross section is smaller than that at the #ð4SÞ resonance,
B-! tagging at and above the #ð5SÞ is likely to become a
powerful technique at upgraded B factories in the future.

In this Letter, we first measure the time-integrated mix-
ing probability $d using the flavor-specific modes B0 !
J=cK&0 and D&"!þ [12] to validate the B-! tagging
method. We also measure direct CP violation in the
charged Bþ ! J=cKþ mode, where the CP asymmetry
is known to be very small [13]. Finally, we report a
measurement of sin2#1 using the CP-eigenstate mode
B0 ! J=cK0
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outside the coil is instrumented to detect K0
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are required to originate from the interaction point (IP).
Charged kaons and pions are identified by combining
information from the energy loss measurement in the
CDC, the flight time measured by the time-of-flight scin-
tillation counters, and the response of the aerogel threshold
Cherenkov counters [16]. Electrons are identified by a
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the ratio of the cluster energy in the ECL to the track
momentum measured by the silicon vertex detector and
CDC, and the shower shape in the ECL. Muons are iden-
tified by the track penetration depth and hit scatter in the
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eþe" or %þ%". For the e( candidates, we add the four-
momentum of every photon detected within 0.05 radians
of the original track direction. The invariant mass of
eþe" pairs is then required to satisfy "100 MeV=c2 <
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S candidates are formed by combining two oppo-
sitely charged tracks, assuming both are pions. Since the
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S’s can be selected with low background, we apply a
loose mass selection that requires an invariant mass within
30 MeV=c2 of the K0 mass. We then impose the following
additional requirements: (1) The closest approach of the
two pion tracks must have a large distance to the IP in the
plane perpendicular to the electron beam line; (2) the pion
tracks must intersect at a common vertex that is displaced
from the IP; (3) the K0

S candidate’s momentum vector
should originate from the IP.
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the K&0 ! Kþ!" and !D0 ! Kþ!" channels, respec-
tively. They are formed by combining oppositely charged
kaon and pion tracks and requiring the invariant mass
to lie within 50 MeV=c2ð)1"Þ for K&0 and within
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tively. D&" candidates are reconstructed by combining a
!D0 candidate with a !". The mass difference between the
D&" and !D0 candidates is then required to be within
2 MeV=c2ð)3:5'Þ of the nominal mass difference.
The B candidates are required to have an invariant mass
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10 MeV=c2ð)2'Þ for !D0 of the nominal masses, respec-
tively. D&" candidates are reconstructed by combining a
!D0 candidate with a !". The mass difference between the
D&" and !D0 candidates is then required to be within
2 MeV=c2ð)3:5'Þ of the nominal mass difference.
The B candidates are required to have an invariant mass

within 20 MeV=c2 of the B mass, which corresponds to
approximately (2', (2:7', (2:4', and (3' intervals
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assuming y = 0 ⇒

ABB! ! NBB!" " NBB!þ

NBB!" þ NBB!þ
¼ SxþA

1þ x2
; (1)

where NBB!þ and NBB!" are the observed number of
Bð&Þ0Bð&Þ"!þ and !Bð&Þ0Bð&Þþ!" events in which the neutral
B decays to aCP eigenstate, respectively, and S andA are
the mixing-induced and direct CP-violating parameters,
respectively. The mixing parameter x ¼ ðmH "mLÞ=",
where " ¼ ð"H þ "LÞ=2, is defined in terms of the masses
mH;L and the decay widths "H;L of the heavy (H) and light
(L) neutral B mass eigenstates. The mixing parameter y ¼
ð"L " "HÞ=2" is assumed to be zero, as the SM predicts its
value to be negligibly small [7] and the observed upper
limit is Oð10"2Þ [8]. In the case of B ! ðccÞK0

S, the SM
predicts S ¼ ""CP sin2#1 and A ¼ 0 with very small
theoretical uncertainty [9], where"CP is theCP eigenvalue
of the final state. Therefore, we can write

sin2#1 ¼ ""CP

0
@1þ x2

x

1
AABB!: (2)

There are several notable advantages to the B-! tagging
method. First, CP violation is observed through an asym-
metry in event yields, a measurement of the decay time ofB
mesons is not required, and associated systematic uncer-
tainties are avoided. Moreover, the method is applicable to
decay channels such asB ! !0!0, in which it is difficult to
measure decay vertices. Current analyses at the #ð4SÞ
resonance constrain onlyA for this mode [10]. The analy-
sis using this new tagging method can give a constraint on
the combination of the parameters S andA. In addition, as
only one B in the incoherent B !B pair is reconstructed per
event, systematic uncertainties associated with flavor tag-
ging, such as tag-side interference [11], do not arise.
Finally, the B-! tagging method can be extended to higher
# resonance decays. For example, final states such as
!Bð&Þ
s Bð&ÞþK" can be used to measure CP violation in the
!Bs system by tagging with a K". Although the production
cross section is smaller than that at the #ð4SÞ resonance,
B-! tagging at and above the #ð5SÞ is likely to become a
powerful technique at upgraded B factories in the future.

In this Letter, we first measure the time-integrated mix-
ing probability $d using the flavor-specific modes B0 !
J=cK&0 and D&"!þ [12] to validate the B-! tagging
method. We also measure direct CP violation in the
charged Bþ ! J=cKþ mode, where the CP asymmetry
is known to be very small [13]. Finally, we report a
measurement of sin2#1 using the CP-eigenstate mode
B0 ! J=cK0

S with "CP ¼ "1.
The results reported here are based on 121 fb"1 of data

recorded by the Belle detector [14] at the KEKB eþe"

collider [15], running at the center-of-mass (c.m.) energy
of the #ð5SÞ resonance. The Belle detector is a general-
purpose magnetic spectrometer which consists of a silicon
vertex detector, a 50-layer central drift chamber (CDC), an

array of aerogel threshold Cherenkov counters, time-of-
flight scintillation counters, and an electromagnetic calo-
rimeter (ECL) comprised of CsI(Tl) crystals. The devices
are 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 K0

L mesons and to
identify KL muons.
All charged tracks other than K0

S ! !þ!" daughters
are required to originate from the interaction point (IP).
Charged kaons and pions are identified by combining
information from the energy loss measurement in the
CDC, the flight time measured by the time-of-flight scin-
tillation counters, and the response of the aerogel threshold
Cherenkov counters [16]. Electrons are identified by a
combination of the energy loss measurement in the CDC,
the ratio of the cluster energy in the ECL to the track
momentum measured by the silicon vertex detector and
CDC, and the shower shape in the ECL. Muons are iden-
tified by the track penetration depth and hit scatter in the
KL muons.
We reconstruct J=c mesons in the leptonic channels

eþe" or %þ%". For the e( candidates, we add the four-
momentum of every photon detected within 0.05 radians
of the original track direction. The invariant mass of
eþe" pairs is then required to satisfy "100 MeV=c2 <
Meþð&Þe"ð&Þ "mJ=c <þ30 MeV=c2, where mJ=c is the

nominal J=c mass; the interval is asymmetric because
small residual radiative tails remain. For %þ%" pairs, we
require the invariant mass to be within 30 MeV=c2 of the
nominal J=c mass. The J=c mass resolution is about
10 MeV=c2.
The K0

S candidates are formed by combining two oppo-
sitely charged tracks, assuming both are pions. Since the
K0

S’s can be selected with low background, we apply a
loose mass selection that requires an invariant mass within
30 MeV=c2 of the K0 mass. We then impose the following
additional requirements: (1) The closest approach of the
two pion tracks must have a large distance to the IP in the
plane perpendicular to the electron beam line; (2) the pion
tracks must intersect at a common vertex that is displaced
from the IP; (3) the K0

S candidate’s momentum vector
should originate from the IP.
Candidates for K&0 and !D0 mesons are reconstructed in

the K&0 ! Kþ!" and !D0 ! Kþ!" channels, respec-
tively. They are formed by combining oppositely charged
kaon and pion tracks and requiring the invariant mass
to lie within 50 MeV=c2ð)1"Þ for K&0 and within
10 MeV=c2ð)2'Þ for !D0 of the nominal masses, respec-
tively. D&" candidates are reconstructed by combining a
!D0 candidate with a !". The mass difference between the
D&" and !D0 candidates is then required to be within
2 MeV=c2ð)3:5'Þ of the nominal mass difference.
The B candidates are required to have an invariant mass

within 20 MeV=c2 of the B mass, which corresponds to
approximately (2', (2:7', (2:4', and (3' intervals
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in Fig. 2. Two peaks correspond to the B !B!!þ B! !B! and
B! !B!! decay channels, respectively. We obtain ABB! ¼
0:28$ 0:28ðstatÞ. The signal yields tagged by !þ and !'

mesons are 7:8$ 3:9 and 13:7$ 5:3 events, respectively.
Figure 3 shows the resulting two-dimensional confidence
regions in the S and A plane from Eq. (1), taking the
mixing parameter x to be 0:771$ 0:007 [21]. Assuming
A ¼ 0, we obtain

sin2"1 ¼ 0:57$ 0:58ðstatÞ $ 0:06ðsystÞ: (5)

The dominant systematic uncertainty for sin2"1 arises
from the signal and background shape parameters fixed
with MC samples. This uncertainty is evaluated by varying
the fitted parameters, the means and width of the two
Gaussians for the signal and the endpoint of the ARGUS
function, by the difference observed between the data and
MC samples for B ! J=cK!0 andD!'!þ and found to be
0.055. The systematic uncertainty from possible B !B! and
B !B!! contributions is estimated to be 0.005 by refitting
the data using a fitting function that includes BB! and
BB!!. The ratios of B !B! and B !B!! to the sum of B !B!!
and B! !B! are set to the upper limits determined in the
B ! J=cK!0 and D!'!þ modes. The systematic uncer-
tainty from a possible pion reconstruction asymmetry is
evaluated to be 0.015 using the following equation:

#!
þ

#!
' ¼ ND!þ=ND0

ND!'=N !D0

; (6)

where #!
$
is the detection efficiency of!$ andND!þ (ND0)

is the total number of reconstructed D!þ (D0) mesons in
the "ð4SÞ data sample. The D!þ is reconstructed from
D0!þ, and D0 is reconstructed from K'!þ. We require
pions from D!þ to be in the kinematic region accessible to
pions from "ð5SÞ decays. Since the detection efficiencies
for kaons and pions from D0 cancel, the detection effi-
ciency for pions from theD!þ decay can be evaluated. The
ratio #!

þ
=#!

'
is estimated to be 1:009$ 0:007, and 1.016

is used for the calculation of the systematic uncertainty.
The systematic uncertainties from the mixing parameters x
and y [8,21] are estimated to be 0.001 and 0.012, respec-
tively. The total systematic uncertainty is estimated by
summing the above uncertainties in quadrature and found
to be 0.058.

FIG. 2 (color online). Missing mass distributions for B0 ! J=
cK0

S candidates tagged by (a) !þ and (b) !' in the "ð5SÞ data
sample. The solid curve is the fit projection for the sum of signal
and background. The dashed curve shows the background com-
ponent. Two peaks correspond to the B !B!!þ B! !B! (left peak)
and B! !B!! (right peak) decay channels, respectively.

-1.5 -1 -0.5 0 0.5 1 1.5
-1.5

-1

-0.5

0

0.5

1

1.5

FIG. 3 (color online). Confidence region for S and A. The
circle shows the physical boundary. The shaded region shows
the $1$ region using the B-! tagging method at the "ð5SÞ
resonance and the point with an error bar is the S ¼ sin2"1

measurement assuming no direct CP violation (A ¼ 0).
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FIG. 1 (color online). Invariant mass of reconstructed B0 ! J=
cK0

S candidates. The background component is shown by the
dashed curve. The sum of signal and background components is
shown by the solid curve. The vertical lines show the require-
ment on the B0 mass.
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in Fig. 2. Two peaks correspond to the B !B!!þ B! !B! and
B! !B!! decay channels, respectively. We obtain ABB! ¼
0:28$ 0:28ðstatÞ. The signal yields tagged by !þ and !'

mesons are 7:8$ 3:9 and 13:7$ 5:3 events, respectively.
Figure 3 shows the resulting two-dimensional confidence
regions in the S and A plane from Eq. (1), taking the
mixing parameter x to be 0:771$ 0:007 [21]. Assuming
A ¼ 0, we obtain

sin2"1 ¼ 0:57$ 0:58ðstatÞ $ 0:06ðsystÞ: (5)

The dominant systematic uncertainty for sin2"1 arises
from the signal and background shape parameters fixed
with MC samples. This uncertainty is evaluated by varying
the fitted parameters, the means and width of the two
Gaussians for the signal and the endpoint of the ARGUS
function, by the difference observed between the data and
MC samples for B ! J=cK!0 andD!'!þ and found to be
0.055. The systematic uncertainty from possible B !B! and
B !B!! contributions is estimated to be 0.005 by refitting
the data using a fitting function that includes BB! and
BB!!. The ratios of B !B! and B !B!! to the sum of B !B!!
and B! !B! are set to the upper limits determined in the
B ! J=cK!0 and D!'!þ modes. The systematic uncer-
tainty from a possible pion reconstruction asymmetry is
evaluated to be 0.015 using the following equation:

#!
þ

#!
' ¼ ND!þ=ND0

ND!'=N !D0

; (6)

where #!
$
is the detection efficiency of!$ andND!þ (ND0)

is the total number of reconstructed D!þ (D0) mesons in
the "ð4SÞ data sample. The D!þ is reconstructed from
D0!þ, and D0 is reconstructed from K'!þ. We require
pions from D!þ to be in the kinematic region accessible to
pions from "ð5SÞ decays. Since the detection efficiencies
for kaons and pions from D0 cancel, the detection effi-
ciency for pions from theD!þ decay can be evaluated. The
ratio #!

