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Figure 3.16: Zoom of particular regions of the Breit-Wigner fit result: K*(892) mass peak
region, K*(1430) and K*(1680) on the Cabibbo allowed (K,m~) projection, the region
of interference between the CA-DCS decays involving K*(892) mesons, the higher mass
(Ksm™) region, the p — w mizing interference region, the higher mass (n™m~) projection

with fo(980).
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where Fi(s) is the contribution of 77 S-wave states,

, ~1
Fi(s) = ST — il (s)p(s)]5; Py(s) - (3.13)
J
Here, s is the squared mass of the 77 system (m2.__), I is the identity matrix, K is the
matrix describing the S-wave scattering process, p is the phase-space matrix, and P is

the initial production vector [37],

1— Sscatt

Pj(s) - Z ﬁag_J fpmd _ 8catt : (314>

2
my

«

The index j represents the j* channel (1 = 77, 2 = KK, 3 =multi-mesons (referred to a
final state with four pions), 4 = nn, 5 = nn’ [46]). The parameters 3, and f°? represent
the amplitude of the different components of the 7w S-wave and will be let float in the
fit.

The K-matrix parameters are obtained from Ref. [46] from a global fit of the available
7 scattering data from threshold up to 1900 MeV/c?. The K-matrix parameterization

18:

9:'95 1.0 — 5% | (1 — s.40)
Kij(s) = — soatt 0 — sam2/2 3.15
]<8) {; mgé — s + ) s — Sgcatt (8 o SAO) (8 SAmw/ )7 ( )

where g2 is the coupling constant of the K-matrix pole m, to the i® channel. The

[t and s5" describe the slowly-varying part of the K-matrix element.

parameters
The Adler zero factor (1 — s40)(s — sam?2/2)/(s — sa0) [47] suppresses false kinematical
singularity at s = 0 in the physical region near the 77 threshold [48]. The production
vector has the same poles as the K-matrix, otherwise the F} vector would vanish (diverge)
at the K-matrix (P-vector) poles. The parameter values used in this analysis are listed
in Tab. 3.4 [49]. The parameters fs“tht for ¢ # 1, are all set to zero since they are not
related to the mm scattering process.

The phase space matrix is diagonal, p;;(s) = d;;p;(s), where

pi(s) = \/1 _ (i o mai)® (3.16)

S

with my; (mg;) denoting the mass of the first (second) final state particle of the i channel.

The normalization is such that p; — 1 as s — oco. An analytic continuation of the p;
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0.651 | 0229 —0.554 0.000 —0.399 —0.346
1.204 | 0.941 0.551  0.000 0.391  0.315
1.558 | 0.369 0.239  0.556  0.183  0.187
1.210 | 0.337 0.409  0.857  0.199 —0.010
1.822 | 0.182 —0.176 —0.797 —0.004  0.224

scatt scatt scatt scatt scatt
11 12 13 14 15
0.234 0.150 —0.206 0.328 0.354
8(s)catt 540 sS4
—3.926 —0.15 1

Table 3.4: K-matriz parameters as obtained from Refs. [46, 49]. Pole masses (my) and

coupling constants (g&*) are given in GeV/c?, s5% and s 49 are in GeV?/ct.

functions below threshold is used. The expression of the multi-meson state phase space

is written as [46]

o = G ) @1
where
dsy dssy M>T (1) (s2)1/(s + 81 — $9)% — 4553
pals) = po / T S|(M? = s1)% + M2T2(s1)] [(M? — 55)° + M°T2(sy)] ’
pa2(s) = ﬂ : (3.18)

Here s; and s; are the squared invariant mass of the two di-pion systems, M is the p meson
mass, and ['(s) is the energy-dependent width. The factor py provides the continuity of
p3(s) at s = 1 GeV2. Energy conservation in the di-pion system must be satisfied when
calculating the integral. This complicated expression reveals the fact that the p meson
has an intrinsic width. Setting I'(s) = d(s), where § is the Dirac ¢ function, the usual
two-body phase space factor is obtained.

Fig. 3.17 shows the real part of the mm phase space factor and the 47 phase-space
factor. Fig. 3.18 shows the K-matrix solution of the AS parameterization [46] of the w7
scattering wave. The left plot shows the mm S-wave intensity, where the absence of a
simple Breit-Wigner-like structure is apparent. The right plot shows the Argand Plot
Diagram for the mm S-wave: it is clear that K satisfies unitarity, which is a fundamental
requirement of the S-matrix. In contrast, it is well known that unitarity is not respected

generally in the BW model. Fig. 3.19 shows the 77 scattering phase shift. There is a
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Figure 3.17: Left: The mm phase-space factor. Right: The 47 phase-space factor. p(s) —
1 as s — oo. The x axis represents \/s in GeV.
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Figure 3.18: Left: The mm S-wave intensity, showing the lack of a simple Breit-Wigner
resonance structure. The x axis represents /s in GeV. Right: The Argand Plot Diagram
for the mm S-wave component, showing the unitarity of the K-matrix parameterization.
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Figure 3.19: Left: The nm S-wave phase shift. Right: The elasticity plot, indicating the
purely-elastic nature of the scattering process below 1 GeV. The x axis represents /s in

GeV.
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Figure 3.20: The Adler zero factor. The mmw threshold is suppressed when s near the
threshold. The x axis represents /s in GeV.
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strong phase variation around /s = 1 GeV and 1.5 GeV, which corresponds to the narrow
f0(980) and f,(1500) scalar resonances. The right plot shows the elasticity plot of for 7w
scattering. The process is purely elastic up to 1 GeV, while new channels (e.g. K K) open
up at higher energies and the scattering process becomes inelastic.

The masses and the widths of the other resonances are the same used for the Breit-
Wigner fit except the K*(1680), which is incorrectly averaged by the PDG [50]. The LASS
experiment found the K*(1680) in the K~p — K~7tn and K~p — K% t7 n channels,
but with quite different masses and widths. Since only the K*(1680) — K channel is
considered, the average value should not be used. Tab. 3.5 lists the masses and widths of

the resonances used by the K-matrix fit.

3.3.2 Fit results

An unbinned maximum-likelihood fit is used to describe the population on the Dalitz plot
and to extract the Real and the Imaginary part of the complex amplitude of the different
components: Re{a,e '} and Im{a,e }. The use of the Cartesian coordinates helps to
better estimate the components with lower amplitudes. The likelihood function is written

in the following way:

L=x Py, +(1—x) Py, (3.19)

where

e(mi,m%) }f(mijmi)}Q

J etmZ,m%) |f(m%, m2)[* dDP -

Here x is the fraction of the signal events and 1 — z is the fraction of background events.
f(mZ, mi) is the signal Dalitz pdf which is described in Sec. 3.3.1. The background Dalitz
distribution Pyg(mZ, m%) is described in Sec. 3.1.4. The efficiency e(m3,m2) is deter-
mined in signal Monte Carlo simulation, where the D° is allowed to decay isotropically
(Sec. 3.1.5).

Tab. 3.6 gives the result of the K-Matrix Dalitz fit. Fig. 3.23 shows the Dalitz distri-
bution of the 77 S-wave component resulting from the K-Matrix fit and the sum of the
four 77 scalar resonances from the Breit-Wigner fit. Fig. 3.21 shows projections of the fit

result on top of data distributions and Fig. 3.22 shows zoom of particular regions of the

K-Matrix fit result.
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Resonance | Mass (MeV/c?) | Width (MeV /c?) | Spin
K*(892) 891.66 50.8 1
K (1430) 1412 291 0
K;(1430) 1425.6 085 >
K*(1630) 1677 205 1
20 (770) 7758 146 4 1

(782) 782.6 35 1
f2(1270) 1275.4 185.1 2
(1450) 1406 155 1

Table 3.5: Values for the masses and widths of the resonances used for the fit in the K-
matriz model. Besides K*(1680), other values are fized according to the PDG2004 [41]

values.

Component Re{a e} Im{a,e®}  Fit fraction (%)
K*(892)~ -1.127 £ 0.013  1.370 + 0.012 59.71
K;(1430)~ 2.473 £ 0.044  -0.699 £ 0.041 8.73
K3(1430)~ 0.772 £ 0.023  -0.774 £ 0.028 2.84
K*(1410)~ -0.106 & 0.030  0.037 £ 0.023 0.02
K*(1680)~ -1.268 £ 0.121  0.304 + 0.108 0.75
K*(892)* 0.118 £ 0.005 -0.135 £ 0.004 0.61
K3 (1430)* 0.388 £ 0.035 -0.149 £ 0.039 0.23
K;(1430)* 0.055 £ 0.022  -0.049 £ 0.023 0.01
p(770) 1 (fixed) 0 (fixed) 22.38
w(782) -0.022 £ 0.001  0.034 £ 0.001 0.59
f2(1270) 0.834 £ 0.023  -0.423 £ 0.029 3.09
p(1450) 0.410 £ 0.040  -0.043 £ 0.067 0.15
51 -3.338 £ 0.068  1.854 £ 0.080
B2 8.957 £ 0.113  2.467 £ 0.220
04 14.163 £ 0.404 -0.879 £ 0.372

prod -10.008 + 0.181  -4.756 =+ 0.202
sum of 77~ S-wave 15.48

Table 3.6: Complex amplitudes a,e**" and fit fractions of the different components (Kgm~
and Kgm™ resonances, and wTn~ poles) obtained from the fit of the D° — Kgn—m™"
Dalitz distribution from D*t — D% events. Errors are statistical only. Masses and
widths of all resonances are taken from [{1], while the pole masses and scattering data
are from [46, 49]. The fit fraction is defined for the resonance terms (mm S-wave term,)
as the integral of a?|A.(m?, m3)* (|Fi(s)]?) over the Dalitz plane divided by the integral
of |Ap(m2,m%)|*>. The sum of fit fractions is 1.15.
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Figure 3.21: Result of the K-Matrixz fit to the D° — K~ 7t Dalitz plot, using the flavor
tagged D sample from the continuum : D** — D°7%. The three projections are displayed :
Cabibbo allowed (K~ ), the (Ksn™) and the (wmn~). The Dalitz distribution of generated
events according to the fit result is also shown.
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Figure 3.23: Dalitz distribution of the mm S-wave component resulting from the K-Matrix
fit and the sum of the four mm scalar resonances from the Breit-Wigner fit.

3.4 Fits comparison

Both Breit-Wigner and K-Matrix fit give a good description of the data. The Breit-
Wigner fit needs to introduce two non-established resonances ¢ and ¢’. This is due to
the fact that the Breit-Wigner parameterization works only in case of isolated resonances.
The mm S-wave component, instead, is composed of different contributions that overlap
significantly. K-Matrix parameterization gives the correct parameterization in the case
of overlapping resonances and does not need the presence of the two resonances o and o”.

Fig. 3.24 shows amplitude and phase of the F-vector (see. Eq. 3.13) resulting from
the K-Matrix fit and the corresponding quantity, defined as the sum of the four scalar 7
Breit-Wigner functions, resulting from the Breit-Wigner fit. Both amplitude and phase
shapes result quite different in the two cases; in particular the f;(980) peak presents a
very different shape.

Fig. 3.25 shows the phase in function of the Dalitz plot for the two fits and the
difference of the two fits result. The value of the phase is sensibly different only in

the regions of the f3(980) and o. Since these regions give small sensitivity to the =
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measurement (see Sec. 5.2) it is expected to have a small systematic effect on v coming
from the parameterization of the 77 S-wave component.

The sum of the fit fractions is smaller in the K-matrix fit (KM=1.15, BW=1.24). This
is due to the minor number of components in the K-matrix fit: four 77 scalar resonances
in the Breit-Wigner fit and only the F-vector in the K-matrix fit. The fit fractions of the

other components remain practically unchanged.
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Chapter 4

Event selection

4.1 Introduction

This chapter presents the B meson reconstruction. The importance of the different dis-
criminant variables and the background composition are discussed and the fixed param-
eters of the Likelihood function used for the extraction of the C'P parameters are given.
A detailed description of the Likelihood function will be provided in Chapter 5.

The B mesons are reconstructed in three decay modes: B~ — D'K~, B~ — DK~
and B~ — D°K*. The B meson decays are reconstructed from the informations recorded
from the different detectors in the interactions with the decays final states. Then the infor-
mations coming from the single detectors are combined in order to produce B candidates

and, at the end, the candidate with the larger probability to be a real particle is chosen.

4.1.1 Pre-selection

The first step of the event selection, common to all the decay modes under study, is the
selection of multihadron events among the events logged by the on-line data acquisition
chain; many of them are in fact due, not to ete™ collision chain but to beam-gas or
beam-wall interaction.

A clockwise frame, called laboratory frame, is used with the z axis along the electron
beam line, the y axis along the vertical line toward the up direction with the origin in the
interaction point and the x axis along the center of the PEP-II ring. The polar angle 6 is
evaluated from the z axis, the azimuthal angle ¢ is evaluated from the x axis.

Multihadron events are requested to have a minimum of three charged tracks in a

fiducial angular region (0.41 < 6 < 2.54)rad. The tracks above are requested to have a
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momentum less than 10 GeV/c (to avoid non physical tracks), to be reconstructed in the
DCH and to originate within 1.5 ¢cm in the zy plane (transverse to the beam axis) and 10
cm on z (along the beam axis) of the nominal beam-spot position. The primary vertex,
constructed from the tracks above, must be within 0.5 cm of the average position of the
interaction point in the zy plane and within 6 cm in z. Tracks with a large contribution
to the x? of the primary vertex fit are removed until the x? probability is greater than
1% (or only two tracks remain). Electromagnetic bumps in the calorimeter not associated
with charged tracks, that have an energy greater than 30 MeV in the fiducial volume
defined as (0.41 < 6 < 2.409)rad and shower shape consistent with photon interaction,
are taken as neutral candidates. Charged tracks and neutral candidates are required to
have a total energy in the fiducial region greater then 4.5 GeV.