þ
=#!

'
is estimated to be 1:009$ 0:007, and 1.016

is used for the calculation of the systematic uncertainty.
The systematic uncertainties from the mixing parameters x
and y [8,21] are estimated to be 0.001 and 0.012, respec-
tively. The total systematic uncertainty is estimated by
summing the above uncertainties in quadrature and found
to be 0.058.

FIG. 2 (color online). Missing mass distributions for B0 ! J=
cK0

S candidates tagged by (a) !þ and (b) !' in the "ð5SÞ data
sample. The solid curve is the fit projection for the sum of signal
and background. The dashed curve shows the background com-
ponent. Two peaks correspond to the B !B!!þ B! !B! (left peak)
and B! !B!! (right peak) decay channels, respectively.
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circle shows the physical boundary. The shaded region shows
the $1$ region using the B-! tagging method at the "ð5SÞ
resonance and the point with an error bar is the S ¼ sin2"1

measurement assuming no direct CP violation (A ¼ 0).

2]Mass [GeV/c

E
ve

nt
s/

5 
M

eV
/c

2

0

10

20

30

5. 5.3 5.45.1 5.2

B 0→ J/ψ  K0
S

FIG. 1 (color online). Invariant mass of reconstructed B0 ! J=
cK0

S candidates. The background component is shown by the
dashed curve. The sum of signal and background components is
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in Fig. 2. Two peaks correspond to the B !B!!þ B! !B! and
B! !B!! decay channels, respectively. We obtain ABB! ¼
0:28$ 0:28ðstatÞ. The signal yields tagged by !þ and !'

mesons are 7:8$ 3:9 and 13:7$ 5:3 events, respectively.
Figure 3 shows the resulting two-dimensional confidence
regions in the S and A plane from Eq. (1), taking the
mixing parameter x to be 0:771$ 0:007 [21]. Assuming
A ¼ 0, we obtain

sin2"1 ¼ 0:57$ 0:58ðstatÞ $ 0:06ðsystÞ: (5)

The dominant systematic uncertainty for sin2"1 arises
from the signal and background shape parameters fixed
with MC samples. This uncertainty is evaluated by varying
the fitted parameters, the means and width of the two
Gaussians for the signal and the endpoint of the ARGUS
function, by the difference observed between the data and
MC samples for B ! J=cK!0 andD!'!þ and found to be
0.055. The systematic uncertainty from possible B !B! and
B !B!! contributions is estimated to be 0.005 by refitting
the data using a fitting function that includes BB! and
BB!!. The ratios of B !B! and B !B!! to the sum of B !B!!
and B! !B! are set to the upper limits determined in the
B ! J=cK!0 and D!'!þ modes. The systematic uncer-
tainty from a possible pion reconstruction asymmetry is
evaluated to be 0.015 using the following equation:

#!
þ

#!
' ¼ ND!þ=ND0

ND!'=N !D0

; (6)

where #!
$
is the detection efficiency of!$ andND!þ (ND0)

is the total number of reconstructed D!þ (D0) mesons in
the "ð4SÞ data sample. The D!þ is reconstructed from
D0!þ, and D0 is reconstructed from K'!þ. We require
pions from D!þ to be in the kinematic region accessible to
pions from "ð5SÞ decays. Since the detection efficiencies
for kaons and pions from D0 cancel, the detection effi-
ciency for pions from theD!þ decay can be evaluated. The
ratio #!

þ
=#!

'
is estimated to be 1:009$ 0:007, and 1.016

is used for the calculation of the systematic uncertainty.
The systematic uncertainties from the mixing parameters x
and y [8,21] are estimated to be 0.001 and 0.012, respec-
tively. The total systematic uncertainty is estimated by
summing the above uncertainties in quadrature and found
to be 0.058.

FIG. 2 (color online). Missing mass distributions for B0 ! J=
cK0

S candidates tagged by (a) !þ and (b) !' in the "ð5SÞ data
sample. The solid curve is the fit projection for the sum of signal
and background. The dashed curve shows the background com-
ponent. Two peaks correspond to the B !B!!þ B! !B! (left peak)
and B! !B!! (right peak) decay channels, respectively.

-1.5 -1 -0.5 0 0.5 1 1.5
-1.5

-1

-0.5

0

0.5

1

1.5

FIG. 3 (color online). Confidence region for S and A. The
circle shows the physical boundary. The shaded region shows
the $1$ region using the B-! tagging method at the "ð5SÞ
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Results of the amplitude analysis 
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C. B0 ! KþK"K0
S

B0 ! KþK"K0
S candidates are reconstructed by com-

bining two charged tracks with a K0
S candidate. The

charged tracks are required to be consistent with a kaon
hypothesis. For most events, we apply tight kaon-PID
requirements that are about 90% efficient for kaons with
a pion misidentification rate of around 1.5%. Looser PID
requirements (#95% efficient, #6% pion misidentifica-
tion) are applied in the m12 < 1:1 GeV=c2 region, to in-
crease the signal efficiency for B0 ! !K0

S. K
0
S candidates

are reconstructed in both the K0
S ! "þ"" and K0

S !
"0"0 decay modes. K0

S ! "þ"" candidates are required
to have a mass within 20 MeV=c2 of the nominal K0

S mass,
while K0

S ! "0"0 candidates are required to have a mass
m"0"0 in the range ðmK0

S
" 20 MeV=c2Þ<m"0"0 <

ðmK0
S
þ 30 MeV=c2Þ, where mK0

S
is the nominal K0

S mass.

Both K0
S ! "þ"" and K0

S ! "0"0 candidates are re-
quired to have a lifetime significance of at least 3 standard
deviations, and to satisfy cos#KS

> 0:999. The "0 candi-
dates are formed from two photon candidates, with each
photon required to have a laboratory energy greater than
50 MeVand a transverse shower profile consistent with an
electromagnetic shower.

We reduce continuum backgrounds by requiring
j cos$Tj< 0:9. In addition, we use a NN containing the
variables j cos$Tj, j cos$Bj, and L2=L0. Since we are
performing a time-dependent analysis of B0 ! KþK"K0

S,
we omit j!t=%!tj from the NN in order not to bias the fit.

We train the NN on signal MC events and off-resonance
data. We make a requirement on the NN output that re-
moves 26% of continuum events in the K0

S ! "þ""

channel, and 24% of continuum events in the K0
S !

"0"0 channel, with only a 2% loss of signal events. B
candidates must satisfy 5:26<mES < 5:29 GeV=c2

and "0:06ð"0:12Þ<!E< 0:06 GeV for K0
S ! "þ""

(K0
S ! "0"0). An mES sideband region with mES <

5:26 GeV=c2 is used for background characterization.
After the calculation of mES and !E, the B candidates
are refitted with a B mass constraint. The overall selection
efficiency for B0 ! KþK"K0

S is 31% forK0
S ! "þ"" and

7% for K0
S ! "0"0.

The time difference !t is obtained from the measured
distance along the beam direction between the positions of
the B0

sig and B
0
tag decay vertices, using the boost &' ¼ 0:56

of the eþe" system. We require that B candidates have
j!tj< 20 ps and an uncertainty on !t less than 2.5 ps. To
determine the flavor of B0

tag we use the B flavor tagging

algorithm of Ref. [1], which produces six mutually exclu-
sive tagging categories. We also retain untagged events
(about 23% of signal events) in a seventh category, since
these events contribute to the measurements of the branch-
ing fractions, although not to the CP asymmetries.
Multiple B candidates pass the selection criteria in about

4% of K0
S ! "þ"" signal events and 11% of K0

S ! "0"0

signal events. If an event has multiple candidates, we
choose the B candidate using criteria similar to those
used for Bþ ! K0

SK
0
SK

þ. The best candidate selection is
performed prior to the mES, !E, and !t selection.
B "B backgrounds are studied with MC events and

grouped into five classes, summarized in Table IV. We
include classes for signal-like B0 ! KþK"K0

S decays
coming from B0 ! D"Kþ (class 1), D"

s K
þ (class 2),

"D0K0
S (class 3), and J=cK0

S (class 4). The remaining B "B
backgrounds are grouped into a fifth class.

V. THE MAXIMUM-LIKELIHOOD FIT

We perform an unbinned extended maximum-likelihood
fit [19] to measure the inclusive B ! KKK event yields
and the resonant amplitudes and CP-violating parameters.

TABLE III. Summary of the B "B backgrounds in Bþ !
K0

SK
0
SK

þ. The ‘‘Expected yields’’ column gives the expected
number of events for 471' 106 B "B pairs, based on MC simu-
lation. In the maximum-likelihood fit on the data (Sec. VII B),
the yield of each class is fixed to its MC expectation.

Class Decay Expected yields

1 Bþ ! "D0"þð "D0 ! K0
SK

0
SÞ, 6:1( 1:2

Bþ ! K0
SK

)þðK)þ ! K0
S"

þÞ
2 Bþ=B0 ! charmless 23( 5
3 Bþ ! "D0Kþð "D0 ! K0

SK
0
SÞ 8:1( 1:6

4 BþB"=B0 "B0 remaining 118( 6

TABLE IV. Summary of the B "B backgrounds in B0 ! KþK"K0
S. The ‘‘Expected yields’’

columns give the expected number of events for 471' 106 B "B pairs, based on MC simulation.
The ‘‘Fitted yields’’ columns give the fitted number of events from the best solution of the fit on
the data (see Sec. VII C).

Class Decay Expected yields Fitted yields
K0

S ! "þ"" K0
S ! "0"0 K0

S ! "þ"" K0
S ! "0"0

1 B0 ! D"KþðD" ! K"K0
SÞ 42( 13 4( 1 36( 7 3:6( 0:6

2 B0 ! D"
s K

þðD"
s ! K"K0

SÞ 33( 6 3( 1 11( 4 1:1( 0:4
3 B0 ! "D0K0

Sð "D0 ! KþK"Þ 10( 1 1:0( 0:1 16( 5 1:9( 0:5
4 B0 ! J=cK0

SðJ=c ! KþK"Þ 10( 1 1:0( 0:1 4( 4 0:5( 0:4
5 BþB"=B0 "B0 remaining 141( 7 123( 6 29( 28 48( 18
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Main sources of backgrounds and yields
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Main sources of systematic uncertainties

parameters of the !t resolution function and the mistag
rate. An additional systematic uncertainty is contributed by
the limited size of the data sideband sample used to create
the continuum DP PDFs. These systematic uncertainties
are listed under ‘‘Fixed PDF params’’ in Tables XV, XVI,
and XVII.

Biases in the fit procedure are studied by performing
hundreds of pseudoexperiments using MC events passed
through a GEANT4-based detector simulation. We do not
correct for any observed biases, but instead assign system-
atic uncertainties, listed under ‘‘Fit bias’’ in Tables XV,
XVI, and XVII.

We also study the effect of additional resonances that are
not included in our nominal isobar models (see Sec. VI).
We test for the f0ð1370Þ, a00ð1450Þ, f2ð1270Þ, f2ð2010Þ,
and f2ð2300Þ in each mode. We also test for the!ð1680Þ in
Bþ ! KþK$Kþ and B0 ! KþK$K0

S, and the a%0 ð980Þ
and a%0 ð1450Þ in Bþ ! K0

SK
0
SK

þ and B0 ! KþK$K0
S.

These resonances are modeled by RBW line shapes, except
for the a%0 ð980Þ, which is modeled by a Flatté line shape.
We first fit to data including these additional resonances in
the model. Then, using this fit result, we generate a large
number of data-sized simulated data sets. We then fit to
these simulated data sets with and without the additional
resonances in the signal model, and take the observed
differences as a systematic uncertainty. This is listed as
‘‘Add resonances’’ in Tables XV, XVI, and XVII. In Bþ !
KþK$Kþ, the addition of the f0ð1370Þ causes solution II
to be the global mininum rather than solution I, so we do
not assign a systematic uncertainty for it.

Additional systematic uncertainties are listed as
‘‘Other’’ in Tables XV, XVI, and XVII. Systematic uncer-

tainties are assessed for tracking efficiency, K0
S reconstruc-

tion, and K% PID. We also compute a systematic
uncertainty due to the limited sizes of the MC samples
used to calculate the signal efficiency as a function of DP
position. We assign a 1% systematic uncertainty due to
possible detector charge asymmetries not properly mod-
eled in the detector simulation. For the CP-violating pa-
rameters in B0 ! KþK$K0

S, we assign a systematic
uncertainty due to the interference between CKM-favored
and CKM-suppressed tag-side B decays [27].

IX. SUMMARY

We have performed amplitude analyses of the decays
Bþ ! KþK$Kþ and Bþ ! K0

SK
0
SK

þ, and a time-
dependent amplitude analysis of B0 ! KþK$K0

S, using a
data sample of approximately 470& 106 B "B decays.
For Bþ ! KþK$Kþ, we find two solutions separated

by 5.6 units of $2 lnL. The favored solution has a direct
CP asymmetry in Bþ ! !ð1020ÞKþ of ACP ¼
ð12:8% 4:4% 1:3Þ%. A likelihood scan shows that ACP

differs from 0 by 2:8", including systematic uncertainties.
This can be compared with the SM expectation of ACP ¼
ð0:0–4:7Þ%. For B0 ! KþK$K0

S, we find five solutions,
and determine #effð!K0

SÞ ¼ ð21% 6% 2Þ( from a likeli-
hood scan. Excluding the !ð1020ÞK0

S and f0ð980ÞK0
S con-

tributions, we measure #eff ¼ ð20:3% 4:3% 1:2Þ( for the
remaining B0 ! KþK$K0

S decays, and exclude the trigo-
nometric reflection 90( $ #eff at 4:8", including system-
atic uncertainties. For Bþ ! K0

SK
0
SK

þ, there is insufficient
data to fully constrain the many complex amplitudes in the
DP model. However, from a likelihood scan we measure an

TABLE XVII. Summary of systematic uncertainties for B0 ! KþK$K0
S parameters. Errors on

angles, ACP’s, and branching fractions are given in degrees, percent, and units of 10$6,
respectively.

Parameter Line shape Fixed PDF params Other Add resonances Fit bias Total

#effð!ð1020ÞÞ 2 1 0 2 0 2
#effðf0ð980ÞÞ 1 1 0 4 0 4
#eff (other) 0.7 0.4 0.2 0.8 0.4 1.2
ACPð!ð1020ÞÞ 2 2 2 2 3 5
ACPðf0ð980ÞÞ 6 3 2 5 2 9
ACP (other) 1 1 1 2 1 3
Bð!ð1020ÞÞ 0.13 0.05 0.08 0.05 0.03 0.18
Bðf0ð980ÞÞ 1.3 0.3 0.1 2.0 0.1 2.4
Bðf0ð1500ÞÞ 0.04 0.02 0.02 0.10 0.03 0.12
Bðf02ð1525ÞÞ 0.02 0.01 0.00 0.15 0.02 0.16
Bðf0ð1710ÞÞ 0.3 0.1 0.1 0.4 0.1 0.5
Bð$c0Þ 0.02 0.02 0.02 0.01 0.04 0.06
B (NR(total)) 2 1 1 8 1 9
B (NR (S wave)) 2 1 1 8 1 8
B (NR (P wave)) 0.1 0.2 0.1 0.3 0.1 0.4
B (total) 0.0 0.4 0.7 0.0 0.1 0.8
B (charmless) 0.1 0.4 0.6 0.0 0.2 0.8
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parameters of the !t resolution function and the mistag
rate. An additional systematic uncertainty is contributed by
the limited size of the data sideband sample used to create
the continuum DP PDFs. These systematic uncertainties
are listed under ‘‘Fixed PDF params’’ in Tables XV, XVI,
and XVII.

Biases in the fit procedure are studied by performing
hundreds of pseudoexperiments using MC events passed
through a GEANT4-based detector simulation. We do not
correct for any observed biases, but instead assign system-
atic uncertainties, listed under ‘‘Fit bias’’ in Tables XV,
XVI, and XVII.

We also study the effect of additional resonances that are
not included in our nominal isobar models (see Sec. VI).
We test for the f0ð1370Þ, a00ð1450Þ, f2ð1270Þ, f2ð2010Þ,
and f2ð2300Þ in each mode. We also test for the!ð1680Þ in
Bþ ! KþK$Kþ and B0 ! KþK$K0

S, and the a%0 ð980Þ
and a%0 ð1450Þ in Bþ ! K0

SK
0
SK

þ and B0 ! KþK$K0
S.

These resonances are modeled by RBW line shapes, except
for the a%0 ð980Þ, which is modeled by a Flatté line shape.
We first fit to data including these additional resonances in
the model. Then, using this fit result, we generate a large
number of data-sized simulated data sets. We then fit to
these simulated data sets with and without the additional
resonances in the signal model, and take the observed
differences as a systematic uncertainty. This is listed as
‘‘Add resonances’’ in Tables XV, XVI, and XVII. In Bþ !
KþK$Kþ, the addition of the f0ð1370Þ causes solution II
to be the global mininum rather than solution I, so we do
not assign a systematic uncertainty for it.

Additional systematic uncertainties are listed as
‘‘Other’’ in Tables XV, XVI, and XVII. Systematic uncer-

tainties are assessed for tracking efficiency, K0
S reconstruc-

tion, and K% PID. We also compute a systematic
uncertainty due to the limited sizes of the MC samples
used to calculate the signal efficiency as a function of DP
position. We assign a 1% systematic uncertainty due to
possible detector charge asymmetries not properly mod-
eled in the detector simulation. For the CP-violating pa-
rameters in B0 ! KþK$K0

S, we assign a systematic
uncertainty due to the interference between CKM-favored
and CKM-suppressed tag-side B decays [27].

IX. SUMMARY

We have performed amplitude analyses of the decays
Bþ ! KþK$Kþ and Bþ ! K0

SK
0
SK

þ, and a time-
dependent amplitude analysis of B0 ! KþK$K0

S, using a
data sample of approximately 470& 106 B "B decays.
For Bþ ! KþK$Kþ, we find two solutions separated

by 5.6 units of $2 lnL. The favored solution has a direct
CP asymmetry in Bþ ! !ð1020ÞKþ of ACP ¼
ð12:8% 4:4% 1:3Þ%. A likelihood scan shows that ACP

differs from 0 by 2:8", including systematic uncertainties.
This can be compared with the SM expectation of ACP ¼
ð0:0–4:7Þ%. For B0 ! KþK$K0

S, we find five solutions,
and determine #effð!K0

SÞ ¼ ð21% 6% 2Þ( from a likeli-
hood scan. Excluding the !ð1020ÞK0

S and f0ð980ÞK0
S con-

tributions, we measure #eff ¼ ð20:3% 4:3% 1:2Þ( for the
remaining B0 ! KþK$K0

S decays, and exclude the trigo-
nometric reflection 90( $ #eff at 4:8", including system-
atic uncertainties. For Bþ ! K0

SK
0
SK

þ, there is insufficient
data to fully constrain the many complex amplitudes in the
DP model. However, from a likelihood scan we measure an

TABLE XVII. Summary of systematic uncertainties for B0 ! KþK$K0
S parameters. Errors on

angles, ACP’s, and branching fractions are given in degrees, percent, and units of 10$6,
respectively.

Parameter Line shape Fixed PDF params Other Add resonances Fit bias Total

#effð!ð1020ÞÞ 2 1 0 2 0 2
#effðf0ð980ÞÞ 1 1 0 4 0 4
#eff (other) 0.7 0.4 0.2 0.8 0.4 1.2
ACPð!ð1020ÞÞ 2 2 2 2 3 5
ACPðf0ð980ÞÞ 6 3 2 5 2 9
ACP (other) 1 1 1 2 1 3
Bð!ð1020ÞÞ 0.13 0.05 0.08 0.05 0.03 0.18
Bðf0ð980ÞÞ 1.3 0.3 0.1 2.0 0.1 2.4
Bðf0ð1500ÞÞ 0.04 0.02 0.02 0.10 0.03 0.12
Bðf02ð1525ÞÞ 0.02 0.01 0.00 0.15 0.02 0.16
Bðf0ð1710ÞÞ 0.3 0.1 0.1 0.4 0.1 0.5
Bð$c0Þ 0.02 0.02 0.02 0.01 0.04 0.06
B (NR(total)) 2 1 1 8 1 9
B (NR (S wave)) 2 1 1 8 1 8
B (NR (P wave)) 0.1 0.2 0.1 0.3 0.1 0.4
B (total) 0.0 0.4 0.7 0.0 0.1 0.8
B (charmless) 0.1 0.4 0.6 0.0 0.2 0.8
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Additional resonances: 
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Determining the signal model 
!   Prior to fitting CPV parameters, the nominal DP models are established 
     ! CPV parameters set to the SM ones 
     ! Legendre polynomial moments vs invariant masses, used to compare data and fit 
 
 

!   K+K-K+: ϕ(1020), f0(980), f0(1500), f2′(1525), f0(1710), χc0, poly. NR 
!   KSKSK+: , f0(980), f0(1500), f2′(1525), f0(1710), χc0, poly. NR 
 

           In the 3 modes: no need for the fX(1500)  
           good description with f0(1500), f2′(1525), f0(1710)) 
 

Eli Ben-Haim                                                 CKM Workshop, September 29th 2012 16 

ϕ, f0(980), f0(1500), f2′(1525), 
f0(1710), χc0, poly NR (S+P) 
ϕ, f0(980), fX(1500), f0(1710), 
χc0, exp NR 
 

Best 
fits 

f0(980), f0(1500), f2′(1525), 
f0(1710), χc0, poly NR (S) 
f0(980), fX(1500), f0(1710), 
χc0, poly NR (S) 

K+K-K+ KSKSK+ 

B0 → K+K-KS 



R. de Sangro (LNF-INFN) May 19-24, 2013 FPCP 2013 - Buzios, Brasil

BaBar B±→K+K-K± and KSKSK±

12

Results (B+ →K+K-K+ ; KSKSK+) 
 

    Nsig = 5269±84 (Purity = 43%)        ACP(inclusive) = (-1.7+1.9
-1.4±1.4)% 

 

    BF = (33.4±0.5±0.9)×10-6 [χc0K excluded]      ACP(ϕK) = (12.8±4.4±1.3)% 

                 (2.8σ from 0, SM: ~ 0 - 4.7%) 
 

Eli Ben-Haim                                                 CKM Workshop, September 29th 2012 39 

Other B → 3K modes 
K+ K

- K
+  

K SK
SK

+  

   Nsig = 632±28 (Purity = 20%)       ACP = (4±5±2)% 
   BF = (10.1±0.5±0.3)×10-6  [χc0K excluded] 

“sPlot” in the 
ϕ region 

Beneke, Neubert, Nucl.Phys B675,333 (QCDF) ; Li, Mishima, PRD 74, 094020 (pQCD) 
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[LHCb-CONF-2012-018]

FIRST 
EVIDENCE!

Table 2: Systematic uncertainties to the ACP measurements for B± ! K±⇡+⇡� and
B± ! K±K+K�. The totals are the sums in quadrature of the contributions.

Contribution K±⇡+⇡� K±K+K�

Signal fixed parameters 0.002 0.002
Signal model 0.0001 0.0001
Signal shape 0.0012 0.0001
Background model 0.0003 0.00002
Background asymmetry 0.0002 0.0001
Acceptance 0.001 0.0015
Trigger correction 0.0011 0.001
Subtraction method 0.003 0.004
Total 0.004 0.005

distributed in the Dalitz plot. The B� and B+ signal yields in each bin of the phase
space were corrected for the selection e�ciency in that bin, obtained from simulation.
The weighted average of the resulting corrected asymmetries was computed and its
di↵erence from the nominal result is taken as a systematic uncertainty.