In order to reduce background from continuum events, the normalized second Fox-
Wolfram [51] moment of the event (Rj) is required to be less than 0.5. The " Fox-
Wolfram moment H; is the momentum weighted sum of Legendre polynomial of the [t

order computed from the cosine of the angle between all pairs of tracks:

=3 pillp;| Pileos(9:)) (4.1)

E2

vis
where P, is the Legendre polynomial, ¢ and j run over the tracks, p;; are the tracks
momenta, 0;; is the opening angle between the tracks ¢ and j, £, is the visible energy of
the event. Neglecting the particle masses, energy-momentum conservation requires that
Hy = 1. For continuum events, H; = 0, H; ~ 1 for [ even and H; ~ 0 for [ odd. Rs is the
ratio Hy/Hy.

The ratio R, is one of the possible topological variables witch discriminate signal events
from continuum ¢q (¢ = u, d, s, ¢) events on the basis of their characteristic topologies. In
a signal event, the primary e*e™ pair produces a BB par via the T(4S) resonance. the B
mesons have low momentum in the T (4S) frame (~ 340 MeV/c), so the decay of each B
meson is nearly isotropic. Moreover, in a signal event there is no correlation between the
direction of the decay products coming from the two B mesons. On the contrary, in a qq
continuum event, the event shape has a two-jet structure, then there is a direction which
characterize the whole event (the jet axes). Fake B candidates from such events tend to
have less isotropic decay shape in the YT (45) rest frame, and the direction of the decay
products of the two B mesons candidates tend to be correlated, since they lie within the

two jets.
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The selection efficiency of the multihadron selection for BB events is about 95%.

4.1.2 Data sample

For this analysis the data recorded from the BaBar experiment in the period (1999—2004)
are used. This data sample corresponds to an integrated luminosity of 208 fb~! recorded
at the Y (4S) resonance, corresponding to 218 - 10® BB couples, and 21.6 fb~! collected
at a center-of-mass energy 40 MeV below (off-peak data). The off-peak data are useful
to study the behavior of the continuum ¢q events. Moreover a large Monte Carlo sample

is used for background studies.

4.2 B~ — DK~ selection

4.2.1 The Kg and D" reconstruction

The Kg are reconstructed from pairs of oppositely charged pions. The invariant mass of
the two pions is required to be within 9 MeV/c? the nominal neutral kaon mass. Since
the Kg decay vertex is distant from the beam-spot the tracks momentum is evaluated on
the K decay vertex.

The D° are reconstructed by making all possible combinations between the candidate
Kg and two pions of opposite electric charge. The measured position of the D? decay
vertex and momentum together with their measurement errors, are used to reconstruct a
DY particle. The invariant mass of the DY candidate is required to be within 12 MeV /c? its
nominal mass. The neutral kaon and the two pions are tested for geometrical compatibility
with a single vertex asking that the fit procedure has converged. A kinematic mass
constraint is also applied refitting daughters D° momenta.

The direction of the Kg can be evaluated from the momentum of the two pions (diry)
as well as from the direction of the flight distance from the Kg and the D° decay vertexes
(diry). For a genuine candidate these two directions coincide. Defining ax, = (diry, dirs),
a cut on cos(a,) >0.99 is required. This cut has a property of rejecting the not genuine
Kg and in particular helps in removing possible contamination from decays of D° into
four pions.

The distribution of cos(ak, ) for the different Monte Carlo samples is shown in Fig. 4.1.
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left to right - B — B® and BY* B~ samples. Bottom row - from left to right - c¢ and uds
samples. (Right plot) Same zoomed in the [0.9-1] range.

4.2.2 The B meson reconstruction

A candidate B~ is obtained combining a D candidate with one of the identified bachelor
kaon. The bachelor kaon is required to be identified as a tight kaon as described in
Sec.2.5.1. To guarantee the quality of this vertex the fit procedure is required to converge.

The main variables used in the B meson selection are the beam energy-substituted mass
(mpgs) and the energy difference (AE).

The beam energy-substituted mass is defined as:

mps =/ (Vs/2)* = pi . (4.2)

where p* is the B candidate momentum in the Y (4S5) (CM) rest frame. Since |p§| < /s/2,
the experimental resolution on mgg is dominated by beam energy fluctuations. Then with
an excellent approximation, the shapes of the mgg distributions for B meson reconstructed
in a final states with charged tracks only are Gaussian and practically identical. Otherwise
the presence of neutrals in the final states, in case they are not fully contained in the

calorimeter, can introduce tails.
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The energy difference is defined (making use of energy conservation) as:
AE = E5 —+/s5/2, (4.3)

where Ej is the energy of the B candidate in the Y(4S5) rest frame and /s is the total
energy of the eTe™ system in the CM rest frame. The resolution of this variable is affected
by the detector momentum resolution and by the particle identification since a wrong mass
assignment implies a shift in AFE. Signal events are Gaussian distributed in AFE around
zero, continuum and part of the BB background have a polynomial distribution and
background due to misidentification gives shifted Gaussian peaks. The resolution of this
variable depends essentially on the reconstructed B mode and can vary from 20 to 40
MeV.

Since the sources of experimental smearing are uncorrelated (beams energy for mpg
and detector momentum resolution for AFE), the two variables mgg and AFE are, in
practice, uncorrelated.

The overall efficiency on the signal events is equal to 18.0 + 0.1 % (the efficiency is
calculated considering B~ — DK~ and D° — Kgr 7t and Kg — 7rm™).

The final selection is optimized in order to maximize the statistical significance and

to reduce the expected error on «y (using a Toy Monte Carlo technique):

o |cosby,.| <0.8

tight K-id on bachelor Kaon

IM(D°) — M(PDG)| <12 MeV/c?

\M(Ks) — M(PDG)| <9 MeV/c?

D and B vertex fit procedure required to converge

o cos(agy) > 0.99

IAE| < 30 MeV

mgs > 5.2 GeV/c?

The number of events with more than one B candidate is very small (about 1% for
the final sample of events with mgg in [5.2, 5.3] GeV/c? and AFE in [-30, 30] MeV). The

candidate with the D mass closest to the PDG value is retained.
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Figure 4.2: mpg distribution obtained after applying the final selection criteria. Top row
- from left to right - signal, D7 and 47 samples. Middle row - from left to right - B® — B°
and B samples. Bottom row - from left to right - c¢ and uds samples.

Fig. 4.2 shows the mgg distribution of the different components after applying the
final selection criteria.
4.2.3 Continuum background suppression

The larger component to the background comes from continuum ¢g events. To suppress

this background the following topological variables are used.

e cos(65): the polar angle of the reconstructed B meson in the Y (4S5) center of mass

system

e the Legendre monomials (Lo and Ly): L; = 3207 pi| cos (6;) )

2

e cos(0y,,.): the angle between the rest of event thrust axis and the B direction

The thrust axis [52] of an event is defined as the direction which maximizes the sum of

the longitudinal momenta of the particles. In a typical background event for a two-body
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decay, the decay products of each B candidate lie in one of the two jets, and they are
therefore approximately back-to-back. Thus the decay axis of the B candidate is roughly
collinear with the thrust axis for the rest of the event. For a true signal event, the B
decay axis is uncorrelated with the thrust axis of the rest of the event, which in that case
comes from the decay of the other B meson. A cut on |cos(0y,,)| < 0.8 is requested.

If there is no correlation between the variables, no information is lost in simply making
separate requirements on each one, otherwise to fully exploit the power rejection of the
discriminating variables a linear combination of them is needed. In Linear Discriminant
Analysis [53], also known as the Fisher method, the discriminating variables which char-
acterize the events, are combined linearly to provide the best separation between the two

classes of events:
N
i=1

The discrimination task consists of determining an axis in the RY space of the discrimi-
nating variables such that the two classes are maximally separated. In order to apply this
method, one needs to know just the mean values of each variable over the full sample,
(i), the means over signal and background separately, (jis, fis), and the total variance-
covariance matrix, Ul-bjfs, that characterizes the dispersion of the events relative to the
center of gravity of their own sample. The distance between the projected points will
naturally be maximum along the direction defined by the line between p;, and ps. Then

the segment (fi, fis) is the projection axis. The coefficients in Eq. 4.4 could be easily

computed from the equation:

N
;=Y (U +U) ;M — ps5) (4.5)

j=1
The distribution of the Fisher variable, using the variables described before, for Monte

Carlo continuum and signal events is shown in Fig. 4.3.

4.2.4 Data - Monte Carlo comparison

In order to test the goodness of the background composition obtained from Monte Carlo
a study of Data - Monte Carlo comparison is performed for the different variables used
in the analysis. For all the plots the colored histograms display the various Monte Carlo

components and the points the data. Comparisons for the relevant variables used for
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Figure 4.3: Distribution of the Fisher discriminant variable for continuum (top plot) and
BB events (bottom plot). The distributions with points are obtained from off-peak data
for the top plot and from D°m control sample for the bottom plot. The histograms are
obtained from continuum Monte Carlo events for the top plot and signal Monte Carlo
events for the bottom plot.

the selection cuts are shown in Fig. 4.4. The Kg and D° invariant mass distributions
are plotted with respect to the PDG mass. The data distributions are slightly shifted
compared to the Monte Carlo ones, the cuts are far enough so that the efficiency obtained
on Monte Carlo will still be correct. These plots are obtained after having applied all the
cuts but the one on the displayed variable.

4.2.5 Sample composition

To fit the mpg distribution, it is used a Gaussian for the signal and an empirical function

suggested by the ARGUS collaboration [54] for background. The ARGUS function is
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cuts: mps and AE (first row), Kg e D° invariant mass (second row), |cos(0umy.)| and the
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defined as:
dN

des

=N -me-V1—2a? exp(—£-(1—2%)) , (4.6)

where © = mes/Mmax and the parameter £ is determined from the fit. The my.y, that

represent the endpoint of the ARGUS distribution, is fixed in the fit to mgg, since it

depends only on the beam energy.

N(DK)+N(Dr)+N (47)
Ncand

From this fit the parameter f, = is extracted in the mgg signal
region (>5.272 GeV/c?, see Tab. 4.1).

It is important to notice that the contribution from the “peaking background” (the
background that presents a peak in the mgg signal region) is very small and is essentially
due to the B~ — D%~ events. The fraction of this background can be obtained from
simple counting of Monte Carlo events or by fitting the AFE distribution (see Tab. 4.1).

Fig. 4.5 shows the AFE distribution of the different components with the final selec-
tion criteria in the mpg signal region (mgg >5.272 GeV/c?). In order to to exclude the
contribution from the B~ — D*K~ events only the region between [-0.100,0.120] GeV
is considered in the fit. The events from DK and D7 are parameterized with a Gaus-
sian distribution. For the DK events the Gaussian is centered on zero and its width is
o(DK)(MC) = (14.6 £ 0.2) MeV.

The Gaussian distribution for the D7 events is centered on < p > (Dm)(MC) =
(50.2 £ 1.2) MeV with width o(DK)(MC) = (18.7 £ 1.0) MeV. The parameters from
the two Gaussian distributions are related. In fact the Gaussian describing the AFE
distribution of the D7 events is shifted by about 50 MeV and its resolution is the result
of the convolution of the bachelor track momentum resolution and the AFE resolution of

the DK events:
N — N(DK)G_(AE_M)/Q 0'2(DK) + N(Dﬂ_>e—(AE—(u+0.05))/2 0-2(D7T) 4 P1<y) ’ (47)
o*(Dr) = 0*(DK) + K ,
K = +\/o?(Dr)(MC) — 02(DK)(MC) = 0.010 .

The global fit on the data and Monte Carlo are performed using Eq. 4.7 where the
width of the Gaussian distribution o(DK) is obtained from the D control sample (see
section 4.2.7). The results of the fits are shown in Fig. 4.5 and in Tab. 4.1.

The D Dalitz distribution of B~ — D%~ is the same of B~ — DK~ events without
the opposite D° flavor admixture. Another possible source of peaking background, D° —

47 has a negligible contribution (< 1%) after the cut on cos(agy).
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Figure 4.5:  The plots on right (left) show the AE distribution as obtained on the data
(Monte Carlo) with the fit superimposed. The two Gaussian distributions for the DK and
the DT events are also shown.

60 -
a0 [

20 - L
L 20 -

TR RS N I
1.87 1.88 1.89 0 1.84

0 [ S T S SN N
1.84 185 1.86
M(D°)

S T S NS ENR Bt
185 mh%%) (Ge\;ﬁ’éz) 1.88 1.89
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the cut on the D° mass. The result of the fit is superimposed.
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Parameter Value from Data | Value from Monte Carlo

fs (mps > 5.272 GeV/c?) 0.672 £0.049 0.669 £ 0.065

fs (mps > 5.2 GeV/c?) 0.219 +0.016 0.221 +0.023

fDr 0.059 £ 0.012 0.028 & 0.012

feont (mps > 5.272 GeV/c?) - 0.854 £+ 0.040

feont (mps > 5.2 GeV/c?) - 0.905 £ 0.012
Reont. 0.221 £ 0.042 0.27 & 0.06

RES - 0.208 £+ 0.033

Table 4.1: Values for parameters used in the likelthood. Whenever possible the values
obtained from Data are used. Most of the parameters are evaluated directly with the

likelihood fit (see. Sec. 5.1).

The fraction of combinatoric background events is obtained from a fit in all the mgg
region.

To properly parameterize the Dalitz distributions of the background it is important
to evaluate the possible presence of true D° (D° decaying in Kgm~ ") and the charge
correlation with the bachelor kaon. The presence of true D°, in fact, combined with a
randomly flavor-tagged kaon could be a potentially important background because for
half of the cases the kaon is of opposite sign and these events can be taken as Bt —
DOK™ events. For this reason the background is separated in continuum background and
background from BB events, and in each category the number of true D° is evaluated.
The relative fraction, normalized to the total non peaking background, of the continuum
events is obtained by fitting the mgg distribution from the simulated data. The fraction
of true DY coming from D* decays is expected to be small due to the AE cut. In the
simulation events the fraction of this events is < 2% then its contribution can be neglected.
A sizable contribution, instead, is found in the continuum events, totally coming from the
cc events.

The total fraction of the true D in the combinatorial background can be obtained on
the data and compared with the one from the Monte Carlo. For this purpose the events
satisfying mpg < 5.272 GeV/c? are considered, having removed the cut on the D° mass.
Fig. 4.6 shows the D invariant mass for data and Monte Carlo events. For simulated
events the plot are obtained using the corrected relative integrated luminosities processed
for the uds, c¢é and the BB events. The fit to the D° invariant mass is performed by
fixing the mean and the width of the D to 1864 MeV/c? and 6 MeV/c? as found on the



4.2 B~ — DK~ selection 117

cc simulation. The values are corrected considering that the only true DY come from the
cc, and are shown if Tab. 4.1 (Rcone.). Another important parameter is the fraction of
events with a true D° associated with a negative charged kaon (R%). This fraction is
obtained from simulation because there is not enough off-peak data.

In case of a true D the Dalitz distribution can be taken from the one of the D° or
DY depending of the charge correlation with the Kaon and according to this fraction.
The summary of the values and errors obtained for the different parameters is given in

Tab. 4.1.

4.2.6 Efficiency over the Dalitz plot and related systematics

The efficiency on the signal events over the Dalitz plot (m?(K,nt) = z vs m*(K,m~) = y)
is evaluated using a signal Monte Carlo sample with a flat Dalitz distribution. The Dalitz

plot is binned and the efficiency is fitted with a symmetric third-order polynomial function:
ef f(z,y) = aoll + ar(z +y) + as(z® +4* + 2y) + az(2® +y* + 2’y +ay?)] . (4.8)

It is checked that the shape of the efficiency correction, in Fig. 4.7, does not depend from
the Fisher and mpgg discriminating variables. The coefficients for the three subsamples,
B~ — D°K~, B~ — (D°7%) K~ and B~ — (D%)K~, are consistent within statistical
errors, therefore for the final fit the parameterization by combining all modes is taken.
For the systematics evaluation due to tracking and Kg reconstruction, the efficiency
over the Dalitz plot has to be weighted according to the tracking efficiency and Kg re-

construction.

4.2.7 The use of the B~ — D7~ events

The B~ — D%~ events can be used as a control sample to obtain some parameters for
the analysis. All the B~ — D%r~ selection criteria are identical to those applied for the
B~ — DK~ analysis except that the events are selected in the AE region in the range
[+0.020-0.080] GeV (see Fig. 4.5). In order to have completely independent samples the
bachelor pion is required to be not identified as a loose kaon (see Sec. 2.5.1).

The overall background fraction is smaller than in the DK sample. Nevertheless the
BB background shows more important and complicated peaking structure coming from
many different components (charmless events, /T¢~ K, 7 events .....) with respect to DK

case. Considering that rg, thus the fraction of b — u-type decays, for this sample is much
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Figure 4.7:  Fitted efficiency over the Dalitz (Ksn™) vs (Kgn™) for the Monte Carlo
sample. The color code indicates the value (in percent) of the fitted efficiency, note that
the color code is only meaningful inside the kinematically allowed Dalitz region. This is
taken from high statistics B~ — D**K~ signal Monte Carlo.

smaller that for B~ — D°K~ sample, it seems to be difficult to consider the use of this
sample for fitting the angle v, but, being that in the signal region (mgs > 5.272) the BB
events amounts to about 95% of the total number of the events, this sample can be used
to obtain the Fisher parameterization of the BB events. The Fisher parameterization of
the continuum events is obtained using off-peak data sample in the signal region for mgg
distribution.

For continuum events the distribution of the Fisher variable F is fitted with a double

Gaussian distribution:

_(Fopp)? _ (F-pp)?

fxe > +(1-f)xe > . (4.9)

Since on peak data in the signal box contains 94% of BB events, the distribution is fitted
using a double Gaussian for the BB events and for the residual 6% of background events
fixing the parameters of a double Gaussian distribution as obtained from the fit on the

continuum events. The double peak structure is due to the very important weight of the
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|cosOy,.| variable in the Fisher variable. This effect can also be seen in Fig. 4.9 where the

Fisher variable with respect to | cos 8y, | is shown.

4.2.8 Background Dalitz shape

In order to perform the C'P fit (described in Sec. 5) the Dalitz distributions for the various
backgrounds are parameterized. the Dalitz shape for continuum ¢q is parameterized from
off-resonance data events selecting the D° mass sidebands in order to exclude the real D°
(Mass(D°) < 1.85 GeV/c? or Mass(D®) > 1.88GeV/c? is requested). For generic BB
Monte Carlo events with no real D° is used. The selection cuts are identical to those
used for the B~ — DK~ | except the AE cut which is relaxed to have larger statistics.
Both the distributions (¢¢ and BB) are fitted by a symmetric second order polynomial
function:
ap + ay(x +y) + ag(2? +y* +ay) (4.10)
with m?(Ksn™) =z and m?(Ksnt) = v.
The fit result for ¢¢ is shown in Fig. 4.10. For the BB Monte Carlo the true D°
candidates are removed and the m?(Kg,n*) versus m2(Kg, 7T) distribution is made.

The fit result is shown in Fig. 4.11.

4.3 B~ — DK~ selection

4.3.1 Events selection

The D° and the Kg are reconstructed using the same selection criteria used for the
B~ — DK~ selection. The D*? is reconstructed in the two channels: D** — D% and
D* — D%y. The v candidates for D** — D%y are requested to have a maximum lateral
moment (LAT, see Sec. 2.6.1) of 0.8. The 7° candidates are reconstructed combining
couples of photon with a energy greater than 30 MeV. The selected 7° are requested to
have a momentum in the interval [70,450] MeV/c and a mass in the interval [115,150]
MeV/c?. To improve the momentum resolution, the 7° candidates are kinematically fit
with their mass constrained to the nominal 7° mass. Before combining a D° candidate
with a soft 7° or a photon to form a D*°, a mass-constrained fit is applied to the D°. The
resolution of the D** — D® mass difference (Am) is ~ 1.2 MeV/c? for D** — D7® and
~ 5.0 MeV/c? for D*® — D%y. Fig. 4.12 shows the Am distributions for D*° from Monte

Carlo signal events.
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Figure 4.10: Distributions of m*(Kg, ) for B* candidates (top plot) and m*(Kg,7T)
for B candidates (bottom plot). The points represent the qq off-resonance data events,
the histogram the result of the second order polynomial fit and the dashed histogram the
projection of an uniform distribution.
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Figure 4.11: Distributions of m*(Kg, %) for B* candidates (top plot) and m*(Kg,7T)
for B candidates (bottom plot). The points represent the BB Monte Carlo events, the
histogram the result of the second order polynomial fit and the dashed histogram the pro-
jection of an uniform distribution.
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The charged B is reconstructed adding the kaon to the D*° candidate and a kinematic
and geometric fit is performed to the whole decay. In this fit charged B and D° decay ver-
texes are reconstructed. In order to improve the mgg and AFE resolution in the kinematic
fit the D*¥ and D® masses are fixed to their nominal value. The resolutions, measured on
MC signal events, are 2.6 MeV/c? and 16.7 MeV for mgg and AFE, respectively. As in the
B~ — DK~ selection, the cut | cos Oy, | < 0.8 is required to suppress the background
from continuum production of light quarks. If multiple B candidates are found in the
same event after all the selection criteria are applied, the candidate with the smallest
X2 = X2 (Am, myo) for D°7% and x? = x?(Am) for D%y is chosen. The fraction of events
with multiple B candidates is 9% for D°7° and 3% for D%y. After the best choice selec-
tion the contamination of background events coming from true D%y signal events into the
D70 signal sample and viceversa is completely negligible. The best choice algorithm has
an efficiency on signal Monte Carlo events of (754 3.0)% for D°z® and (63 £7)% for D%.
The correlation among the variables used in the x? calculation and the fitted parameters,
m2(K,n) and m?(K,m™), is evaluated on signal Monte Carlo and it is negligible.

The final selection criteria, optimized in order to maximize the statistical significance,

are:

|cosO,.| <0.8

tight K-id on bachelor Kaon

IM(D°) — M(PDG)| <12 MeV/c?

\M(Ks) — M(PDG)| <9 MeV/c?

|Am — Am(PDG)| < 2.5 MeV/c? in the D°7° and < 10 MeV/c? in the D%y

o cos(agy) > 0.99

IAE| < 30 MeV
o Mps >5.2 GeV/c?

The overall efficiency is 4.3% for the D7 and 8.1% for the D%y decay mode.
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Figure 4.12: The Am mass difference distribution for signal MC events. The distributions
are fitted with a single Gaussian in order to estimate the width and the mean value. For
the D%y the Gaussian fit gives a rough estimation of the mean and of the width of the
distribution. Left plot: the Am width of D°7° is around 1.2 MeV/c*. Right plot: the
Am width of D% is around 5.1 MeV/c?.

4.3.2 Sample composition

Like the B~ — DYK ™~ selection, a fit to the mgg distribution is performed after applying
the selection criteria in order to obtain an estimate of the event yield f, = W
and Data-Monte Carlo comparison. Fig. 4.13 shows the data mpgg distribution with the
fit superimposed.

The background can be divided in two main categories: continuum background and
BB background; the continuum is the dominant background. The BB background is
composed by a peaking (in mpg) component and a non-peaking component. The non-
peaking component can be parameterized as the continuum background and then is easy
to reduce. The peaking background, instead, is more difficult to reduce and is essentially
constituted from D*°r events that can be considerably suppressed applying the tight kaon-
id requirement on the bachelor track and the tight |[AE| < 30 MeV cut. The Fraction
of B~ — Dz~ (f(Dn) = %) events can be estimate simply counting the
number of events in Monte Carlo simulation or directly from the Data, evaluating the
D7 contribution fitting the AE distribution. The D*7 signal is parameterized with a,
Gaussian with a mean of (50.8 £0.2) MeV and a width of (21.0£0.2) MeV, both fixed to
the Monte Carlo value. The fraction of D*'1 events evaluated on data in the range AE

[-30,30] MeV is given in Tabs. 4.2 and 4.3 and the fit result is shown in Fig. 4.14.

Another peaking background component comes from D° — 4r decay but it has a
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Figure 4.13: The mggs distribution obtained after applying the final selection criteria on
data. Data are represented by point with error bars, the fit PDF is superimposed.

negligible contribution after the cut on cos(aky).

The background composition is similar in the D** — D% and the D** — D%y, but
the amount of background is larger in the D*® — D%y channel (see Fig. 4.13).

Like the B~ — DK~ selection, the background is divided in continuum events and
BB events as the two contribution in principle have different impact on the v measure-
ment. The BB events have similar shape variables to the signal events and they can have
a higher weight in the likelihood fit with respect to the c¢ events; the BB events have
also different fraction of true D° and charge correlation with the bachelor charged track.
The relative fraction of continuum events (f.on:.) is evaluated on Monte Carlo simulated
events. In the final C'P fit this fraction will be directly estimated from the data sample
exploiting the Fisher variable information as discussed in Sec. 5).

As for the B~ — DK~ case, to properly parameterize the Dalitz distributions of the
background is important to evaluate the possible presence of true D° (D° decaying in
Kgm~7") in both ¢ and BB background events (Rzp and R.). The fraction of true D°
can be estimated from Monte Carlo simulation by simply counting the number of true D°
and false D° of each background sample after having applied all the cuts. The fraction
of true D° for the overall background, can be estimated also in data with a D° mass fit,
selecting events satisfying mpg < 5.272 MeV/c? and having removed the cut on the D°

mass. Fig. 4.15 shows the D invariant mass for data. In the fit to the D° invariant mass
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Figure 4.14: The AFE distribution obtained after applying the final selection criteria on
data. Data are represented by point with error bars, the fit PDF is superimposed. The
signal PDF is shown in red, while the PDF contribution for the D*°n sample is reported
in blue.

the mean and the width of the D° are fixed to 1864 MeV/c?* and 7 MeV/c? as found on
the Monte Carlo simulation.

Another important parameter is the fraction of events with a true D° associated with
a negative charged kaon. This fraction is obtained from Monte Carlo c¢ (RE) and BB
(RE2) events and is given in Tabs. 4.2 and 4.3.

Even if the uncertainty on this fraction is large, the level of this background is low
and the systematic error is expected to be small. This is confirmed by ToyMC studies.

The summary of the values and errors obtained for the different parameters for the

CP Fit is given in Tab. 4.2 for D°7° and in Tab. 4.3 for D%.

4.3.3 Data - Monte Carlo comparison

The Data - Monte Carlo comparison is performed for the relevant variables used in the
event selection. The agreement is pretty nice after the cut |cos(0s,.) < 0.8] is applied.
For all the plots the colored histograms display the various Monte Carlo components and
the points the data. Comparisons for Kg and D° mass, cos(0y,,.), Am, mgs, AE are

shown in Fig. 4.16 for D°7° and in Fig. 4.17 for D%.
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Parameter Value from Data | Value from Monte Carlo

fs (mps > 5.272 GeV/c?) 0.92 +£0.04 0.91 £0.05
fs (mps > 5.2 GeV/c?) 0.53 £0.08 0.50 £0.07
fDx 0.06 £ 0.07 0.05 £ 0.05
feont (Mps > 5.272 GeV/c?) - 0.64 +£0.13
Jeont (Mmps > 5.2 GeV/c?) - 0.88 £0.03
R.: - 0.27 £0.08
Rpg - 0.11 £0.06
RS - 0.23 4+ 0.11

R - 1

Table 4.2: Values for parameters for D°m° used in the likelihood. Whenever possible the
values obtained from Data are used. Most of the parameters are evaluated directly with

the likelihood fit (see. Sec. 5.1).