• Trigger asymmetry correction. The uncertainty on the trigger asymmetry correction,
described in Sec. 4, was evaluated by applying charge-dependent e�ciency corrections
from trigger calibration data samples.

• Subtraction method. To evaluate the systematic uncertainty due to the use of
B± ! J/ K± as a control channel for the subtraction of detector e↵ects, its kaon
kinematic variables (momentum, transverse momentum and pseudorapidity) were
reweighted to match the B± ! K±⇡+⇡� and B± ! K±K+K� distributions. The
B± ! J/ K± raw asymmetry was calculated from the reweighted data, and was
applied to get corrected CP asymmeries of B± ! K±⇡+⇡� and B± ! K±K+K�.
The largest di↵erences of the results from the nominal measurements are assigned as
systematic uncertainties.

The summary of the systematic uncertainties is shown in Table 2, where the total is
calculated as the sum in quadrature of the individual contributions. The final results for
the charge asymmetries of B± ! K±⇡+⇡� and B± ! K±K+K� are

ACP (B± ! K±⇡+⇡�) = +0.034± 0.009(stat)± 0.004(syst)± 0.007(J/ K±) ,

ACP (B± ! K±K+K�) = �0.046± 0.009(stat)± 0.005(syst)± 0.007(J/ K±) ,

where the first uncertainty is statistical, the second is systematic, and the third is the
uncertainty of the ACP of B± ! J/ K± from the PDG [1]. The significance of the inclusive
charge asymmetry is 2.8 standard deviations (taken to be the ratio of the central value and
the sum in quadrature of the statistical and systematic uncertainties) for B± ! K±⇡+⇡�

and 3.7 standard deviations for B± ! K±K+K�.
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Figure 2: Fits to the invariant mass distributions of B± ! K±K+K� candidates for B� (left)
and B+ (right). The data are shown as points with error bars. The lines correspond to the the
total PDF (solid blue), signal (dotted red), combinatorial background (dashed orange), final state
K±K+K�⇡0 (hashed cyan area), and the peaking backgrounds B± ! K+K�⇡± (dash-dotted
magenta) and B± ! D0(D0)K± (solid grey).
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Figure 3: Fits to the invariant mass distributions of B± ! J/ K± candidates, reconstructed
as K±⇡+⇡�, for B� (left) and B+ (right). The data are shown as points with error bars. The
lines correspond to the the total PDF (solid blue), signal (dotted red), combinatorial background
(dashed orange), and final state J/ K±⇡0 (hashed cyan area).

B± ! K±⇡+⇡�, Fig. 2 for B± ! K±K+K� and Fig. 3 for B± ! J/ K±. The event
yields are shown in Table 1.

4 Charge asymmetry measurement

To measure the inclusive charge asymmetry, ACP , of B± ! K±K+K� and B± ! K±⇡+⇡�,
the observed raw data asymmetries, ARAW

CP , have to be corrected for the e↵ects of production
and detection asymmetries, AP and AD. The combined e↵ect of AP +AD is estimated from
the raw asymmetry of B± ! J/ K± corrected by its CP asymmetry, ACP = (1±7)⇥10�3,

5

Table 1: Event yields for B� and B+ samples and for the whole dataset. The B± !
K±⇡+⇡� values correspond to the distributions in Fig. 1, the B± ! K±K+K� values to
Fig. 2, and the B± ! J/ K± values to Fig. 3.

B± ! K±⇡+⇡� B± ! K±K+K� B± ! J/ K±

B� 18 168± 170 10 289± 110 30 140± 179
B+ 17 540± 169 11 606± 117 30 984± 182
Global fit 35 707± 308 21 892± 177 61 122± 258
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Figure 1: Fits to the invariant mass distributions of B± ! K±⇡+⇡� candidates for B� (left)
and B+ (right). The data are shown as points with error bars. The lines correspond to the the
total PDF (solid blue), signal (dotted red), combinatorial background (dashed orange), final
state K±⇡+⇡�⇡0 (hashed green area), and the peaking backgrounds B± ! ⌘0K± (dash-dotted
black) and B± ! ⇡±⇡+⇡� (solid magenta).

the signal yields. The main peaking backgrounds are B± ! ⌘0K±, where ⌘0 ! ⇢0� and
⇢0 ! ⇡+⇡�, whose yield is 6% of the signal yields, and B± ! ⇡±⇡+⇡� decay with a
1.6% yield fraction. For B± ! K±K+K�, the partially reconstructed backgrounds have
K±K+K�⇡0 in the final state with the loss of a neutral pion. They are mainly due to
the decay B± ! K⇤±K+K�, K⇤± ! K±⇡0, and their yield is 5.4% of the signal yield.
The relevant peaking backgrounds come from B± ! K+K�⇡± and B± ! D0(D0)K±,
D0(D0)! K+⇡� decays, each with a fractional yield of 0.3% of the signal yield. For B± !
J/ K±, there is only one partially reconstructed background, namely the J/ K±⇤(K±⇡0)
final state, with 9% of the signal yield.

The total fit function is the sum of the signal PDF (Eq. 3), the PDF for combinatorial
background and the PDF for the sum of peaking and partially reconstructed backgrounds
(Eq. 4). The values of the fraction fsig and the Crystal Ball tail parameters (a, n), as well
as the peaking background shapes and fractions, are determined from a fit to simulated
data and fixed. The signal mean and widths are fixed to the values obtained from a fit to
the combined data sample of B� and B+ for each channel.

The fits to the invariant masses of the B� and B+ candidates are shown in Fig. 1 for
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Figure 2: Fits to the invariant mass distributions of B± ! K±K+K� candidates for B� (left)
and B+ (right). The data are shown as points with error bars. The lines correspond to the the
total PDF (solid blue), signal (dotted red), combinatorial background (dashed orange), final state
K±K+K�⇡0 (hashed cyan area), and the peaking backgrounds B± ! K+K�⇡± (dash-dotted
magenta) and B± ! D0(D0)K± (solid grey).
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Figure 3: Fits to the invariant mass distributions of B± ! J/ K± candidates, reconstructed
as K±⇡+⇡�, for B� (left) and B+ (right). The data are shown as points with error bars. The
lines correspond to the the total PDF (solid blue), signal (dotted red), combinatorial background
(dashed orange), and final state J/ K±⇡0 (hashed cyan area).

B± ! K±⇡+⇡�, Fig. 2 for B± ! K±K+K� and Fig. 3 for B± ! J/ K±. The event
yields are shown in Table 1.

4 Charge asymmetry measurement

To measure the inclusive charge asymmetry, ACP , of B± ! K±K+K� and B± ! K±⇡+⇡�,
the observed raw data asymmetries, ARAW

CP , have to be corrected for the e↵ects of production
and detection asymmetries, AP and AD. The combined e↵ect of AP +AD is estimated from
the raw asymmetry of B± ! J/ K± corrected by its CP asymmetry, ACP = (1±7)⇥10�3,

5

Kππ

KKK

J/ψK

Table 1: Event yields for B� and B+ samples and for the whole dataset. The B± !
K±⇡+⇡� values correspond to the distributions in Fig. 1, the B± ! K±K+K� values to
Fig. 2, and the B± ! J/ K± values to Fig. 3.

B± ! K±⇡+⇡� B± ! K±K+K� B± ! J/ K±

B� 18 168± 170 10 289± 110 30 140± 179
B+ 17 540± 169 11 606± 117 30 984± 182
Global fit 35 707± 308 21 892± 177 61 122± 258
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Figure 1: Fits to the invariant mass distributions of B± ! K±⇡+⇡� candidates for B� (left)
and B+ (right). The data are shown as points with error bars. The lines correspond to the the
total PDF (solid blue), signal (dotted red), combinatorial background (dashed orange), final
state K±⇡+⇡�⇡0 (hashed green area), and the peaking backgrounds B± ! ⌘0K± (dash-dotted
black) and B± ! ⇡±⇡+⇡� (solid magenta).

the signal yields. The main peaking backgrounds are B± ! ⌘0K±, where ⌘0 ! ⇢0� and
⇢0 ! ⇡+⇡�, whose yield is 6% of the signal yields, and B± ! ⇡±⇡+⇡� decay with a
1.6% yield fraction. For B± ! K±K+K�, the partially reconstructed backgrounds have
K±K+K�⇡0 in the final state with the loss of a neutral pion. They are mainly due to
the decay B± ! K⇤±K+K�, K⇤± ! K±⇡0, and their yield is 5.4% of the signal yield.
The relevant peaking backgrounds come from B± ! K+K�⇡± and B± ! D0(D0)K±,
D0(D0)! K+⇡� decays, each with a fractional yield of 0.3% of the signal yield. For B± !
J/ K±, there is only one partially reconstructed background, namely the J/ K±⇤(K±⇡0)
final state, with 9% of the signal yield.

The total fit function is the sum of the signal PDF (Eq. 3), the PDF for combinatorial
background and the PDF for the sum of peaking and partially reconstructed backgrounds
(Eq. 4). The values of the fraction fsig and the Crystal Ball tail parameters (a, n), as well
as the peaking background shapes and fractions, are determined from a fit to simulated
data and fixed. The signal mean and widths are fixed to the values obtained from a fit to
the combined data sample of B� and B+ for each channel.

The fits to the invariant masses of the B� and B+ candidates are shown in Fig. 1 for
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• Data sample: L=1 fb-1

• Effect of production and detection 
asymmetries taken into account using J/ψK+ 
control sample

taken from the PDG [1]. Thus, the CP asymmetry of signal channels is

ACP (K±h+h�) = ARAW
CP (K±h+h�)� ARAW

CP (J/ K±) + ACP (J/ K±) , (5)

where hh stands for KK or ⇡⇡. The subtraction was done separately in subsamples of
the data divided by trigger selections, in order to cancel a possible trigger asymmetry for
kaons. The resulting CP asymmetries, obtained as weighted averages of the subsamples,
are

ACP (K±⇡+⇡�) = +0.034± 0.009 ,

ACP (K±K+K�) = �0.046± 0.009 ,

where the uncertainties are statistical.

5 Systematic uncertainties and results

We evaluated systematic uncertainties due to the signal and background models, back-
ground asymmetry, acceptance, trigger asymmetry correction and subtraction method:

• Signal PDF fixed parameters. The systematic e↵ect of having fixed the signal PDF
parameters (mean, widths and the fraction fsig) to the values obtained by the fit
to the full data sample was estimated by letting them float in the fit. The Crystal
Ball tail parameters (a, n) were also varied by their uncertainties from the fit to the
simulated samples, and the resulting systematic uncertainties were negligible.

• Signal model and shape. The systematic uncertainty due to the choice of signal PDF
was determined by replacing it with the sum of two Crystal Ball functions, and it
was found negligible. As a further check that the signal shape does not introduce a
bias, the signal yields were calculated from the di↵erence between the total number
of events and the integrated background contributions in the signal region.

• Background model. The peaking background fractions were varied in the fit based
on their statistical uncertainties. As a check they were also left to float in the fit,
and the resulting fractions are within one standard deviation of the ones from the
simulation.

• Background charge asymmetry. The systematic uncertainty due to neglecting the
possible peaking background charge asymmetry was evaluated by repeating the fits
with 100% charge asymmetry (positive and negative) for the peaking components.
Since the possible background asymmetry is expected to be much smaller, a few
percent, a safe value of ten percent of the di↵erences from the nominal values was
assigned as systematic uncertainty.

• Acceptance. A systematic uncertainty is assigned due to reconstruction ine�ciencies
in phase space and the fact that the observed charge asymmetries are not uniformly

6

1 Introduction

The B meson decays have been the focus of great interest due to their sensitivity
to CP violation phenomena as well as to new physics beyond the standard model. In
particular, charmless three-body B± decays o↵er the possibility to study the weak phase,
which changes sign between charge conjugate B± decays, in interference patterns between
two-body resonances in the Dalitz plot. The leading diagram contributions to these decays
proceed through a b! s(d) penguin and a b! u tree transition.

This note presents a measurement of the integrated charge asymmetry, ACP , as well as
the asymmetry distributions in the Dalitz plots for B± ! K±⇡+⇡� and B± ! K±K+K�

decays. The measurement is based on 1.0 fb�1 of data collected in the LHCb experiment
from the

p
s = 7 TeV pp collision run in 2011. The raw charge asymmetry, ARAW

CP , is
obtained from the negative and positive B event yields as

ARAW
CP =

NB� �NB+

NB� + NB+

. (1)

The decay B± ! J/ K± is used to control the residual asymmetry from the production
and detection mechanisms. It is kinematically similar to the signal channels and has no
expected CP violation (the current PDG value is (1± 7)⇥ 10�3 [1]). The odd number of
kaons in all three channels leads to a similar e↵ect of the asymmetry due to the di↵erent
interaction lengths for K+ and K� mesons in the detector.