Parameter Value from Data | Value from Monte Carlo

fs (mps > 5.272 GeV/c?) 0.47 £0.10 0.62 £ 0.08
fs (mps > 5.2 GeV/c?) 0.22 +0.04 0.16 & 0.04
for 0.00 0.01 £0.09
feont (Mmps > 5.272 GeV/c?) - 0.66 £+ 0.06
feont (Mmps > 5.2 GeV/c?) - 0.86 £ 0.01
R.: - 0.13+0.02
Rgpg - 0.16 £0.03
RES - 0.16 £ 0.06

RE> - 1

Table 4.3: Values for parameters for D%y used in the likelihood. Whenever possible the
values obtained from Data are used. Most of the parameters are evaluated directly with

the likelihood fit (see. Sec. 5.1).
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Figure 4.15: D invariant mass distribution as obtained on the data satisfying mpg <
5.272 GeV/c*and having removed the cut on the D° mass for D°7° and D°y. The result
of the fit is superimposed.

4.3.4 The use of the B~ — D7~ events

The B~ — D*n~ control sample is very useful for resolution studies and for the pa-
rameterization of the shapes of the relevant distributions as Fisher discriminant, AFE and
mps. The selection criteria are the same as for the B~ — D**K~ except the request
for the bachelor track not to be identified as a notAPion as described in Sec 2.5.1. The
|AE| < 30 MeV cut is applied using the pion hypothesis for the mass of the bachelor
track. The background composition is quite different with respect to the B~ — D*K~
and the peaking background is more consistent. The distribution of AE for the D%y shows
a contribution from D7 events with a v coming from combinatorial background, those
events present a peak in mpgg and are shifted around +100 MeV in AFE, as confirmed
from the Monte Carlo simulation. They are parameterized with a second Gaussian in the
AFE distribution (Fig. 4.18).

Since the helicity distribution of the D respect to the D* flight direction has dif-
ferent shapes for D°7% and D%, it can, in principle, be used to characterize the signal
distribution. The D* is a vector meson and it has to be fully polarized when it comes
from the B~ — D* K~ decay. This explains the shapes of the helicity distribution which
can be calculated assuming a decay of a polarized vector meson into 2 pseudoscalar in

the case of D7, and into 1 pseudoscalar plus 1 vector in the case of D%y. The helicity
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Figure 4.16: Data - Monte Carlo comparison for D°7° for the relevant variables used for
the selection cuts.
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shape is then o< cos(0p)? for D% and oc sin(6)? for D%. Fig. 4.19 shows the Data-
MC comparison after the selection cuts for the B~ — D*97~. Helicity cuts have been
considered for the signal B~ — D*K~ but the significance and the purity of the sample
does not improve significantly, for this reason this variable is avoided from the selection.

The background composition is studied for the B~ — D*°z7~. The composition of
the background is quite different respect to the B~ — D**K~ sample due to the more
relevant contribution of the BB events. The contamination of events B~ — D**K~ in
the AE window (30 MeV with the pion hypothesis) is negligible. The fraction of signal
events can be estimated from the mpgg fit: f, = W = 0.96 + 0.03 for D7°
and 0.84 4 0.02 for D%y, where N(peak) is the number of peaking events in mpgg. The
peaking contribution can be parameterized as a Gaussian on top of the ARGUS function
which describes the combinatorial background as shown in Fig. 4.20.

The number of peaking events can be estimated on data performing a fit with the
relative fraction f. = 0.10£0.04, of the peaking Gaussian to the ARGUS function fixed
to the value from the fit on MC simulation. The fraction is consistent for D%7% and D%y
and a common mean value is used. The parameters of the peaking Gaussian are also
fixed to the values opear = 3.4 MeV/c?, fipear, = 5.280 MeV /2, from MC simulation fit.
Fig. 4.21 shows the mpg distribution and the fit result for B~ — D*®7~ obtained after

applying the final selection criteria.

4.3.5 Fisher discriminant

The major source of background events in this analysis is represented from continuum
events. To separate these events a Fisher discriminant is used. The variables used in
the Fisher discriminant are cos 0y, cos g and the two Legendre monomials function of
order 0 and of order 2. 6y, is the angle of the thrust axis of the B meson with respect
to the rest of the event, while 65 is the angle of the B meson with respect to the nominal
z direction of the beams. A detailed description of the events shape variables and of the
Fisher discriminant is given in Sec. 4.2.3. The 6y, is useful to separate jet events for which
the variable is peaked around 1, from BB spherical events for which the variable is almost
uniformly distributed. The cos §p variable takes into account the oc sin% distribution of
the BB events with respect to the oc 1 + cosf% of the continuum events in the rest frame
of the YT (45).

The Fisher discriminant distribution is fitted with a double Gaussian for off resonance
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Figure 4.18: The AE distribution for B~ — D*°n~ obtained after applying the final selec-
tion criteria. Data are represented by point with error bars, the fit PDF is superimposed.
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Figure 4.22: The fisher distributions for off resonance data and B~ — D*n~ events. Data
are represented by point with error bars, the fit PDF is superimposed.

events and for B~ — D*n~ events. The agreement is pretty consistent with the Fisher
parameterization used for the D°K analysis.

Fig. 4.22 shows the fisher distributions for off resonance data and B~ — D*7~ events.

4.3.6 Background Dalitz shape

The Dalitz parameterization for continuum and for BB combinatorial events is different
in principle, as the continuum events are dominated by combinatorics tracks while the
BB events have more consistent contamination of signal-like events. The off-resonance
events distribution is consistent with a flat distribution as shown in Fig. 4.23 then the
Dalitz distribution of continuum events is assumed to be flat. For the Dalitz background
parameterization BB Monte Carlo events and off-resonance data are selected in order to
have a reasonable statistics using the D sidebands in the range |AE| < 100 MeV. Due
to the low statistics of the BB background it cannot be excluded an agreement with a
flat distribution in the Dalitz plot for the D°7% even if a different structure in the D%y
is visible. A fit of the Dalitz distribution for the m?(Kg,n") and m?(Kg,n~) is also

performed with a 2D symmetric second order polynomial function:
ag + ar(z +y) + az(a® +y* + ay) (4.11)

with m?(K,7") = 2z and m?(K,m~) = .
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Figure 4.25: Distributions of m*(Kg,n*) (top plot) and m*(Kg,7¥) (bottom plot) for B*.
The points represent the BB Monte Carlo events, the histogram the result of the second
order polynomial fit.
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In Figs. 4.23 and 4.24 are reported the relevant distribution for the BB background
and for the continuum events. In Fig. 4.25 is reported the distribution for MC BB events
((Ksmt) vs (Kgm™)). The histogram of the second order polynomial function from the fit

is overimposed.

4.4 B~ — DYK* selection

4.4.1 FEvents selection

The D° and the Kg coming from the DY decay are reconstructed using the same selection
criteria used for the B~ — DK~ selection. The K*~ is reconstructed in the K*~ —
Kgn~ channel. Since the Kg from the D° and the Kg from the K*~ have very similar
invariant mass resolution the same selection criteria are used for both of them. It’s also
required that cos ax,(K*) > 0.99 where ak,(K*) is the angle between the Kg direction
of flight (line between the B vertex, that corresponds to the K* vertex and the Kg
vertex) and its momentum. This cut is useful to suppress background of the type B~ —
DX~ (X~ — 3m) (for example X~ = ay ).

For the selection the invariant mass of the K* and the cosine of the helicity angle of the
K* daughters are also used. cos 8y, is defined as the angle in the K* rest frame between
the direction of flight of a K* daughter with respect to the direction of flight of the K*
in the B rest frame (Fig. 4.26). As a cross check, the significance variation depending on
the K* mass cut and the cosine of the helicity cut is plotted in Fig. 4.27. This plot is in
agreement with the previous values than the selection is fixed as |m g+ —mg-(PDG)| < 55
MeV/c? and |cosfpe| > 0.35. Since the K* has spin 1 the angular distribution is a

function of the helicity angle o cos?0pe. The distribution for background

dN

? d(cosOper)

events instead is rather flat. In order to be consistent with the definition of the Fisher

discriminant used for the B~ — DYK~ selection, the same cut on |cosOu,| < 0.8 is
applied.

The final selection criteria, optimized in order to maximize the statistical significance,

are:
o |my (D) —mg,(PDG)| <9 MeV/c?
° |mKS<K*) — mKS(PDG)| <9 MGV/62

o |mpo —mpo(PDG)| < 12 MeV/c?
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| cos O )| < 0.8

e D' and B vertex fit procedure required to converge

cos ag (DY) > 0.99
o cosak,(K*)>0.99

o |my+ —mp+(PDG)| < 55 MeV/c?

| cos Oper| > 0.35

IAE| < 25 MeV

mgs > 5.2 MeV/c?

The overall reconstruction efficiency for signal events is eg;, = (11.1 £ 0.5)% after

all selection criteria are applied. The significance of the signal in the final signal region

|AE| < 25 MeV and mgg > 5.270 GeV/c* is S/v/S + B = 6.2.

4.4.2 Sample composition

The larger component of background comes from continuum events. This component can
be suppressed with the cut on |cosfr| < 0.8 and with the use of the Fisher discriminant
in the C'P likelihood fit. The fraction of continuum events, f.o.; = %, after all the
cuts applied in the region mgg > 5.2 GeV/c? is obtained counting from Monte Carlo
simulation and the values obtained is feone e = 0.60 £ 0.02 close to the one obtained
with the C'P fit foont.pata = 0.74 £ 0.07 from the data sample. The BB events have
similar event shape distribution to the signal and they are suppressed with a tight cut on
|AFE| < 25 MeV.

The B~ — DOK*~ decay can present background coming from decay modes with the

same final state particles of the signal. The signal final state is:
D°K* = [(xtn )gem ] po [(t AT ) ke ke (4.12)

Different decay modes are considered and they are found negligible.
The DY_K*~ decay mode has a branching ratio smaller than to the signal, Br(D° —
47r) = (7.3 £ 0.5) - 1073, The contribution of this decay mode is negligible after applying

the request on cos ag, > 0.99.
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Figure 4.26: In top-left plot (green) the distribution of the variable for the signal. In the
top-right plot the variable distribution for the background. In bottom-left the significance
as a function of the cut on the selected variable and in bottom-right the purity (histogram)
and the efficiency (point with error bars) as a function of the cut. (Top 4 plots) Sequence
of plot described above for the invariant mass of the K*~. (Bottom 4 plots) Same plots

for cosOpe of the K*~ daughters.
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Figure 4.27: 2D plot of the significance with respect to the cut on the K* mass and the
cut on cosOye. The color scale represent the value of the significance, it increases from
blue to red. The mazimum value is 6.2 with |mg~ — mg«(PDG)| < 55 MeV/c* and
| cos Oper| > 0.35.

The KgKgK*~ decay mode has a branching ratio not reported on the PDG but it
is present in the generic BB Monte Carlo used for this analysis. This contribution is
found negligible after all the selection criteria are applied. No events are found on ~ 1
ab~! BB Monte Carlo sample where the decay mode was generated assuming Br(B~ —
K°KOK*™) = 1075, Evidence of this background is searched on data in the D sidebands
(i.e. |mpo —mppg| > 20 MeV/c? corresponding to almost 5 times the D mass signal
region) fitting the mpg distribution after all the selection criteria applied and no statistical
evidence of this background is found.

The D7~ 77~ decay mode has a relatively large branching ratio Br(B~ — D%~ ntr~) =
(1.1 £0.4)% and it includes Br(B~ — D%;) = (6.0 = 3.3) - 1073. 3 events of this de-
cay mode are found in ~ lab~! BB Monte Carlo sample then this contribution can be
neglected.

The D°Kgm~ mode presents an identical final state to the signal but the (Kgm™)
system decays with relative angular momentum L=0 instead of L=1. These events are
considered actually as signal events in the C'P likelihood fit as they reach the final state

through b — u and b — c interfering amplitudes. These events will be referred in the
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Figure 4.28: The fit to the D distribution shows evidence of true D° background events.
The events are selected in the mgg sidebands (mps < 5.27 GeV/c?) with all the selection
cuts applied.

follow as signal Non-Resonant. It is shown in [55] that signal Non-Resonant has a relative
contribution of < 5% respect to the D°K*~, in another B~ — D°K*~ analysis.

As in the case of B~ — D°K~, the background events are divided in events with
true DY and with false D° in order to characterize the Dalitz shape. The estimate of
the fraction of true D° (R), is done on Monte Carlo events. The values are reported in

Tab. 4.4, together with the fraction of right-sign D° RFY = ng%@\’;oh’

where hA*™ is
a candidate K*~. The fraction of true D is evaluated also on data considering the mpgg
sidebands. The fraction can be extracted from a fit to the D° invariant mass using as a
Gaussian for the DY signal plus a constant for the background. Due to the small statistics
the mean of the Gaussian is fixed to upo = 1864.5 MeV/c? and the width to opo = 6.0
MeV /c? from signal Monte Carlo fitted values. Since the fraction of true D is compatible
within the errors in BB and continuum Monte Carlo events, it is assumed the same also
in data. Fig. 4.28 shows the fit to the D invariant mass distribution for data and for
Monte Carlo events.