The B± ! K±⇡+⇡� decay mode has been observed by Belle and BaBar [2,3] which
claim evidence of CP violation in the channel with final state B± ! ⇢0K±, ⇢0 ! ⇡+⇡�.
The current PDG value for the B± ! K±⇡+⇡� asymmetry is ACP (B± ! K±⇡+⇡�) =
0.038 ± 0.022 [1]. For the B± ! K±K+K� mode, the current PDG asymmetry value
is ACP (B± ! K±K+K�) = �0.017± 0.030, compatible with zero. Recently the BaBar
collaboration also measured the inclusive asymmetry to be ACP (B± ! K±K+K�) =
�0.017 +0.019

�0.014(stat)± 0.014(syst), and claimed evidence of CP violation in the final state
B± ! �(1020)K±, �(1020)! K+K� through an amplitude analysis [4].

2 Dataset

The dataset consists of the full data sample collected by LHCb in 2011 with an integrated
luminosity of 1.0 fb�1. The LHCb detector [5] is a single-arm forward spectrometer covering
the pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or c
quarks. The detector includes a high precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power of about 4 Tm, and three
stations of silicon-strip detectors and straw drift-tubes placed downstream. The combined
tracking system has a momentum resolution �p/p that varies from 0.4% at 5 GeV/c to
0.6% at 100 GeV/c, and an impact parameter resolution of 20 µm for tracks with high

1
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events contain more than one B0 candidate. In this case the
candidate with the smallest quadratic sum of deviations of
reconstructed invariant masses of D daughters (and mass
differences of D!þ daughters) from nominal values,
divided by the width of corresponding signal peaks, is
selected. This requirement selects the correct candidate
with a probability of 96% (92%).

In B0 ! DþD# unlike in B0 ! D!$D% the major
source of background arises from eþe# ! q !q ðq 2
fu; d; s; cgÞ continuum events. This background is sup-
pressed by a neural network (NN) implemented by the
NeuroBayes package [19] that combines information about
the event topology. Observables included in the NN are
cos!!B, where !

!
B is the polar angle of the B0 candidate with

respect to the beam direction in the center-of-mass frame, a
combination of 16 modified Fox-Wolfram moments [20],
and the momentum flow in nine concentric cones around
the thrust axis of the B0 candidate [21]. The requirement on
the NN selection rejects 64% of the background while
retaining 92% of the signal.

The signal yields are obtained by two-dimensional un-
binned extended maximum likelihood fits to the Mbc and
"E distributions. The Mbc distributions are parameterized
by a Gaussian function for the signal component and by an
empirically determined threshold function introduced by
the ARGUS Collaboration [22] for the background com-
ponent. The"E distributions are parameterized by the sum
of two Gaussian functions (the sum of a Gaussian function
and an empirically determined function introduced by the
Crystal Ball Collaboration [23]) with common mean for
the signal component in B0 ! DþD#ðB0 ! D!$D%Þ and
by a linear function for the background component. The
shape parameters of signal components in B0 !
DþD#ðB0 ! D!$D%Þ are fixed to values obtained from
B0 ! Dþ

s D
#ðB0 ! Dþ

s D
!#Þ data distributions, where the

relative widths and fractions of the signal components in
"E are fixed to values obtained from Monte Carlo (MC)
simulation studies. The Mbc and "E distributions and fit
projections are shown in Fig. 1. For B0 ! DþD# the
obtained yields are 221:4$ 18:6 signal events in the
ðK#"þ"þÞðKþ"#"#Þ final state and 48:0$ 8:9 signal
events in the ðK#"þ"þÞðK0

S"
#Þ final state.

For B0 ! D!$D%, we obtain a yield of 886:8$ 39:3
signal events in all reconstructed modes combined. Of
these, the yield in modes involving D!þ ! D0"þ decays
only is 769:2$ 36:0 signal events.

Decays such as B0 ! Dð!Þ#K!þ, B0 ! Dð!Þ#K0"þ, and
B0 ! Dð!Þ#"þ"þ"# have the same final states as the

reconstructed B0 ! DþDð!Þ# decay modes and can
possibly populate the Mbc and "E signal region. The
contributions of such decays, referred to as peaking
background, are estimated from D mass sidebands
and subtracted in the signal yields given above. For
B0 ! DþD#ðB0 ! D!$D%Þ, we find a contribution of
0:7$ 1:5ð4:7$ 2:1Þ peaking background events from fits

to D# ! K0
S"

# mass sidebands. The D# ! Kþ"#"#

mass sidebands are considered to be free of peaking back-
ground and no background subtraction is performed. This
assumption has been tested by MC simulations and no
peaking background is found in the data sidebands.
The reconstruction efficiencies are obtained from MC

simulations of signal decays and have been corrected to
account for PID selection efficiency differences between
MC simulations and data. To exclude systematic effects in
the determination of reconstruction efficiencies associated
with soft neutral pions, only modes involving D!þ !
D0"þ decays are used in the B0 ! D!$D% branching
fraction measurement.
The branching fractions are calculated from signal

yields, reconstruction efficiencies, the number of B !B
events, and current world averages of D0, Dþ, and D!þ

branching fractions [24]. The branching fraction for B0 !
DþD# decays is calculated as the weighted average of the
branching fractions determined for each of both recon-
structed decay modes separately. The branching fraction
for B0 ! D!$D% decays is determined by the signal yield
in all modes and the average reconstruction efficiency
weighted by the D branching fractions. The determined
branching fractions are BðB0 ! DþD#Þ ¼ ð2:12$
0:16$ 0:18Þ ) 10#4 and BðB0 ! D!$D%Þ ¼ ð6:14$
0:29$ 0:50Þ ) 10#4. The systematic uncertainties of the
measured branching fractions are summarized in Table I.
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FIG. 1. Mbc and "E distributions (data points with error bars)
and fit projections (solid lines) for (a)–(b) B0 ! DþD# and (c)–
(d) B0 ! D!$D% decays. The dotted (dashed) lines represent
projections of signal (background) fit components. A j"Ej<
30 MeV (Mbc > 5:27 GeV=c2) requirement is applied in plot-
ting the Mbcð"EÞ distributions.
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SVD misalignment and a !z bias, which are both esti-
mated by MC simulations. The contributions due to the !t
resolution functions, the !t parameterization of back-
ground components, and the calculation of the signal purity

and the physics parameters !B0 and !md are estimated by
varying the fixed parameters within their uncertainties. The
systematic uncertainty due to flavor tagging is estimated by
varying the mistag fractions in each r interval within their
uncertainties. A possible fit bias is estimated from a large
sample of MC simulated signal decays. The effect of the
peaking background is studied using MC simulations al-
lowing for CP violation in nonresonant decays. The pos-
sible interference between Cabibbo-favored b ! c "ud and
suppressed "b ! "uc "d amplitudes in the decay of the tagging
B meson, referred to as tag-side interference [27], is
studied using MC simulations with inputs obtained from
B0 ! D!"‘þ"‘ control samples. The largest deviations in
the above MC studies are assigned as systematic uncer-
tainties. The total systematic uncertainty is obtained by
adding all contributions in quadrature.
The significance of the results is studied by a likelihood-

ratio approach. For B0 ! DþD" we exclude the conser-
vation of CP symmetry (SDþD" ¼ CDþD" ¼ 0) at a con-
fidence level of 1–2:7% 10"5 corresponding to 4:2#. For
B0 ! D!&D' the conservation ofCP symmetry (AD!D ¼
SD!D ¼ CD!D ¼ 0) is excluded at a confidence level of
1–6:8% 10"5 corresponding to 4:0#. These results ac-
count for both the statistical and the systematic
uncertainties.
The fit procedure was validated by various cross-

checks. The same analysis was performed for B0 !
Dþ

s D
ð!Þ" decays. The results are ADsD ¼ "0:01& 0:02,

SDsD ¼ "0:05& 0:05, CDsD ¼ þ0:01& 0:03, !SDsD ¼
þ0:01& 0:05, and !CDsD ¼ "0:95& 0:03 in B0 !
Dþ

s D
" and ADsD

! ¼ þ0:01& 0:02, SDsD
! ¼ "0:04&

0:05, CDsD
! ¼ þ0:06& 0:03, !SDsD

! ¼ þ0:10& 0:05,
and !CDsD

! ¼ "1:00& 0:03 in B0 ! Dþ
s D

!", where the
uncertainties are statistical only. The results are consistent
with the assumption of no CP violation in B0 ! Dþ

s D
ð!Þ"

decays. The lifetimes determined by fits to untagged B0 !
DþD" and B0 ! D!&D' samples are consistent with the
world average [24].
In summary we report measurements of the branching

fractions and time-dependent CP violating asymmetries in
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FIG. 2 (color online). Top: !t distributions (data points with
error bars) of (a) B0 ! DþD" and (b) B0 ! D!þD" þ B0 !
D!"Dþ candidates associated with high quality flavor tags (r >
0:5). The lines show projections of the sum of signal and back-
ground components in the fit. The signal purity for r > 0:5 is 69%
(66%) for B0 ! DþD"ðB0 ! D!&D'Þ. Bottom: The CP asym-
metry obtained from the above distributions and projections.

TABLE II. Summary of systematic uncertainties in the time-dependent CP asymmetry parameters for B0 ! DþD" and B0 !
D!&D' decays (in units of 10"2).

Source SDþD" CDþD" AD!D SD!D CD!D !SD!D !CD!D

Vertex reconstruction 3.6 2.2 1.3 2.5 2.3 2.4 2.3
!t resolution function 6.5 2.4 0.4 3.5 1.1 1.9 0.6
Background !t PDFs 2.7 0.5 0.2 0.7 0.2 0.5 0.1
Signal purity 1.2 1.8 0.2 0.9 0.4 0.3 0.2
Physics parameters 0.7 0.4 <0:1 0.2 0.1 0.2 <0:1
Flavor tagging 0.7 0.6 <0:1 0.4 0.3 0.3 0.2
Possible fit bias 0.8 0.2 0.6 0.8 1.1 0.8 0.5
Peaking background 0.3 0.9 0.4 1.3 0.5 0.8 0.7
Tag-side interference 1.4 3.2 0.2 1.1 3.1 0.9 0.6
Total 8.2 5.1 1.6 4.9 4.3 3.5 2.6
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The uncertainties due to track, K0
S and !0 reconstruction

efficiency, and the uncertainty due to the K=! selection
efficiency have been estimated using studies ofD!þ decays
with MC simulations and data. The effect on the event
reconstruction efficiencies due to broader D mass distribu-
tions for data and the corresponding selection is studied by
a MC/data comparison and assigned as a systematic un-
certainty. As the systematic uncertainty of the applied
continuum suppression in B0 ! DþD#, the maximum
variation of signal yields in a MC/data comparison of the
neural networks using B0 ! Dþ

s D
# decays is assigned.

The contributions due to the fit models are estimated by
varying the fixed parameters within their uncertainties. The
contributions due to uncertainties of the D0, Dþ, and D!þ

branching fractions and of the number of B !B events are
obtained by propagation of the appropriate uncertainties.
The total systematic uncertainties are obtained by adding
all contributions in quadrature.

The technique used to determine the CP asymmetry
parameters from "t distributions is described in detail in
Ref. [5]. The decay vertex of the signal B meson is recon-
structed from a kinematic fit of the two D mesons to a
common vertex including information about the IP profile.
No information about soft pions is used in the vertex
reconstruction. The decay vertex and the flavor of the
accompanying B meson is obtained by an inclusive ap-
proach using the remaining charged tracks that are not used
in the signal B reconstruction. Requirements on the quality
of reconstructed B vertices and on the number of hits in the
silicon vertex detector are applied. The algorithms applied
to obtain the b-flavor-charge q and a tagging quality vari-
able r are described in detail in Ref. [25]. The variable r is
related to the mistag fractions determined from b ! c
control samples and ranges from r ¼ 0 (no flavor discrimi-
nation) to r ¼ 1 (unambiguous flavor assignment). The
data is divided into seven r intervals.