After all the selection criteria are applied, the multiplicity of candidates on data in the

signal region (Mpgg > 5.270 MeV/c?, |AE| < 25 MeV) is Nogng = 1.055 £0.005. The best

candidate per event is chosen according to the minimum value of the x* = x?(mpo, mg-):

XQ(mDoymK*) _ (mDO — mDO,PDG)Q N (mK* . mK*,PDG)Q

4.13
O-%)O O‘%{* _'_ FQ * ’ ( )
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Fraction Estimate from generic MC | Estimate from data
Rcont (real D%s in Cont) 0.21 +0.02 0.20 + 0.06
Rpg (real D%s in BB) 0.18 £0.02 0.20 £ 0.06
RES . (D°K*~ in Cont) 0.51 £ 0.06 -

RgSB (D°K*~ in BB) 0.67 £+ 0.06 -

Table 4.4: DY fractions for background events are estimated from generic MC and data, for
the region |AE| < 25 MeV and mgg > 5.2 GeV/c*. In data the mgs region is restricted
to 5.2 < mpg < 5.27 GeV/c* to exclude the signal events.

where o is the experimental resolution on Monte Carlo signal events and 'y« is the
intrinsic width of the K*. The efficiency of the best candidate choice for signal events is

approximatively €. = 75%, evaluated on Monte Carlo signal events.

4.4.3 Data - Monte Carlo comparison

Data - Monte Carlo comparison is performed for the relevant variables used in the events
selection. For all the plots the colored histograms display the various Monte Carlo com-
ponents and the points the data. Fig. 4.29 shows the comparison for cos(6u,), cosOpe,
the D° and Kg mass, AE and mpgg. A shift is evident in the mpgg distribution that can

be quantified as Ampgg = 1.7 MeV /c?.

4.4.4 Efficiency and Background Dalitz shapes

The Dalitz model PDF has to be corrected by efficiency non-uniformities across the Dalitz
plot, e(m?,m? ). The correction is obtained by performing an unbinned fit to a third order

polynomial to the signal Monte Carlo where the D° was allowed to decay isotropically
P(z,y) =14a; (z +y)+ay (2® + 9>+ 2y) + as (2® +v° + 2%y + 23?) . (4.14)

The parameterization is symmetrized for x = m?% and y = m?. Fig. 4.30 shows the Dalitz
plot distribution and the m?2 and m? projections for this signal Monte Carlo sample. In
this figure the blue curves represent the result of the 3¢ order polynomial fit, and the red
curves represent the projection for a perfectly flat efficiency. It can be seen that except at
the borders of the kinematically allowed region the efficiency correction is quite consistent
with a flat distribution.

The Dalitz distributions for the different background components (continuum, BB5),

are evaluated from continuum and generic BB Monte Carlo events after having removed
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cuts. The events in the plots are selected applying all the selection criteria but the one on
the displayed variable.
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events with real D°. The distributions for continuum and BB are fitted to a symmetric
second order polynomial function, as given in Eq. (4.14) with a3 = 0. The distributions
and fit results are shown in Figs. 4.31 and 4.32, for continuum and BB respectively.
The continuum Dalitz shape is also extracted from off-resonance data by selecting the
D° mass sidebands in order to exclude the real D? (D° mass is required to be smaller
than 1.85 GeV/c? and larger than 1.88 GeV/c?. Although the statistics is poor the shape

from off-resonance data agrees with that observed from the continuum Monte Carlo.

4.4.5 DY fractions

The fraction of true D° (R) and right-sign D RES for continuum and BB events is
reevaluated on Monte Carlo events by counting as described in section 4.4.2 but after
applying the best candidate choice algorithm. The values are reported in Tab. 4.5, which

are essentially unchanged compared to Tab. 4.4.

Fraction Estimate from generic MC
Reont (real D in Cont) 0.205 4+ 0.022

Rpp (real D° in BB) 0.180 £ 0.021

RES (DYK*~ in Cont) 0.53 £ 0.06

RIS (D°k*~ in BB) 0.67 £ 0.06

Table 4.5: D° fractions as estimated from generic MC, for the region |AE| < 25 MeV
and mgs > 5.2 GeV/c>.

4.4.6 Fraction of wrong sign signal events

According to the phase space Monte Carlo and applying the best candidate choice algo-
rithm, the fraction of wrong sign signal events is found to be 0.0043£0.0005 for mgg > 5.2
GeV/c?. Therefore this component is neglected in the final fit.
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Figure 4.30: Dalitz efficiency mapping for signal MC' (phase space), for |AE| < 25 MeV
and mgs > 5.2 GeV/c* (m% 5 = m?%, mie = m?, mpe = My+p- ). The blue curve is the
result of an unbinned likelihood fit to a second order polynomial (after symmetrization of
the Dalitz plot) to the B~ — DYK*~ signal Monte Carlo, while the red curve corresponds
to a phase space distribution.
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Figure 4.31: continuum background Dalitz shape from generic Monte Carlo, for |AE| < 25
MeV and mgs > 5.2 GeV/® (m%p = m?%, m%ic = m> and myo = mginp- ). The blue
curve is the result of an unbinned likelihood fit to a second order polynomial (after sym-
metrization of the Dalitz plot), while the red curve corresponds to a phase space distribu-
tion.
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Figure 4.32: BB background Dalitz shape from generic Monte Carlo, for |AE| < 25 MeV
and mps > 5.2 GeV/® (miz =m2, mieo =m? and m%e = Mg+ ). The blue curve is
the result of an unbinned likelihood fit to a second order polynomial (after symmetrization
of the Dalitz plot), while the red curve corresponds to a phase space distribution.
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Chapter 5

Measurement of the C' P parameters

A maximum likelihood fit technique is used to extract the C'P parameters. As described

in detail in Sec. 1.4 the decay chain BT — D®°K7¥ rate can be written as:

I x \AD(mi,mi)F—i-rg)Q\AD(mi,mi)|2+2/@rg)Re(AD(m2¢,mi)A’b(mi,mi)e"(‘sg)p’))

(5.1)
where mZ2 is the squared invariant mass of the Kgm™ combination, Ap(m?,m?3) is the
D° — Kg¢n~ 7t decay amplitude, rg) and 5;‘) are the amplitude ratio and relative strong
phase between the amplitudes B~ — D®OK~ and B~ — D"K~ and x takes the value
+1 for B~ — D°K~ and B~ — D*(D°2°)K~, and —1 for B~ — D*0(D°%)K~.

The likelihood obtained from Eq. 5.1 permits to extract directly the C'P parameters
Tg), 5g) and v, but it is effected to large non Gaussian effects. For a relatively small
dataset and for a small value of rg), the likelihood fit returns a biased estimate of Tg)
and of the r.m.s of 51(;) and 7. This is due to the fact that o?(v) is proportional to
1/(d*logL/d?*y) and d*logL/d*y is proportional to rg), therefore it will be smaller for
larger Tg). Since rg) is positively biased the error returned by the maximum likelihood
fit is smaller than what it should be to represent the statistical fluctuation. Moreover,

) saturates at low truth values of Tg),

while the linearity of v and §*) is verified, rg
with a saturation region depending on the statistical contents of the data sample. The
saturation effect goes away with a data sample about ten times larger than one used for
this analysis. The nature of these non Gaussian effects, scaling with the size of the data
sample, is related to the small number of events in the region of the Dalitz plot sensitive
to TS) and v and to the polar coordinates representation of the space of the fit parameters
and, more particularly, to the positive definition of rg). Fig 5.1 shows the value of the

error on 7y as a function of rg and the saturation effect of rp .
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Figure 5.1: Left: Error on v as a function of rg. Right: rg wvalue obtained in the
likelihood fit versus generated rpg.

To avoid the effects described above the 4-dimensional Cartesian parameter space ! is

defined by the variables z4 = (x4, y+), with

A Re(rBiei(‘H“’)) = rpy cos(0 £ 7)

Y = Im(rpre®) = rpisin(d £ ) (5.2)

where =+ refers to B¥ decays. With the choice of this particular basis no physics boundaries
have to be imposed to the fit variables and then there will be not non Gaussian effects
and biases in the fit results. In addition, Cartesian coordinates are largely uncorrelated,
while (rp,7,d) are significantly correlated.

Moreover, the Cartesian coordinates are sensitive to the direct C'P violation: the

distance d between the measured (z,y) coordinates for BT and B~ coordinates is
d=[(z- =)+ (y- —y)*"? = 2rp|siny] . (5.3)

Therefore a non null distance means evidence of direct C'P violation.

In Cartesian coordinates Eq. 5.1 can be written as:

Ts(m2,m%) o< [Apz|* + 15| Ap+|* + 2 {x$R€[ADﬂFABi] + y$[m[ADﬂFA7:)i]} (5.4)

1Here it is referred to BT — DOK¥* decays.
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with AD$ = AD(mQJF,

Eq. 5.4 is valid for both B¥ — D°K* and B* — D**K#* decays. For B¥ — DOK**

2 2 _ 2 | 2
mi) and 1 = 1% + Y.

decays, following what is proposed in [28], the decay rates can be written as:
Te(m?,m?) o< [Apz|* + 72| Ap<|* + 2 {wx Re[Apz Ap ] + ysx Im[Apz Apy]}  (5.5)
where

Toy = Re(krpee ) = krg, cos(d, +7)

Yor = Im(krpee @) = krpy sin(d, £ 7) (5.6)

with 22 +y2. = kr2 and 0 < £ < 1. In the limit of a null BT — DK gmT )non—k-

contribution, kK — 1, ry — r, and d, — 9.

5.1 Likelihood fit procedure

To extract the C'P parameters a fit procedure in different steps is performed. In order
to get from the data sample as many as possible parameters of the PDF shapes a yields
fit is performed. Once selection PDF shapes and yields are known, the Dalitz model is

added to the likelihood and a fit with only the C'P parameters floated is performed.

5.1.1 Likelihood parameterization

The probability density function (PDF) distinguishes the following signal-background
components:

Signal(Sig).

Wrong sign signal (SigWs).

Continuum background (Cont), subdivided into two categories:

e real D° (D%): The PDF distinguishes between real D° mesons with a right (RS,
i.e. the D° is seen as D°) or a wrong (WS, i.e. the D° is seen as DY) sign random
bachelor track. This splitting is needed in order to account for the misinterpretation
of D° decays as D°, which is relevant for the Dalitz structure. As the background
source are continuum events, this component does not contain C'P violation (i.e.

TBZO).

e fake D° (comb).
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BB background, subdivided into three categories:

e D for DK events and DK for D events (Dh). This background has different rp
and strong phase ¢ as the signal, but the same weak phase +. This background is

not present in the case of B — DYK** decays.

e real DYs coming from a CP violating channel (like signal) and a combinatorial
wrong sign bachelor track from the other B (SigWS, i.e. the D is seen as D°). This
component has the same C'P violation parameters as the signal, but the DY is seen

as DY,

e other than D7 /K (BB). This includes D™*)°X candidates with either a missing parti-
cle or a particle from the other B decay, as well as events with a fake (combinatorial)
DP. This background type contains both peaking and non-peaking components (in

mgs and AE). This category is itself separated into two subtypes:

— real D° (D%). As before, the PDF distinguishes between real D° mesons with
a right (RS) or a wrong (WS) sign random bachelor track. By definition this
category does not contain C'P violating channels (i.e. rg = 0), which have

their own component (SigWs);

— fake D° (comb).

The explicit separation of SigWS from BB is needed since the D° — D interference
(C'P violating effects) is different. In the case of SigWS the interference effects are as in
the signal (with the D seen as D°, and vice versa), while in BB the contribution from
wrong sign is either non-interfering, or it is different to that of the signal (in case that
there are C'P violating residual channels).

The overall probability density function P¢ can then be written as:

P = [fsigP&; + fonPon + fsigwsPoigws +
fCont {(1 o RCont)P(c:?)rr?tb + RCont [Rgitpgont + (1 - Rgit>7)gont} } +
fes {(1 — Reg)Pgg™ + Reg [Rgg Peg + (1 — Ryg ) Pagl } (5.7)
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for B¥f — D°K¥* and B* — D**K#*, and

P = [sig(1 — isigws) P& + fsighisigws Peig +
fCont {(1 - RCOM)PE?)Ttb + RCOM [R}C%c?;\tpgont + (1 - R}C%it),})gont} } +
fes {(1 — Reg)Pey™ + Rgg [Rpg Pag + (1 — RES)Pas] } (5.8)

for B¥ — DYK*%. The parameters of Eq. 5.7 and 5.8 represent:
e o =D°D° and @ denotes the C'P conjugate state of a

f; is the fraction for component j = Sig, Cont, Dh, SigWS$, BB

Ksigws 1s the fraction of wrong sign signal relative to (right sign) signal

® Rcont (Rgg) is the fraction of real D°/D° in Cont (BB) background component

RRS (Rg%) is the fraction of right sign D°/D° in Cont (BB) background component;

P2 is the PDF for component j and real D° (v = D°) or D° (a = DY), while psemb

is the PDF for component j and fake DP.

5.1.2 Yields fit

Before extracting the C'P parameters, a simpler fit can be performed in order to extract
the yields (fractions) of the different signal and background components, as well as many
as possible selection PDF shape parameters. The explicit dependence of the PDF:

P = ’ij(mEg, AE, F) . (59)

J

The extraction of the component fractions and selection PDF shapes can be then per-

formed using an extended likelihood function

e~ a o
Lert =~ ITI17P (5.10)
a =1

where P (i) is the total PDF given by Eq. (5.7 and 5.8) for event i, N = Npo + N is the
total number of observed events, and 7 its expected value according to Poisson statistics.