The CP asymmetry parameters are determined by un-
binned maximum likelihood fits to the "t distributions.
The probability density function (PDF) used to describe the
"t distributions is given by

P¼ð1#folÞ
X

k

fk
Z
½P kð"t0ÞRkð"t#"t0Þ(dð"t0Þ

þfolPolð"tÞ; (3)

where the index k denotes signal and background compo-
nents and the fraction fk depends on the r interval and is
evaluated on an event-by-event basis as a function of Mbc

and "E. The signal component consists of the convolution
of distributions given by modifications of Eqs. (1) and (2)
that include the effect of incorrect flavor assignments and
of a resolution function to account for the finite resolution
of the vertex reconstruction [26]. The background compo-
nent is parameterized by the convolution of the sum of a
prompt and an exponential distribution allowing for effec-
tive lifetimes and a resolution function composed of the
sum of two Gaussian functions. The parameters of the
background components are fixed to values determined
by fits toMbc < 5:26 GeV=c2 sidebands. A Gaussian func-
tion Pol with a broad width of about 35 ps and a small
fraction fol of about 2) 10#4 is added to account for
outlier events with large "t.
The free parameters in the B0 ! DþD# fit are SDþD#

and CDþD# and the free parameters in the B0 ! D!*D+ fit
are AD!D, SD!D, CD!D, "SD!D, and "CD!D. The lifetime
"B0 and mass difference "md are fixed to current world
averages [24]. The fits are performed in a signal region
defined by j"Ej< 30 MeV and 5:27 GeV=c2 <Mbc <
5:29 GeV=c2. The signal purity is 62% (59%) for B0 !
DþD#ðB0 ! D!*D+Þ. For B0 ! DþD# the results are

SDþD# ¼ #1:06þ0:21
#0:14 * 0:08;

CDþD# ¼ #0:43* 0:16* 0:05; (4)

and for B0 ! D!*D+

AD!D ¼ þ0:06* 0:05* 0:02;

SD!D ¼ #0:78* 0:15* 0:05;

CD!D ¼ #0:01* 0:11* 0:04;

"SD!D ¼ #0:13* 0:15* 0:04;

"CD!D ¼ þ0:12* 0:11* 0:03;

(5)

where the first uncertainty is statistical and the second
systematic. The "t distributions and projections of the
fits are shown in Fig. 2.
The systematic uncertainties in the CP asymmetry pa-

rameters are evaluated for each decay mode and are sum-
marized in Table II. Sources of systematic uncertainties on
the vertex reconstruction are the IP profile constraint,
requirements on the vertex fit quality for signal and tagging
B mesons, and requirements on impact parameters of
tracks in the reconstruction of the tagging B meson and
the "t fit range. These contributions are estimated by
variations of each of the applied requirements. Further
contributions to the vertex reconstruction are a global

TABLE I. Summary of systematic uncertainties of the B0 !
DþD# and B0 ! D!*D+ branching fractions (in %).

Source DþD# D!*D+

Track reconstruction efficiency 2.0 4.1
K0

S reconstruction efficiency 0.7 0.7
!0 reconstruction efficiency - 1.6
K=! selection efficiency 5.5 5.3
Event reconstruction efficiency 1.0 0.1
Continuum suppression 4.1 -
Fit models 1.1 0.6
D branching fractions 4.3 3.9
Number of B !B events 1.4 1.4
Total 8.6 8.1
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D*D

The uncertainties due to track, K0
S and !0 reconstruction

efficiency, and the uncertainty due to the K=! selection
efficiency have been estimated using studies ofD!þ decays
with MC simulations and data. The effect on the event
reconstruction efficiencies due to broader D mass distribu-
tions for data and the corresponding selection is studied by
a MC/data comparison and assigned as a systematic un-
certainty. As the systematic uncertainty of the applied
continuum suppression in B0 ! DþD#, the maximum
variation of signal yields in a MC/data comparison of the
neural networks using B0 ! Dþ

s D
# decays is assigned.

The contributions due to the fit models are estimated by
varying the fixed parameters within their uncertainties. The
contributions due to uncertainties of the D0, Dþ, and D!þ

branching fractions and of the number of B !B events are
obtained by propagation of the appropriate uncertainties.
The total systematic uncertainties are obtained by adding
all contributions in quadrature.

The technique used to determine the CP asymmetry
parameters from "t distributions is described in detail in
Ref. [5]. The decay vertex of the signal B meson is recon-
structed from a kinematic fit of the two D mesons to a
common vertex including information about the IP profile.
No information about soft pions is used in the vertex
reconstruction. The decay vertex and the flavor of the
accompanying B meson is obtained by an inclusive ap-
proach using the remaining charged tracks that are not used
in the signal B reconstruction. Requirements on the quality
of reconstructed B vertices and on the number of hits in the
silicon vertex detector are applied. The algorithms applied
to obtain the b-flavor-charge q and a tagging quality vari-
able r are described in detail in Ref. [25]. The variable r is
related to the mistag fractions determined from b ! c
control samples and ranges from r ¼ 0 (no flavor discrimi-
nation) to r ¼ 1 (unambiguous flavor assignment). The
data is divided into seven r intervals.

The CP asymmetry parameters are determined by un-
binned maximum likelihood fits to the "t distributions.
The probability density function (PDF) used to describe the
"t distributions is given by

P¼ð1#folÞ
X

k

fk
Z
½P kð"t0ÞRkð"t#"t0Þ(dð"t0Þ

þfolPolð"tÞ; (3)

where the index k denotes signal and background compo-
nents and the fraction fk depends on the r interval and is
evaluated on an event-by-event basis as a function of Mbc

and "E. The signal component consists of the convolution
of distributions given by modifications of Eqs. (1) and (2)
that include the effect of incorrect flavor assignments and
of a resolution function to account for the finite resolution
of the vertex reconstruction [26]. The background compo-
nent is parameterized by the convolution of the sum of a
prompt and an exponential distribution allowing for effec-
tive lifetimes and a resolution function composed of the
sum of two Gaussian functions. The parameters of the
background components are fixed to values determined
by fits toMbc < 5:26 GeV=c2 sidebands. A Gaussian func-
tion Pol with a broad width of about 35 ps and a small
fraction fol of about 2) 10#4 is added to account for
outlier events with large "t.
The free parameters in the B0 ! DþD# fit are SDþD#

and CDþD# and the free parameters in the B0 ! D!*D+ fit
are AD!D, SD!D, CD!D, "SD!D, and "CD!D. The lifetime
"B0 and mass difference "md are fixed to current world
averages [24]. The fits are performed in a signal region
defined by j"Ej< 30 MeV and 5:27 GeV=c2 <Mbc <
5:29 GeV=c2. The signal purity is 62% (59%) for B0 !
DþD#ðB0 ! D!*D+Þ. For B0 ! DþD# the results are

SDþD# ¼ #1:06þ0:21
#0:14 * 0:08;

CDþD# ¼ #0:43* 0:16* 0:05; (4)

and for B0 ! D!*D+

AD!D ¼ þ0:06* 0:05* 0:02;

SD!D ¼ #0:78* 0:15* 0:05;

CD!D ¼ #0:01* 0:11* 0:04;

"SD!D ¼ #0:13* 0:15* 0:04;

"CD!D ¼ þ0:12* 0:11* 0:03;

(5)

where the first uncertainty is statistical and the second
systematic. The "t distributions and projections of the
fits are shown in Fig. 2.
The systematic uncertainties in the CP asymmetry pa-

rameters are evaluated for each decay mode and are sum-
marized in Table II. Sources of systematic uncertainties on
the vertex reconstruction are the IP profile constraint,
requirements on the vertex fit quality for signal and tagging
B mesons, and requirements on impact parameters of
tracks in the reconstruction of the tagging B meson and
the "t fit range. These contributions are estimated by
variations of each of the applied requirements. Further
contributions to the vertex reconstruction are a global

TABLE I. Summary of systematic uncertainties of the B0 !
DþD# and B0 ! D!*D+ branching fractions (in %).

Source DþD# D!*D+

Track reconstruction efficiency 2.0 4.1
K0

S reconstruction efficiency 0.7 0.7
!0 reconstruction efficiency - 1.6
K=! selection efficiency 5.5 5.3
Event reconstruction efficiency 1.0 0.1
Continuum suppression 4.1 -
Fit models 1.1 0.6
D branching fractions 4.3 3.9
Number of B !B events 1.4 1.4
Total 8.6 8.1
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The uncertainties due to track, K0
S and !0 reconstruction

efficiency, and the uncertainty due to the K=! selection
efficiency have been estimated using studies ofD!þ decays
with MC simulations and data. The effect on the event
reconstruction efficiencies due to broader D mass distribu-
tions for data and the corresponding selection is studied by
a MC/data comparison and assigned as a systematic un-
certainty. As the systematic uncertainty of the applied
continuum suppression in B0 ! DþD#, the maximum
variation of signal yields in a MC/data comparison of the
neural networks using B0 ! Dþ

s D
# decays is assigned.

The contributions due to the fit models are estimated by
varying the fixed parameters within their uncertainties. The
contributions due to uncertainties of the D0, Dþ, and D!þ

branching fractions and of the number of B !B events are
obtained by propagation of the appropriate uncertainties.
The total systematic uncertainties are obtained by adding
all contributions in quadrature.

The technique used to determine the CP asymmetry
parameters from "t distributions is described in detail in
Ref. [5]. The decay vertex of the signal B meson is recon-
structed from a kinematic fit of the two D mesons to a
common vertex including information about the IP profile.
No information about soft pions is used in the vertex
reconstruction. The decay vertex and the flavor of the
accompanying B meson is obtained by an inclusive ap-
proach using the remaining charged tracks that are not used
in the signal B reconstruction. Requirements on the quality
of reconstructed B vertices and on the number of hits in the
silicon vertex detector are applied. The algorithms applied
to obtain the b-flavor-charge q and a tagging quality vari-
able r are described in detail in Ref. [25]. The variable r is
related to the mistag fractions determined from b ! c
control samples and ranges from r ¼ 0 (no flavor discrimi-
nation) to r ¼ 1 (unambiguous flavor assignment). The
data is divided into seven r intervals.

The CP asymmetry parameters are determined by un-
binned maximum likelihood fits to the "t distributions.
The probability density function (PDF) used to describe the
"t distributions is given by

P¼ð1#folÞ
X

k

fk
Z
½P kð"t0ÞRkð"t#"t0Þ(dð"t0Þ

þfolPolð"tÞ; (3)

where the index k denotes signal and background compo-
nents and the fraction fk depends on the r interval and is
evaluated on an event-by-event basis as a function of Mbc

and "E. The signal component consists of the convolution
of distributions given by modifications of Eqs. (1) and (2)
that include the effect of incorrect flavor assignments and
of a resolution function to account for the finite resolution
of the vertex reconstruction [26]. The background compo-
nent is parameterized by the convolution of the sum of a
prompt and an exponential distribution allowing for effec-
tive lifetimes and a resolution function composed of the
sum of two Gaussian functions. The parameters of the
background components are fixed to values determined
by fits toMbc < 5:26 GeV=c2 sidebands. A Gaussian func-
tion Pol with a broad width of about 35 ps and a small
fraction fol of about 2) 10#4 is added to account for
outlier events with large "t.
The free parameters in the B0 ! DþD# fit are SDþD#

and CDþD# and the free parameters in the B0 ! D!*D+ fit
are AD!D, SD!D, CD!D, "SD!D, and "CD!D. The lifetime
"B0 and mass difference "md are fixed to current world
averages [24]. The fits are performed in a signal region
defined by j"Ej< 30 MeV and 5:27 GeV=c2 <Mbc <
5:29 GeV=c2. The signal purity is 62% (59%) for B0 !
DþD#ðB0 ! D!*D+Þ. For B0 ! DþD# the results are

SDþD# ¼ #1:06þ0:21
#0:14 * 0:08;

CDþD# ¼ #0:43* 0:16* 0:05; (4)

and for B0 ! D!*D+

AD!D ¼ þ0:06* 0:05* 0:02;

SD!D ¼ #0:78* 0:15* 0:05;

CD!D ¼ #0:01* 0:11* 0:04;

"SD!D ¼ #0:13* 0:15* 0:04;

"CD!D ¼ þ0:12* 0:11* 0:03;

(5)

where the first uncertainty is statistical and the second
systematic. The "t distributions and projections of the
fits are shown in Fig. 2.
The systematic uncertainties in the CP asymmetry pa-

rameters are evaluated for each decay mode and are sum-
marized in Table II. Sources of systematic uncertainties on
the vertex reconstruction are the IP profile constraint,
requirements on the vertex fit quality for signal and tagging
B mesons, and requirements on impact parameters of
tracks in the reconstruction of the tagging B meson and
the "t fit range. These contributions are estimated by
variations of each of the applied requirements. Further
contributions to the vertex reconstruction are a global

TABLE I. Summary of systematic uncertainties of the B0 !
DþD# and B0 ! D!*D+ branching fractions (in %).

Source DþD# D!*D+

Track reconstruction efficiency 2.0 4.1
K0

S reconstruction efficiency 0.7 0.7
!0 reconstruction efficiency - 1.6
K=! selection efficiency 5.5 5.3
Event reconstruction efficiency 1.0 0.1
Continuum suppression 4.1 -
Fit models 1.1 0.6
D branching fractions 4.3 3.9
Number of B !B events 1.4 1.4
Total 8.6 8.1
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Systematic uncertainties

on BR’s

SVD misalignment and a !z bias, which are both esti-
mated by MC simulations. The contributions due to the !t
resolution functions, the !t parameterization of back-
ground components, and the calculation of the signal purity

and the physics parameters !B0 and !md are estimated by
varying the fixed parameters within their uncertainties. The
systematic uncertainty due to flavor tagging is estimated by
varying the mistag fractions in each r interval within their
uncertainties. A possible fit bias is estimated from a large
sample of MC simulated signal decays. The effect of the
peaking background is studied using MC simulations al-
lowing for CP violation in nonresonant decays. The pos-
sible interference between Cabibbo-favored b ! c "ud and
suppressed "b ! "uc "d amplitudes in the decay of the tagging
B meson, referred to as tag-side interference [27], is
studied using MC simulations with inputs obtained from
B0 ! D!"‘þ"‘ control samples. The largest deviations in
the above MC studies are assigned as systematic uncer-
tainties. The total systematic uncertainty is obtained by
adding all contributions in quadrature.
The significance of the results is studied by a likelihood-

ratio approach. For B0 ! DþD" we exclude the conser-
vation of CP symmetry (SDþD" ¼ CDþD" ¼ 0) at a con-
fidence level of 1–2:7% 10"5 corresponding to 4:2#. For
B0 ! D!&D' the conservation ofCP symmetry (AD!D ¼
SD!D ¼ CD!D ¼ 0) is excluded at a confidence level of
1–6:8% 10"5 corresponding to 4:0#. These results ac-
count for both the statistical and the systematic
uncertainties.
The fit procedure was validated by various cross-

checks. The same analysis was performed for B0 !
Dþ

s D
ð!Þ" decays. The results are ADsD ¼ "0:01& 0:02,

SDsD ¼ "0:05& 0:05, CDsD ¼ þ0:01& 0:03, !SDsD ¼
þ0:01& 0:05, and !CDsD ¼ "0:95& 0:03 in B0 !
Dþ

s D
" and ADsD

! ¼ þ0:01& 0:02, SDsD
! ¼ "0:04&

0:05, CDsD
! ¼ þ0:06& 0:03, !SDsD

! ¼ þ0:10& 0:05,
and !CDsD

! ¼ "1:00& 0:03 in B0 ! Dþ
s D

!", where the
uncertainties are statistical only. The results are consistent
with the assumption of no CP violation in B0 ! Dþ

s D
ð!Þ"

decays. The lifetimes determined by fits to untagged B0 !
DþD" and B0 ! D!&D' samples are consistent with the
world average [24].
In summary we report measurements of the branching

fractions and time-dependent CP violating asymmetries in
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FIG. 2 (color online). Top: !t distributions (data points with
error bars) of (a) B0 ! DþD" and (b) B0 ! D!þD" þ B0 !
D!"Dþ candidates associated with high quality flavor tags (r >
0:5). The lines show projections of the sum of signal and back-
ground components in the fit. The signal purity for r > 0:5 is 69%
(66%) for B0 ! DþD"ðB0 ! D!&D'Þ. Bottom: The CP asym-
metry obtained from the above distributions and projections.

TABLE II. Summary of systematic uncertainties in the time-dependent CP asymmetry parameters for B0 ! DþD" and B0 !
D!&D' decays (in units of 10"2).

Source SDþD" CDþD" AD!D SD!D CD!D !SD!D !CD!D

Vertex reconstruction 3.6 2.2 1.3 2.5 2.3 2.4 2.3
!t resolution function 6.5 2.4 0.4 3.5 1.1 1.9 0.6
Background !t PDFs 2.7 0.5 0.2 0.7 0.2 0.5 0.1
Signal purity 1.2 1.8 0.2 0.9 0.4 0.3 0.2
Physics parameters 0.7 0.4 <0:1 0.2 0.1 0.2 <0:1
Flavor tagging 0.7 0.6 <0:1 0.4 0.3 0.3 0.2
Possible fit bias 0.8 0.2 0.6 0.8 1.1 0.8 0.5
Peaking background 0.3 0.9 0.4 1.3 0.5 0.8 0.7
Tag-side interference 1.4 3.2 0.2 1.1 3.1 0.9 0.6
Total 8.2 5.1 1.6 4.9 4.3 3.5 2.6
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• Tag-side interference: interference 
between Cabibbo-favoured b→cud 
and doubly-Cabibbo suppressed 
b→cud decays of the tag B

Systematic uncertainties

raw asymmetry ðNþð!tÞ $ N$ð!tÞÞ=ðNþð!tÞ þ N$ð!tÞÞ,
with Nið!tÞ being the number of events with flavor tag i in
decay time bin !t.

The systematic errors are summarized in Table III.
Major contributions come from the signal resolution func-
tion, the vertex reconstruction, and tag side interference.
The errors due to the uncertainties of the vertex resolution
function are studied by varying each fixed parameter ob-
tained from data (simulated events) by one (two) standard
deviations and repeating the fit. The interference of
Cabibbo-favored b ! c "ud and doubly Cabibbo-
suppressed "b ! "uc "d decays of the tag B meson is noted
as tag side interference and described in detail in Ref. [22].
Its influence is estimated by generating random data samples
from a modified PDF that includes tag side interference
and fitting them with the nominal PDF. The difference

between the fit result and the input value is taken as the
systematic error. The vertexing error combines multiple
sources of error such as the requirement for the vertex
fitting quality variable, the selection in !t, and the selec-
tion criteria for the tracks used for the determination of the
decay vertex of the tag B. It also contains systematic errors
due to imperfect SVD alignment and potential bias in the
measurement of!z, which are estimated with Monte Carlo
simulations. The fit model error has been estimated in the
same manner as done for the branching fraction measure-
ment. The contributions due to the physics parameters, the
flavor tagging model, and the reconstruction efficiencies of
the three polarizations are all estimated by varying the
corresponding values within their uncertainties. The total
systematic error is calculated by adding all contributions in
quadrature. The total systematic error on S is reduced sig-
nificantly in comparison to the previous Belle measurement
by including R? as a free parameter in the fit for S and A.
We estimate the significance of the fit according to

Wilks’ theorem [23]. The hypothesis of no CP violation
ðS ¼ A ¼ 0Þ is excluded with a significance of 5:4!. This
significance takes into account the systematic uncertainty
by convolving the likelihood function with a Gaussian
distribution whose width is equal to the total additive
systematic error. The measurement is consistent with the
standard model expectation of A & 0 and S ¼ sin2"1 [9]
within 1:4!.
Additionally, we release the assumption that Sþ ¼ $S$

and Aþ ¼ A$. This allows for the possibility of different
relative penguin contributions to the two different compo-
nents in the fit. The according signal PDF in !t is given by

P B0ð!tÞ¼ 1

4#B0

e$j!tj=#
B0 ð1$q!wþqð1$2wÞ

' f½ð1$PoddÞSþþPoddS$)sinð!m!tÞ
þ½ð1$PoddÞAþþPoddA$)cosð!m!tÞgÞ: (8)

Note the difference in the sign convention of S$ in com-
parison to S? in Ref. [3]. We obtain Sþ ¼ $0:81* 0:13*
0:03, Aþ ¼ 0:18* 0:10* 0:05, S$ ¼ 1:52* 0:62*
0:12, and A$ ¼ $0:05* 0:39* 0:08. Within the uncer-
tainties we find no indication for different CP violation in
the CP-even and CP-odd component.
In summary, we report the measurement of the branch-

ing fraction, the polarization, and the parameters of time-
dependent CP violation of B0 ! D+þD+$ decays. The
results are

BðB0!D+þD+$Þ ¼ ½7:82* 0:38ðstatÞ * 0:63ðsystÞ) ' 10$4;

R0 ¼ 0:624* 0:029ðstatÞ * 0:011ðsystÞ;
R? ¼ 0:138* 0:024ðstatÞ * 0:006ðsystÞ;
S ¼ $0:79* 0:13ðstatÞ * 0:03ðsystÞ; and

A ¼ 0:15* 0:08ðstatÞ * 0:04ðsystÞ:
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FIG. 3 (color online). The top plot shows events with r > 0:5
for q ¼ 1 and q ¼ $1 in the signal region of Mbc and !E. The
red, dashed (blue, solid) line and markers show the data points
and the corresponding fit of events for q ¼ 1ðq ¼ $1Þ. The thin,
black line shows the estimated background contribution. The
bottom plot shows the raw asymmetry of the two top curves.

TABLE III. Systematic errors of S, A, R0, and R?.

S A R0 R?

Fit model *0:002 <0:001 *0:010 *0:003
Physics parameters *0:004 *0:001 *0:001 <0:001
Flavor tagging *0:003 *0:002 <0:001 <0:001
Tag side interference *0:007 *0:032 *0:002 *0:001
!t signal resolution *0:021 *0:006 *0:001 *0:001
Reconstruction efficiencies <0:001 <0:001 *0:002 *0:001
Vertexing *0:017 *0:021 *0:004 *0:004
Total *0:029 *0:038 *0:011 *0:006
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These are consistent with previous measurements by the
Belle collaboration [5,17] and supersede them. It is also in
agreement with the standard model expectation and is the
first measurement of B0 ! D!þD!# decays that exhibits
CP violation with a significance greater than 5!.
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Probability Density Functions B0→D*+D*-
• Overall PDF for the on-Peak sample is the sum of three components

• Each component is the product of a kinematical and a Δt part

• Δt PDF:

• Signal Δt:

“KIN” “Δt”

=
BB continuum

signal BB combinatoric

Analysis Method PDF

Chapter 3. Probability Density Functions 13

where bio has been fixed to 0 ps and σi
o = 8 ps, for all the event types.211

∆t PDF for signal212

The ∆ttrue PDF of signal events without any experimental effects has the following functional form:213

Tsig ∝ e−|∆ttrue|/τ ·
[

1− Stag C cos(∆m∆ttrue)− Stag S sin(∆m∆ttrue)
]

, (3.12)

where214

C =
1− |λ|2

1 + |λ|2
(3.13)

S =
2#m(λ)

1 + |λ|2
(3.14)

λ =
q

p

A

A
, (3.15)

where q, p are the parameters describing the B0 − B0 mixing, and A and A are the two CP -215

conjugated decay amplitudes.216

Taking into account the mistag probabilities, and tags due to the unreconstructed D0, the PDF217

becomes:218

Tsig ∝ e−|∆ttrue|/τ ·
{

(1− Stag∆ω(1− α)) + Stag (1− 2ω) (1− α)×
[C cos(∆m∆ttrue)− S sin(∆m∆ttrue)]

}

,
(3.16)

where α (see Sec. 2.1) is the fraction of events in which the tagging track proceeds from the unre-219

constructed D0, ω ≡ (ω+ + ω−)/2 is the average mistag rate, and ∆ω ≡ ω+ − ω− is the mistag220

rate difference between B0 and B0 tags.221

Since the decay B0 → D∗+D∗− involves two vector bosons in the final state, the final state222

is not a pure CP eigenstate and an accurate measurement of the CP violation parameters would223

require the separation the CP -even and CP -odd components. This has been done in BABAR by224

full reconstruction of B0 → D∗+D∗− decays followed by complete angular analysis of the decay225

products [11], which has been published in 2005 [6] using the data set of runs 1–4.226

That analysis was recently updated [7], including the full data set of runs 1–6, yielding for the227

amplitude of the CP -odd component of the final state the value228

R⊥ = 0.158± 0.028± 0.006, (3.17)

which means that the final state is dominated by the CP = +1 amplitude. We can take advantage229

of this fact and try to measure the sin2β parameter without performing the full angular analysis;230

in this case the true CP asymmetry will be diluted by the factor:231

K = 1− 2R⊥, (3.18)

with S+ = S/K.232

We have generated our Monte Carlo events using the 2010 HFAG world average of R⊥ =233