The yields N; can be calculated simply as N; = nf;, the fractions verifying > ifi=1
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The multidimensionality of the PDF is factorized assuming that all these variables are

uncorrelated for all the components:
P (mps, AE, F) = P} (mps)Pj (AE)P; (F) . (5.11)

It is verified that for the final set of variables and their cuts used in the final fit the
correlations are either negligible or have no effect on the measurements. In the case of
B~ — D°K*~ the variable AFE are not used in the fit since the main reason to use AF in
the B~ — D™ K~ analysis is to provide discrimination of the B~ — D™~ background
events and there is no equivalent background in the B~ — D°K*~ analysis.

The variable mp is excluded from the likelihood in order to avoid correlations with
the other discriminant variables and a tight cut at 2 sigma of the D° mass is applied.

The yields fit is performed separately for B~ — D®0K~ and B~ — DOK*~.

For B~ — D®°K~ the DK, (D°7°)K, (D°)K, Dx, (D°x°)7 and (D)7 sam-
ples are used simultaneously in the AE region [—80,120] ([20,80]) MeV for DK (D)
samples. For the D7 samples loose kaon PID veto is applied to remove contamination from
kaon sample and to insure that the samples are mutually exclusive. The signal, continuum
and BB shapes of each D°K sample are assumed to be the same as for its D7 sample
partner, but are different among the different D°K (i.e. D°K, D°7°K, D°yK) samples,
with two exceptions. First, in the Monte Carlo simulation the ARGUS BB parameter for
DK and D7 samples are found to be significantly different, therefore they are assumed
to be different. Due to the small amount BB contamination these parameters are fixed to
the values estimated from Monte Carlo in the AFE signal region, [—30, 30] MeV and [20, 80]
MeV for D°K and D°r samples. For D°K samples the signal AFE signal range is taken,
rather than the full range, to take into account the dependence of the combinatorial BB
background shape with the AFE cut, since the final C'P fit is performed in the signal AE
region (as described below). The effect of choosing these values rather than those of the
full AE range has a negligible effect in the determination of the other shape parameters.
The second exception is due to the presence of BB mpg peaking background on top of
the ARGUS combinatorial shape in the D7 samples only. According to the Monte Carlo
simulation the fraction of this type of background with respect to the combinatorial BB
is about 40%, with a width around 3.4 MeV/c?. Therefore, in the final fit and only for
D% samples is added a Gaussian to the BB background component, allowing to vary

the fraction since AF provides a handle to separate it. The Fisher shape for signal and
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Figure 5.2: D°K (top row), (D°7°)K (middle row) and (D%y)K (bottom row) mgs, AE,
and Fisher shapes in the AE region [—30,30] MeV, compared to the data. Also shown are
the different background components: Sig(red), D (blue), BB(green) and Cont(magenta).



156 Measurement of the C P parameters

— 7TTTY{YTTT‘YYYY{TYYY{TTTY‘YKKTNYKKK{TYYK{YTTTi ASOJYYYY{YYYY‘YYTT{TYYY{YYYY{YYYTNTTTY{YKKKL
N [ _ ln L i
o 25 1 81 1
> ¢ 1 = 1
o [ 1 O i 1
O 200 1 240 ]
i 1 T 7 1
Q 1 e ]
N [ i L L i
S 15- 1 &3 ]
Q 1 5 0 ]
o ] w L ]
Z 10 . N 20 ]
n 1 i 1
] ,
c * E] - r ]
g 57 »«:N L L | 10* —
w i 1
0711HIH111HHIHHIHHIHHMH111HMH Lazzzds il TR AN ANANRNETE IO I
5.2 5.215.225.235.245.255.265.275.28 5.29 2 -15 -1 05 0 05 1 15 2
mg (GeV/c?) Fisher discriminant

Figure 5.3: B~ — D°K*~ mpgg, and Fisher shapes extracted from the fit in the AE
region [—25,25] MeV, compared to the data. Also shown are the different background
components: Sig(red), BB (green) and Cont(magenta).

continuum is assumed to be common to all decay modes, after checking its consistency
among the different samples in the Monte Carlo simulation. The shape for BB and Dh
background are taken as for the signal. The yields for all the different samples are taken
as independent and are floated simultaneously. This also includes the continuum and BB
yields since the Fisher discriminant provides some separation power. The mpgg variable
determines the fraction of signal while the Fisher discriminant determines the relative
background fractions for continuum and BB background events.

For B— — DOK*_, as said before, the AFE variable is not used in the fit and the
region [—25,25] MeV is selected. Moreover, since there is no equivalent B~ — D®)07~
channel, only the D°K* sample is used. The mgg shape for the continuum is assumed
to be the same for B~ — D°K*~ and B~ — D™~ as verified comparing continuum
Monte Carlo for both selections. For the signal component a common mpgg resolution
for B~ — D°K* and B~ — D®%7~ is used, while the mean value is taken different in
order to accommodate the apparent shift of Amgg = 1.7 MeV/c? for B~ — DOK*~ data.
The ARGUS end point is left floating and assumed to be the same for B~ — DOK*=
and B~ — D®Or— Tt was verified that the apparent mpg shift for B~ — DOK*~
does not move the endpoint (this was checked by allowing two independent ARGUS
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endpoints). The Fisher discriminant is parameterized using two Gaussians, and the actual
values of the parameters for Signal and BB component and for continuum are taken from
B~ — D®07~ control sample.

The yields extracted from the fit are shown in Tab. 5.1 and 5.2 respectively for B~ —
D®OK~ and B~ — DYK*~. The fit projections for mgg, AE, and Fisher for B~ —
D™~ are shown in Fig. 5.2. The fit projections for mpgg and Fisher for B~ — DOK*~

are shown in Fig. 5.3.

Component | D°K Yield | D% Yield
DK DO
BB 480+ 129 | 912+ 139
Cont 3091 + 137 | 1968 + 99
Dh 131+ 15 | 3554 + 122
Sig 292 + 21 68 + 33
(D) K (D)7
BB 305 £ 47 797 £ 85
Cont 735 + 51 308 £ 38
Dh 21 +8 407 + 76
Sig 42 +9 —18+ 11
(D7 K (D77
BB 08 + 23 141 £ 39
Cont 199 + 24 111 +20
Dh 2T+ 7 829 + 41
Sig 94 + 11 28 + 20

Table 5.1: DK, (D°7°)K, (D%)K, D, (D°7°) 1 and (D°)7 yields as extracted from
the combined shapes fit in the AE region [—80,120] MeV for kaon samples and [20,80]
MeV for pion data.

Table 5.2: B~ — DYK*~ yields from PDF shapes fit in A in[—25,25] MeV region.

Component | D°K* Yield
BB 31426
Cont 260 £ 28
Sig AT +9
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5.1.3 Dalitz plot model
When the Dalitz plot model is added, the explicit dependence of the PDF becomes:

Py = P (mps, AE, F)P§(m2,,m?,) (5.12)

J ac

where P (m],

In the current analysis two models are used to parameterize the Dalitz structure:

m?,,m2.) is the Dalitz plot dependent part of the PDF.

in the first model the Dalitz amplitude is parameterized with a sum of Breit-Wigner
functions (Breit-Wigner model), in the second model the 77 S-wave component of the
Dalitz amplitude is replaced by the K-matrix formalism (/K-matrix model). A detailed
description of both methods is provided in Chapter 3. Even if the K-matrix model
takes better into account the dynamic in case of overlapping resonances, and not needs
the presence of non-established resonances, the BW model is used for this measurement
since the K-matrix model still lacks a complete evaluation of the systematics for all the
components of the Dalitz amplitude.

The K-matrix model is used in this analysis, as explained in Sec. 5.3.7 to evaluate the
contribution to the systematic error coming from the parameterization of the m7 S-wave
of the Dalitz amplitude and in particular from the introduction of the non-established
resonances o and ¢’. The K-matrix model will then used in the future as the reference
model for the extraction of the C'P parameters.

An expression similar to Eq. 5.12 applies for fake D° comb, where 73°°mb(mab,m2 )
can be configured in a similar way to Pa(mab, m?2,). The Dalitz shape for combinatorial
continuum events is estimated by using off-resonance data, as described in Chapter 4. The
correction for BB combinatorial background is obtained from Monte Carlo simulation.
Note that by definition P§gws(m, ma.) = Pég(ma,, ma.). Ps(m2,m;.) for j = Sig, Dh
contain the D° — D interference (i.e. rp # 0), while P#(m2,,m?2,) for j = Cont, BB and
Peme(m2,, m2,) do not contain D® — D interference (rp = 0). An independent set of
C'P-violation parameters is considered for j = BB (by default fixed to zero) in order to
study systematic errors induced by residual C'P violating channels contributing to the
BB background. The C'P violation parameters of the Dh background component are the
same as those of the signal of the other 7/K bachelor signal mode.

The PDF described in Eq. 5.12 is then used for the extraction of the C'P parameters.
The (D°7°)K and (D%y)K channels can be combined from the point of view of C'P physics

taking into account the opposite strong phase (6*(D%7%) = —§*(D%y), see Sec. 1.4.4) in
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order to have more statistics (the different background levels is properly accounted for
in the full likelihood). The CP fit is performed to the B~ — D®O9K~ samples in the
AFE signal region range [—30,30] MeV to reduce background contributions, especially
from B~ — D®°7~ events. Thus the yields are also floated in the C'P fit to account
for differences with respect to the previous shapes fit due to the different AE cut. The
fractions of real D° and right sign D° in both the Cont and BB background components
are fixed to the estimates found in Chapter 4. The additional input to the C'P fit are the
efficiency correction across the Dalitz plot and the Dalitz shape for continuum and BB

background, both described in detail in Chapter 4.

5.2 Sensitivity on the angle v

After the parameterization of the likelihood it is possible to explicitly show which are the
regions in the Dalitz plot which contribute the most to the determination of the angle ~.

In Gaussian approximation:

1 L d?*log(L
o?(y) o Floa @) Sensitivity o T() (5.13)
d2y

where L is the likelihood defined in Sec. 5.1.

For this reason a very high statistics Toy Monte Carlo sample of signal events is
generated according to the Breit-Wigner model and, event by event, the second derivative
with respect to v of the log-likelihood is evaluated. The result is shown in Figure 5.4 where
each event is weighted by the value of the second derivative with respect to v of the log-
likelihood. The region with higher sensitivity on « is the one where the Cabibbo allowed
and double Cabibbo suppressed decays interfere.

5.3 Systematic uncertainties

Since in Cartesian coordinates base the C'P parameters have Gaussian behavior, sys-
tematic uncertainties can be included very easily just by replacing o,, and o, by
\/O2s T 0o, ., and \Joi +o2 . respectively. As the statistical uncertainties dom-
inate yet this measurement and the largest systematic uncertainties are uncorrelated
among the samples, it is appropriate to assume that the global correlations pi remain

unchanged with respect to their statistical values. In any case, it is checked that the
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Figure 5.4:  Dalitz distribution of the very high statistics Toy Monte Carlo sample of signal
events. The values used to generate the sample are: rg = 0.125, v = 75°, 6 = —180°.
Each event is entering into the plot with a weight given by the value of the second derivative
with respect to vy of the log-likelihood. A maximum value for the weight to be plotted is
fixed in order to see in a finer way the structure of the weights over the Dalitz plot. The
black points correspond to the same events with weight equal to unity.
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Source T Yt x_ y— xh YL x* yr
mps, AE, F' shapes 0.0105 | 0.0086 | 0.0088 | 0.0141 | 0.0196 | 0.0218 | 0.0218 | 0.0146
Real DY fraction 0.0050 | 0.0047 | 0.0061 | 0.0036 | 0.0035 | 0.0049 | 0.0028 | 0.0032
Right sign D%’s 0.0157 | 0.0090 | 0.0070 | 0.0211 | 0.0065 | 0.0163 | 0.0108 | 0.0103
Eff. in the Dalitz plot 0.0078 | 0.0085 | 0.0089 | 0.0119 | 0.0067 | 0.0119 | 0.0040 | 0.0079
Tracking efficiency 0.0082 | 0.0080 | 0.0095 | 0.0123 | 0.0058 | 0.0109 | 0.0051 | 0.0046
Cont bkg. Dalitz shape 0.0195 | 0.0096 | 0.0160 | 0.0149 | 0.0133 | 0.0084 | 0.0083 | 0.0046
BB bkg. Dalitz shape 0.0026 | 0.0072 | 0.0069 | 0.0130 | 0.0061 | 0.0098 | 0.0029 | 0.0003
Invariant mass resolution 0.0031 | 0.0023 | 0.0022 | 0.0016 | 0.0031 | 0.0023 | 0.0022 | 0.0016
Dalitz amplitude and phases | 0.0012 | 0.0069 | 0.0050 | 0.0033 | 0.0043 | 0.0138 | 0.0079 | 0.0079
SubTotal 0.0301 | 0.0226 | 0.0258 | 0.0368 | 0.0275 | 0.0373 | 0.0280 | 0.0223
Dalitz model (CLEO) 0.0317 | 0.053 | 0.0187 | 0.0215 | 0.0251 | 0.0676 | 0.0222 | 0.0270
Dalitz model (K-Matrix) 0.005 | 0.007 | 0.0025 | 0.0033 | 0.0031 | 0.0045 | 0.0068 | 0.0061

Table 5.3: Summary of the contributions to the systematic error in Cartesian coordinates,

(le:a ?/i) and (xlv yl)

Source Tt Ys+ Ty Ys—

mgs, I’ shapes 0.098 | 0.116 | 0.079 | 0.116

Real DO fraction 0.028 | 0.036 | 0.033 | 0.025
Right sign D%’s 0.033 | 0.047 | 0.032 | 0.042
Efficiency in the Dalitz plot | 0.067 | 0.091 | 0.059 | 0.044
Tracking efficiency 0.008 | 0.011 | 0.010 | 0.012
Background Dalitz shape 0.038 | 0.091 | 0.044 | 0.087
Invariant mass resolution 0.003 | 0.002 | 0.002 | 0.002
Dalitz amplitude and phases | 0.004 | 0.014 | 0.008 | 0.008
SubTotal 0.132 | 0.184 | 0.118 | 0.160

Dalitz model (CLEO model) | 0.033 | 0.046 | 0.034 | 0.034
Dalitz model (K-matrix) 0.007 | 0.006 | 0.008 | 0.006

Table 5.4: Summary of the contributions to the systematic error in Cartesian coordinates

(xsia yszl:)-
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impact of the correlation on the confidence regions-intervals is very small (this check was
performed using the average correlation from Toy MC experiments instead of the values
measured in the data). Tab. 5.3 and 5.4 summarize the main systematic uncertainties of

the measurement in Cartesian coordinates, for the three decay modes.

5.3.1 mpgg, AE and Fisher shapes

The effect of fixing the PDF shapes in the C'P fit is evaluated by performing a simultaneous
PDF shape and C'P fit. Since the extraction of the shapes relies mainly on the D7 sample,
the C'P and shapes fit is performed simultaneously to the D™ K or DK* and Dr samples,
with shapes fixed and floated. The systematics was then taken as the quadratic difference
of the errors reported by the two fits. In all cases the difference between the central values
of the two fits is well below the statistical difference.

For B~ — D®YK~ the mpgg endpoint in the ARGUS parameterization is fixed in the
fit to 5.290 GeV/c? (the same value is also used as integration limit of the mpg PDF).
To estimate the effect of it in the determination of the signal yields and its impact on
the C'P parameters it is varied by +0.5 MeV/c?. The effect was found to be completely
negligible. For B~ — D°K*~ the mpg endpoint in the ARGUS parameterization is left
floating in the fit.

The effect of fixing in the fit the fraction of peaking BB is evaluated. The fraction
is varied within the error calculated on signal Monte Carlo. Similarly the effect of fixing
the shape (from Monte Carlo estimate) of the BB ARGUS parameterization for mgg is
evaluated. In all cases the difference between the central values of the two fits is well

below the statistical difference.

5.3.2 Background composition

The fraction of real DY is estimated from data and Monte Carlo, as explained in Chapter 4,
and the two values agree within the errors. The uncertainty due to the fraction of real D°
in background is estimated by varying this parameter within its statistical error from the
D mass fit on data, and then repeating the fit to the data sample. The larger between
the half difference between the two fits and the quadratic difference of the fit errors is
assigned as systematic uncertainty:.

A potential difference in the number of real D in the continuum background between
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BT and B~ events could fake C'P violating effects in the signal. No significant difference
between BT and B~ is found in Monte Carlo. Nevertheless, any potential effect are
taken in account by introducing an independent set of C'P parameters for the continuum
background with a real D°. By repeating the nominal fit with this new set of parameters
a negligible impact on the C'P parameters is found.

The fraction of right sign (RS) D%s is taken from Monte Carlo simulation. This
contribution is estimated from the variation of the C'P parameters in the fit to the data
sample when a value of 0.5 is assumed instead of the values given in Chapter 4. As before,
the larger between the difference of central values and the quadratic difference of fit errors
is taken. The change observed on the C'P parameters is consistent with the larger between
the bias and the rms from a set of Toy MC experiments generated with the nominal value

and fit with 0.5.

5.3.3 Dalitz efficiency

To estimate the effect from the Dalitz efficiency the nominal C'P fit is repeated by as-
suming a flat distribution instead of the 3"¢ order polynomial parameterization given in
Chapter 4. In addition, a systematic uncertainty due to tracking and Kg reconstruction
efficiency over the Dalitz plot is evaluated by repeating the fit using alternative values
of the 3rd order polynomial parameterization coefficients with: i) the tracking efficiency
correction applied on the 2 pions from the DY decay and the bachelor kaon; and ii) track-
ing efficiency correction applied to the pions from the Kg decay. In all cases the larger
between the difference of central values and the quadratic difference of fit errors are taken.

The uncertainties from the two corrections are added quadratically.

5.3.4 Dalitz shape for combinatorial background

The Dalitz shape for combinatorial continuum events is estimated by using off-resonance
data, as described in Chapter 4. The correction for BB combinatorial background is
obtained from Monte Carlo simulation. The systematics from this correction is estimated
from the difference on the C'P parameters when flat distributions are assumed instead.
The larger between the difference of central values and the quadratic difference of fit errors

is taken.
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5.3.5 Limited mass resolution

The nominal Dalitz model assumes perfect mass resolution. Given that all the resonances
present in the D° — Kgm~ 7" decay are quite wide compared to the estimated mass
resolution (about 4 MeV? for a Kgmt mass squared of about 1 GeV?, the effect is expected
to be completely negligible. Only the w(782) has an intrinsic width comparable to the
mass resolution (about 6 MeV? for a squared 77~ mass of 0.8 GeV?2, but the sensitivity of
the C'P parameters is in this case suppressed. To evaluate the effect of the limited mass
resolution on the Dalitz plot, two different fits are performed to the reweighed signal
MC. The first fit used the reconstructed Kgm™ and Kg¢m~ masses, while the second was
performed with the MC truth masses (perfect resolution). The difference of fit values was
taken as our systematic uncertainty. The errors from the fit for the different parameters

were basically unchanged between the two fits.

5.3.6 Statistical errors on Dalitz amplitudes and phases

The phases and amplitudes of the Dalitz model are fixed to the values found from the fit
to the high statistics D** — D% control sample described in detail in Chapter 3. The
effect coming from the statistical errors on the Dalitz amplitudes and phases is expected
to be not large. It is estimated by performing a simultaneous C'P and Dalitz fit with
all these parameters floated. The uncertainty was taken as the largest value between the
difference of central values and the quadratic difference of the errors reported by the two
fits. The difference of central values is in all cases consistent with the quadratic difference

of the statistical errors.

5.3.7 Dalitz model systematic uncertainty

The systematic uncertainty related to the phenomenological parameterization of the D°
decay amplitude represents the main systematic error of the analysis. To evaluate it a
Toy Monte Carlo technique is used: a great number of Toy Monte Carlo experiments are
generated according to the Breit-Wigner Dalitz model. The experiments were then fit
using alternative models. To get ride of statistical fluctuations and avoid double counting
with the data statistical error, each sample is generated with very hight statistics.

)

The problem with this technique is which values for Tg y Ts, 5g), 0s and ~y, are used

in the generation of the experiments. Given the current large statistical errors taking the
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Figure 5.5:  Dalitz analysis projections when the CLEO model is used. the three projec-
tions are displayed : Cabibbo allowed (Kyn™), the (Kynt) and the (7tn™) (from left to
right respectively).

central values would be just a choice among others, especially if the effect turns out to be
multiplicative with the generated value. Unfortunately, it is verified that the systematic
uncertainty for all Cartesian components evaluated in this way strongly depends with the
values of rg), and 7y, and smoothly with the values of 5;‘), 0s and 7.

To avoid this problem each single experiment is generated with all the Cartesian
component generated randomly following independent Gaussian distributions with mean
and width values as measured in the data; this is possible since the Cartesian coordinates
behave almost perfectly as independent Gaussians. The rest of the procedure is identical
to what was described above. Taking the systematic uncertainty from the mean and rms
of the experiment-by-experiment differences for each component, the result is integrated
over the others then represent 1o interval, independent of all the other variables.

To quote the systematic the CLEO model [42] is used: this model is equivalent to the
Breit-Wigner model but excluding the o, o', K}(1430) DCS, K;(1430) DCS, K*(1410),
and p(1450) resonances. Fig. 5.5 shows a Dalitz fit to the D** — D% control sample
using the CLEO model: it is clear that this model doesn’t give a good description of the
data sample.

Although ¢ and ¢’ are not established resonances, they are introduced in the Brit-
Wigner Dalitz parameterization to better fit the data distribution. In general all the
(mt7~) S-wave contribution is not well described with a sum of Breit-Wigner function.
To evaluate the effect of the bad description of the (777~) S-wave contribution, the K-

matrix model is used. The value of the systematic due to the (777~) S-wave is smaller
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than the one obtained from the CLEO model, as expected from Fig. 5.4 where the (7 77)

S-wave gives a small sensitivity to the angle 7.

5.4 Results of the C'P parameters

Using the likelihood defined in Eq. 5.12 the results of the C'P parameter for for B~ —

DK~ B~ — DK,

and B~ — DOK*~ are

= 0.077 £ 0.069(stat.
= 0.064 £ 0.092(stat.
= —0.129 £ 0.070(stat.
= 0.019 £ 0.079(stat.
= —0.131 £ 0.093(stat.

= 0.140 £ 0.093(stat.
= 0.013 4 0.120(stat.
= —0.197 + 0.201(stat.
= 0.255 4= 0.303(stat.
= —0.066 £ 0.234(stat.
= —0.011 4 0.324(stat.

+ 0.026(exp. syst.

+ 0.037(exp. syst.

4 0.030(exp. syst.

+ 0.023(exp. syst.

+ 0.028(exp. syst.

+ 0.028(exp. syst.

+ 0.037(exp. syst.

+ 0.118(exp. syst.

+ 0.034(exp. syst.

+ 0.132(exp. syst.

(stat.) ( ) ( )
(stat.) ( ) ( )
(stat.) ( ) ( )
(stat.) ( ) ( )
(stat.) ( ) ( )
= —0.143 4 0.105(stat.) + 0.022(exp. syst.) 4 0.025(model syst.)
(stat.) ( ) ( )
(stat.) ( ) ( )
(stat.) ( ) ( )
(stat.) ( ) ( )
(stat.) ( ) ( )
(stat.) ( ) ( )

4 0.184(exp. syst.

4 0.019(model syst.
4 0.042(model syst.
=+ 0.032(model syst.
4 0.021(model syst.
+ 0.021(model syst.

4 0.025(model syst.
4 0.056(model syst.
=+ 0.008(model syst.
4 0.006(model syst.
=+ 0.033(model syst.

=+ 0.046(model syst.

Fig. 5.6 shows the 68.3% (dark blue) and 95% (bright blue) confidence-level contours

(stat. only) in the (z,y.) Cartesian fit parameter space for B~ — DK™, B* — DK~

and B~ — DYK*.

Translate these results in term of the parameters 7" 5(

and y

require a statistical treatment; both frequestist and Bayesian approach are used. The

statistical treatment will be discussed in detail in Chapter 6.
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(x+,ys) Cartesian fit parameter space
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Chapter 6

Interpretation of the results and
measurement of ~

In Chapter 5 the results of the C'P parameters in Cartesian coordinates (see Egs. 5.2
and 5.6) for the B* — D® K®* decay modes were provided. Cartesian coordinates were
introduced in order to avoid the non Gaussian effects present in the likelihood function of
the parameters rg, 0 and . Moreover the statistical error on v depends on the value of
rg, value that results biased in polar coordinates. For these reasons the translation of the
results of the C'P parameters in term of ré:)), 5((:)) and v requires a statistical treatment;

both frequentist and Bayesian approach are used.

6.1 Frequentist interpretation of the results

In the classical (frequentist) approach, the confidence interval [p1,ps] for parameter p,

whose true value p' is unknown, is such that has a probability

P(p € [pr,pa]) =1 -, (6.1)

of containing the unknown true value. The limits of the interval, p; and ps, are functions
of the measured value of p. In particular the confidence interval will contain the unknown
true point p! in a fraction 1 — a of the experiments, or in other words, if the experiment
is carried out many times, a fraction 1 — « of those experiments will find the measured
point within the given confidence region. If Eq. (6.1) is satisfied, than the defined interval
covers at the stated confidence level, or that the interval has the correct coverage. In

the case of this analysis the confidence level is not 1-dimensional but 3-dimensional or
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7-dimensional as the unknown vector parameters of parameters is:

p'=(rp,7",6") or P = (1,00, 0, y) (6.2)

778 Ys

The 3-dimensional (7-dimensional) confidence level regions determined are a = 19.9%,
72.1% (0.52%, 22.02%) corresponding to 1, 1.96 standard deviations respectively for each
single parameter (regardless the others), in the case of a 3-dimensional (7-dimensional)
Gaussian distribution or equivalently, y? distribution with 3 (7) degrees of freedom.
Finally for the statistical error on the single parameter is quoted the one correspond-
ing to the 19.9% confidence region (1 standard deviation ellipsoid). The methodology
used requires knowledge of the probability density function, PDF, of the fitted param-
eters z, as a function of the true parameters p'. This PDF can be obtained using toy
MC techniques, where large sets of experiments are generated and fitted using the full

experimental likelihood function L.,

6.1.1 Description of the method

Since the Cartesian fit parameter space presents a Gaussian and linearity behavior an

analytical parameterization of the PDF can be constructed:

d*P .
m(ha z_[p') = Gy(zy;rpcos(d +1),rsin(d’ +1°),00,,0,,,p4) X
Gy (z—; 15 cos(6" —~"),rgsin(0" — "), 0,_,0,_,p-) (6.3)
where
1 _ 1 . |:(ac—p§x)2+(y—éy)2_QP(w—Hx)(y—Hy):|
G2 (2; o, fhy, Oy 0y, p) = e M7l em K v 1(6.4)

2no,00/1 — p?

and zy = (24,y+) and p = (rp,7,0). The vectors z'. and p*, defined equivalently to
z+ and p respectively, are the corresponding parameters in the truth parameter space.
The Gaussian widths (o,,, 0, ) and the correlations py (all the other correlations are
neglected) distributions can obtained either from the full experimental likelihood L.,
Toy MC experiments or from the fit to the data sample itself, since the agreement with
the values found in data is very good.