0.16± 0.02 [8]. Even though tag-side CP violation is present for kaon tags, its effect is expected to234

be low enough1 to be neglected in the present analysis, and therefore we use Eq. (3.16) to obtain235

the main result of this analysis.236

1O(1-2%), see Ref. [10].
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where bio has been fixed to 0 ps and σi
o = 8 ps, for all the event types.211
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q

p

A

A
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where q, p are the parameters describing the B0 − B0 mixing, and A and A are the two CP -215
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Taking into account the mistag probabilities, and tags due to the unreconstructed D0, the PDF217
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}

,
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constructed D0, ω ≡ (ω+ + ω−)/2 is the average mistag rate, and ∆ω ≡ ω+ − ω− is the mistag220

rate difference between B0 and B0 tags.221

Since the decay B0 → D∗+D∗− involves two vector bosons in the final state, the final state222

is not a pure CP eigenstate and an accurate measurement of the CP violation parameters would223

require the separation the CP -even and CP -odd components. This has been done in BABAR by224

full reconstruction of B0 → D∗+D∗− decays followed by complete angular analysis of the decay225

products [11], which has been published in 2005 [6] using the data set of runs 1–4.226

That analysis was recently updated [7], including the full data set of runs 1–6, yielding for the227

amplitude of the CP -odd component of the final state the value228

R⊥ = 0.158± 0.028± 0.006, (3.17)

which means that the final state is dominated by the CP = +1 amplitude. We can take advantage229

of this fact and try to measure the sin2β parameter without performing the full angular analysis;230

in this case the true CP asymmetry will be diluted by the factor:231

K = 1− 2R⊥, (3.18)

with S+ = S/K.232

We have generated our Monte Carlo events using the 2010 HFAG world average of R⊥ =233

0.16± 0.02 [8]. Even though tag-side CP violation is present for kaon tags, its effect is expected to234

be low enough1 to be neglected in the present analysis, and therefore we use Eq. (3.16) to obtain235

the main result of this analysis.236

1O(1-2%), see Ref. [10].
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in this case the true CP asymmetry will be diluted by the factor:231

K = 1− 2R⊥, (3.18)

with S+ = S/K.232

We have generated our Monte Carlo events using the 2010 HFAG world average of R⊥ =233

0.16± 0.02 [8]. Even though tag-side CP violation is present for kaon tags, its effect is expected to234
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(A and A2) are needed to correctly describe at the same time the lower and higher ends of the184

reconstructed mass spectrum. We thus define a 6 parameter PDF as:185

Mi(mrec) = f i
erf · erfi(mrec −mep) + (1− f i

erf ) ·
[

f i
A · Ai(mrec) + (1− f i

A) · A2i(mrec)
]

. (3.6)

where the index i distinguishes among the BB combinatorial (i = comb) and continuum (i = cont)186

event categories. The parameters are ferf , mep, σerf, fA and the two Argus exponents Aexp and187

A2exp. The erf flex position and the two Argus end points are described by the common parameter188

mep, while σerf is the width of the erf.189

For the BB events we have also tried adding to the PDF in eq. 3.6 a fraction fG of a gaussian190

to estimate the contribution of a possible peaking component; this turns out to be negligible as191

described in section 5.1.1 and 6.1.1.192

3.3 ∆t PDF193

The derivation of the functional form of the ∆t PDF follows closely the one used for the sin(2β+γ)194

measurement; we refer the reader to Ref. [3] for its detailed description. We describe here differences195

in the present analysis which lead to modification of that PDF.196

The ∆t-dependent part of the PDF is always a convolution of the form197

T ′
i (∆t,σ∆t, Stag) =

∫

d∆ttrue Ti(∆ttrue, Stag)Ri(∆t−∆ttrue,σ∆t), (3.7)

where T is the distribution of the true decay time difference ∆ttrue and R is a resolution function198

(see Section 3.3) that accounts for detector resolution and similar effects, such as systematic offsets199

in the measured positions of vertices. It should be noted that in background events ∆ttrue is not200

necessarily the actual true decay time difference, and the function T ′ should be thought of more as201

a phenomenological description of the ∆t distribution.202

The value of Stag depends on the tag-flavor states:203

Stag =

{

+1 for B0 tag
−1 for B0 tag.

(3.8)

Resolution Functions204

The resolution function used for each event type i = sig, comb, cont, is parameterized as the sum205

of three Gaussians:206

Ri(tr = ∆t−∆ttrue,σ∆t) = f i
nG

i
n(tr,σ∆t) + (1− f i

n − f i
o)G

i
w(tr,σ∆t) + f i

oG
i
o(tr,σ

i
o), (3.9)

where Gi
n, G

i
w, and Gi

o are the “narrow”, “wide”, and “outlier” Gaussians. The narrow and wide207

Gaussians have the form208

Gi
j(tr,σ∆t) ≡

1√
2π sijσ∆t

exp






−

(

tr − bijσ∆t

)2

2(sijσ∆t)2






, (3.10)

where j = n,w for the narrow and wide components respectively; s and b are scaling factors209

obtained from the fit to data. The outlier gaussian has the form:210

Gi
o(tr,σ

i
o) ≡

1√
2π σi

o

exp

(

−
(

tr − bio
)2

2(σi
o)

2

)

, (3.11)
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Analysis Variables B0→D*+D*-

• Recoil mass, mrec

• Signal peaks at D0 mass

• Backgrounds from BB combinatorial and continuum 
qq doesn’t

• Separate PDFs for different sample components: 
Signal, BB combinatorial, qq continuum

• Require mrec≧1.835 GeV/c2

• Fisher Discriminant based on event shape 
variables
• Help discriminate between spherical BB and jet-like 

continuum qq events
• No cut: PDF used in fit

• Separate PDFs for BB and continuum

• Time difference Δt
• Separate PDFs for all sample components

• Tagging based on single track (K or Lepton)
• Additional dilution in partial reconstruction analysis 

due to tagging tracks from missing D0

• (1-α), where α is the fraction of tags from the 
unreconstructed D0

fisher 15
-1 -0.5 0 0.5 1 1.5 2 2.5 3 3.5 4

Ev
en

ts
 / 

( 0
.1

 )

0

1000

2000

3000

4000

5000

6000

7000

8000
Fisher15 - on Peak

BB+sig
qq
Sum

F

)2 (GeV/crecm
1.84 1.845 1.85 1.855 1.86 1.865 1.87

)2
Ev

en
ts/

(1
 M

eV
/c

0

1000

2000

3000

BB

qq
Signal

Sum

MC distributions

20



R. de Sangro (LNF-INFN) May 19-24, 2013 FPCP 2013 - Buzios, Brasil

Event Selection B0→D*+D*-
Analysis Method Backgrounds and Event Selection

If the D0 reconstruction modes are the same (it could in fact be the same D0) we decide
according to a pseudo-χ2, given by

χ2 =
(QD∗ − QPDG)

σ2
D∗,i

2

+
(MD0 − MPDG)

σ2
D0,i

2

using the QD∗ and the D0 mass, and in which the σ refer to fitted resolutions from Figs. 6–7.3

This involved algorythm does not represent in any case a big improvement over another that
would choose randomly: it yields -according to Monte Carlo- the right answer in approximately 55%
of the cases; the reason being, that most of the candidates (75%) in excess differ by the slow pion
only, and are “solved” according to the first criterion above, that does not logically discriminate in
favor of the “right” slow pion, but rather of the better reconstructed one.

4.7 Event Selection Summary

This is a summary of cuts used in our selection of events.

• Cuts in Υ (4S) center-of-mass on D∗ and soft pion momentum, and missing D0 mass::

1.3 GeV/c ≤ p∗D∗ ≤ 2.1GeV/c

p∗π ≤ 0.6GeV/c

MD0(cosφBD∗ = 0) ≥ 1.8GeV/c2

• Continuum rejection cut:
R2 ≤ 0.3

• “Quality” cuts on reconstructed D∗ (see Sec. 4.3):

P vrt
D∗ and P vrt

D0 > 10−2

Dch yes :|QD∗ − QPDG| = |MD∗ − MD0 − Mπ − 6MeV/c2| ≤ 1MeV/c2

Dch no :|QD∗ − QPDG| = |MD∗ − MD0 − Mπ − 6MeV/c2| ≤ 1.5MeV/c2

|MD0 − MPDG| ≤ [1. − 1.5] · σi MeV/c2

• “PID” and flight-length cuts on Kaons in D0 mesons (see Sec. 4.3)

• Slow pion dE/dx cuts:

pπs ≤ 0.150GeV/c2 : dE/dx (MeV/cm) ≥ (
0.25

(pπs − 0.030)
+ 1.0);

0.150GeV/c2 < pπs ≤ 0.500GeV/c2 : dE/dx (MeV/cm) ≤ (
1.75
(pπs)

+ 2.0);

• Missed D0 cuts:
|cos(θBD∗)| ≤ 1

cos(φBD∗) ≤ 6.
3We remind that this pseudo-χ2 is used only in ≤ 25% of the times that we have more than one candidate per

event.
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Tagging B0→D*+D*-

• Mis-tag due to unreconstructed D0 tracks

• This introduces an additional dilution D=(1-α), where α is the fraction of 
tags coming from the missing D0 

• This fraction can be obtained from data with some input from signal MC

• Can be reduced with a cut on the cosine of the opening angle between 
the tagging track and the missing D0 direction θtag

Chapter 2. B Flavor Tagging 7

Table 2.1: Mistag probabilities ω from Monte Carlo and data with partial reconstruction. The
data for B0 → D∗+π− is extracted from ref. [4]; we could not find any value for the Monte Carlo
∆ω for the lepton tags.

B0 → D∗+D∗− B0 → D∗+π−

Signal MC Signal MC DATA

kaon
ω 0.201± 0.002 0.217± 0.012 0.217± 0.006
∆ω −0.011± 0.003 −0.022± 0.003 −0.032± 0.008

lepton
ω 0.104± 0.002 0.093± 0.003 0.102± 0.008
∆ω 0.014± 0.005 N/A 0.017± 0.012

our case the D0. The purpose of this section is to show how we reduce this contamination, and89

how we compute the residual additional tagging dilution.90

We consider cos(ϑtag), the cosine of the angle in the CMS between the tagging track2 and91

the direction of the missing D0, that we may obtain either from the BtaThreeBody technique,92

or inverting the direction of the reconstructed D0, with similar precision. If tagging tracks from93

the missed D0 are closer to that direction than tagging tracks from the other B0 in the event,94

the request that this cosine be less than some value will reduce the contamination of tagging by95

D0-tracks.96
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Figure 2.1: Signal Monte Carlo distributions of cos(ϑtag) for tracks from the missed D0 (black) and
from the other B0 (red); lepton tags on the left, kaon tags on the right.

Fig. 2.1 shows that this is actually true, and it has two features: first, the distribution for97

lepton-tagged events from the D0 is considerably narrower than the corresponding one for kaon-98

tagged ones; second, non-lepton tracks closer than 0.5 rad to the D0 direction are a priori excluded99

2We remind that we use the “Elba” tagging algorythm, that is essentially a one-track method.
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Unitarity Triangle Fit
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Figure 14: Result of the UT fit within the SM: {⇢̄, ⌘̄} plane obtained by (left) UTfit [258] and
(right) CKMfitter [244]. The 95 % probability regions selected by the single constraints are also
shown with various colours for the di↵erent constraints.

Table 2: Predictions for some parameters of the SM fit and their measurements as combined by
the UTfit and CKMfitter groups. Note that the two groups use di↵erent input values for some
parameters. The lines marked with (*) are not used in the full fit. Details of the pull calculation
can be found in Refs. [251,261]. New results presented at ICHEP2012 and later are not included
in these analyses.

Parameter
UTfit CKMfitter

prediction measurement pull prediction measurement pull
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(right) CKMfitter [244]. The 95 % probability regions selected by the single constraints are also
shown with various colours for the di↵erent constraints.

Table 2: Predictions for some parameters of the SM fit and their measurements as combined by
the UTfit and CKMfitter groups. Note that the two groups use di↵erent input values for some
parameters. The lines marked with (*) are not used in the full fit. Details of the pull calculation
can be found in Refs. [251,261]. New results presented at ICHEP2012 and later are not included
in these analyses.
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“Tension” <~3σ between the SM fit sin2β prediction and the measured value

sin(2β) = 0.679 ± 0.020  
(HFAG average)