Once the PDF of the fit parameters is constructed as a function of the true parameters,

the technical procedure to construct 3-dimensional confidence regions and their 1- and
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2-dimensional is as follows. The confidence level 1 — « for each set of true parameters p*
is calculated as
4

o) = [ G ana p)Ead (6.5)
where the integration domain D (the confidence region) is given by the condition

4 4

T e n DY) 2 i ) (6:5)

i.e. it includes all points in the fit parameter space closer to the truth point than the data
point. The values of z4** are those given in section 5.4.

To construct the 3-dimensional confidence region (p* space) a large set of points are
generated p* = (r%,9%,0"), in the ranges [0,0.4], [-180°,180°] and [0,360°]. For each
generated point p* the integral a(p®) is evaluated according to equations 6.5 and 6.6.

To build a 3-dimensional region of joint probability 1 — «g, only those points for which
a(p') < ag are selected. The 2-dimensional and 1-dimensional contours are then built by
projecting the 3-dimensional joint probability regions. The values oy = 0.19875,0.72092
correspond to the 1 and 1.96 standard deviations 3-dimensional ellipsoids, thus the 1-
dimensional projections represent the 1 and 1.96 standard deviations of each individual
parameter (1.960 corresponds to a 95% probability content for the case of a 1-dimensional
Gaussian distribution [41, 56]) regardless the other parameters. These values of ay are
the cumulative (upper) integral of a x? probability distribution for x? = 1%,1.96% and
v = 3 degrees of freedom [41, 56].

This procedure results in a confidence domain with the minimum possible area and
so has maximum power to exclude alternative hypotheses. The integral 6.5 with the
contour condition given by Eq. 6.6 can be evaluated numerically, but an analytical eval-
uation is also possible by performing a change of variable to 4-dimensional hyper-spheric
coordinates.

The Neyman’s freedom to define the likelihood ordering offers also the possibility to use
alternatively the likelihood ordering proposed in [57] instead of that given in Eq. (6.6).
In this paper it is raised the issue of under-coverage produced by the usual orderings,
like the one used here, when measured parameters are bounded by physical limits. In
addition to the alternative ordering proposed by Feldman and Cousins [57], a possible
way out (also pointed out in their paper) is to allow the measured parameters to take

unphysical values. This requires knowing the PDF for non-physical values, which often
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Parameter lo 1.960
rB [0.051,0.184] [0,0.238]
y [33,108] [213,288] —
) [67,142] [247,322] -
g [0.090,0.248] [0.027,0.318]
y* [36,106] [216,286] | [11,140] [191,320]
o* [262,332] [82,152] | [234,363] [54,183]

Table 6.1: The 1o (1.960) intervals for rg, 6, v (DK ) and r}, v* and 6* (D*°K). For
~v and 6 the £180 degree solution is also indicated.

raises conceptual problems. However, in this analysis this problem is not present since
the fit parameter space (Cartesian coordinates) is not bounded. Obviously, this does not
imply that the chosen and that of Feldman-Cousins provide exactly the same confidence
regions (this is the inherent freedom to the Neyman’s definition) but both provide regions

with the correct statistical coverage.

6.1.2 1- and 2-dimensional projections of confidence regions for
DK, DK and D'K*

Applying this procedure separately to D°K, D*°*K and D°K*, and projecting in 1 and
2 dimensions the projections of the 3-dimensional regions of 1 — o joint probability is
obtained. Figs. 6.1 and 6.2 show the 2-dimensional projections of the the 19.9% (dark
blue) and 72.1% (bright blue) confidence-level 3-dimensional regions for the DK and
D*°K modes. Similarly, figures 6.4 and 6.5 show the 1-dimensional projections, which
correspond to 1 and 1.96 standard deviation of each single parameter, regardless the
values of the others. The small statistic of the D°K* signal sample is not sufficient to put
significant constraints on the v value itself: only the (kry — «) 2-dimensional projection
is shown in Fig. 6.3.

In the 1-dimensional projections the projection of the PDF is also shown. Notice that
both the 2- and 1-dimensional projections show the +180° ambiguity in ™) and 6*). The
probability density functions for rp and r} show clearly the non-Gaussian behavior and
the poor sensitivity to small values as expected.

Table 6.1 reports numerically the one dimensional 1o and 1.96¢ intervals The results

include the intrinsic two fold ambiguity for v*) and 6*).
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Figure 6.1: 2-dimensional projections of the 19.9% (dark blue) and 72.1% (bright blue)
confidence-level 3-dimensional regions for the D°K mode.
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Figure 6.2: 2-dimensional projections of the 19.9% (dark blue) and 72.1% (bright blue)
confidence-level 3-dimensional regions for the D*°K mode.
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Figure 6.3: Two-dimensional projections of the 19.9% (dark blue) and 72.1% (bright blue)
confidence-level 3-dimensional regions in the kry — ~ plane for DYK*.
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6.1.3 Combination of D'K, D*'K and D'K* decay modes

In order to obtain a more accurate measurement of v the D°K, D**K and D°K* decay
modes are combined. The used method for the combination of the results is identical to
that used for each B decay mode separately, but now there are seven true parameters p'=
(rh 00t 0 rt o) and an 12-dimensional Cartesian space for the measured parameters

(z4,2%, 251 ) = (T4, Y+, 25, YL, Tsx, ysx). The PDF in this case reads

d'?P t
Pz, Pz_d’z Pz Pz, Az, (24,2, 23,2 2ot 20 P) = (6.7)
d*p d*P dAP

(Z+7Z—|rt87’7t75t)x (zi,z*_|r§,7t,5*t)>< (ZS+7ZS—|TL’7t>52) :

A’z d*z_ d*z’ d*z* d?’zs, d’zs_

The confidence level 1 — « for each set of true parameters p® is now calculated as

( t) / d12P ( * * ‘ t)
(6% = Z,.,72_,7,,7_,Z¢,,7,_
p D d2z+d2z—dzzidQZ*_dzszrdQZs, +1L— 2y L Dgy P

Pz d’z_d*z d°z" d°zs, d°z,_ (6.8)
where the integration domain D (the confidence region) is given by the condition

d?p

d*z d?’z_d?z’ d*z* d*z,, Az,

(Z+7 z_, Zia Zi7 Zg, Zsf|pt> Z

d'2p
data _data _* data _* data _data _data| .t
dz, d?z_d?z* d*z* d2z5+d2zs_( L VR A e i) DR (6.9)

Fig. 6.6 shows the two-dimensional projections in the rg) — v and kry — 7 planes for

DK, D**K and D°K*. The errors are statistical plus experimental systematics. The
region of 1 (2) sigma equivalent 7D-ellipsoid corresponds to the one where aC' is smaller
than 0.52% (22.02%)

The combination yields
v=(67+28+13+11)°, (6.10)

where the first error is statistical, the second is the experimental systematic uncertainty
and the third reflects the Dalitz model uncertainty. The contribution to the Dalitz model
uncertainty due to the description of the 77 S-wave in D° — Kgr— 7" is 3°.

From this combination kr is constrained to be < 0.50 (0.75) at one (two) standard
deviation level. It is worth noting that the value of kr, depends on the selected phase space

region of B~ — D~ (Kgm~) events without introducing any bias on the extraction of .
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(¢) B~ — DYK*~

Figure 6.6: Two-dimensional projections in the rg) — v and krs — vy planes of the seven-
dimensional one- (dark) and two- (light) standard deviation regions, for D°K, D**K and
DYK*.
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6.2 Bayesian interpretation of the results

The Bayesian interpretation of the results was used for the first measurement of v with
the D'K and D*°K decay modes. It doesn’t make use of the Cartesian coordinates
since Bayesian approach, using the information of the complete likelihood function, is
independent on the shape of the likelihood then is not affected by non Gaussian effects.
Moreover the effect of the bias on rg is completely irrelevant for v and § measurements
since no use is made of the concept of fitted rz value.

The likelihood function is interpreted as a probability density function for the truth
parameters, a correct estimator can be given by the average value of each parameter
according to its own PDF. This method to obtain an a posteriori distribution for each
parameter requires an a priori distribution, which is assumed flat in the space of polar

coordinates.

6.2.1 Description of the method

The estimation of the confidence regions/intervals with the Bayesian approach requires the
evaluation of the likelihood function L., = Le.,(75,7,0) in the whole range of definition
of rg, v and ¢, [0, 1], [-7,7] and [0,27], respectively, with the yields floated at each given
CP point. The estimate of the confidence region for the C'P parameters implies a choice
of a priori distribution. A uniform a priori distribution is assumed for each of the C'P
parameters rg, v and 0.

The confidence region D(C) at a given C confidence level the region in v — 5 space is

defined as:

fD(C) drpdy fo% d5£emp(rBa Y, 5) B
fOI f:‘-ﬂ' f027r £e$p(rBa v, 5) dTBd'Yd(S

(6.11)

The D(C) definition is arbitrary (this is always the case for confidence region), it is
chosen to define it by starting the integration procedure by the maximum of the likelihood
function and by requiring that the likelihood value at any point in the boundary of D be
the same (integration over all likelihood values larger than the value at the boundary).
Notice that this can easily give disjoint region.

Similarly it is possible to define the 1-dimensional confidence interval at C confidence
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Parameter | 68% CL (stat. only) 95% CL (stat. only) Central value
with error (1o)
5 [147,-65] [33.114] | [-180,-23] [-2,157] [179,180] 70 £ 44
" -140,-72] [41,108] -172,-31] [9,148] 73+ 35
5 [74,155) [253,335] | [0,13] [189,192] [212,360] 114 + 41
5* 89,157] [269,337] | [0,16] [55,195] [234,360] 303 + 34
B [0.01,0.13] [0,0.19] 0.087109%
r [0.08,0.22] 0,0.27] 0.155 000
~ (combined) | [-132,-83] [48,97] [156,-50] [23,130] 70 = 26

Table 6.2: Bayesian confidence intervals for v*), §*) and TS) (statistical only). Angles
are given in degree. The Bayesian confidence intervals for the combination of the DK
and D*°K channels is also given. In the last column the central values with 1o errors are
also reported. For the v*) and 6*) intervals the £180° solution is also indicated. For the
central values the expectation value using the experimental likelihood is quoted, and the
Lo error is given by the 68% confidence limit region around the expectation value. For
the phases the errors is symmetrized taking the largest between the positive and negative
errors.

level for, say, rg, as

fI(C) drp fj: dry fo% d0Lerp(rB,7,9)
fol f:r fOQw Lewp(TB,7,0) drpdydd

where again /(C) can be a set of disjoint interval. In this way it is expected that such

—C, (6.12)

intervals have the correct coverage. Notice that the effect of the bias on rp is completely

irrelevant for v and § measurements (no use is made of the concept of fitted rp value).

6.2.2 1- and 2-dimensional confidence regions for D°K and D*'K

Fig. 6.7 shows the confidence region for ) versus Tg), for DK and D**K. The red
region is the 68% CL region while the yellow one is the 95% CL. Similarly, figures 6.8
and 6.9 show the confidence regions for v*) versus 6 and §*) versus rg), for D°K and
D*K. Figs. 6.10 and 6.11 show the probability density functions for rg), ™) and §*)
for D°K and D**K, respectively, obtained by integrating the experimental likelihood for
all the values of the other variables: y*), §*): rg), §™): and Tg), A

On the same figures the confidence intervals at 68% (red) and 95% (yellow) CL are
shown. Notice that the likelihood distribution is nicely showing the 4+7 ambiguity in
7 and §*). The probability density function for rg) shows clearly the non-Gaussian

behavior as expected, showing the poor sensitivity to small values of Tg).
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Figure 6.7: 68% (red) and 95% (yellow) Bayesian confidence region in ™) — rg plane

for D°K (left) and D*°K (right).
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for D°K (left) and D*°K (right).
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Figure 6.12: Probability density function for v for the D°K — D*K combination. 68%
(red) and 95% (yellow) Bayesian confidence intervals are shown.

Tab. 6.2 reports the confidence intervals for the various parameters (statistical only).
For the central values the expectation value using the experimental likelihood is quoted,
and the 1o error is given by the 68% confidence limit region around the expectation
value. For the phases the errors is symmetrized taking the largest between the positive
and negative errors. The results include the intrinsic two fold ambiguity for the weak and
strong phases.

Fig. 6.12 shows the probability density function for v from the combination of the
DK and D*°K likelihoods, integrated over rg, r%, 6 and 6*. The combination of the
DK and D**K likelihoods yields

v = (70426 4+ 10+ 10)°, (6.13)

where the first error is statistical, the second is the experimental systematic uncertainty

and the third reflects the Dalitz model uncertainty.
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Figure 6.13: Left: comparison of total v distribution of BaBar results from D°K, D*K
and D°K* to Dalitz and ADS+GLW methods alone [9]. Right: bound from D°K, D**K
and D°K* decays with present measurements from BaBar using all the methods [9)].

6.3 Final results and constraint on the p,n plane

Starting from the results of the C'P parameters in Cartesian coordinates given in Sec. 5.4

using a frequentist method the following values for 51(;) and rg) are found:

d = 104(284)° £ 45°(stat.)+£: (exp. syst.) 2% (model syst.) [0°,360°]
5 = 296(116)° + 41°(stat.) " }5. (exp. syst.) & 15°(model syst.) [0°,360°] ,
rg = 0.118 4 0.079(stat.) + 0.034(exp. syst.) o oo (model syst.) [0,0.277]
ry = 0.169 4 0.096(stat.) Tooos(exp. syst.) "o (model syst.) [0,0.352] .

The small statistic of the D° K* signal sample is not sufficient to put significant constraints

on the 7, § and r, values.

Combining the D°K, D**K and D°K* decays 7 results:
— (67 +£28+ 13+ 11)°, (6.14)

where the first error is statistical, the second is the experimental systematic uncertainty
and the third reflects the Dalitz model uncertainty. The contribution to the Dalitz model
uncertainty due to the description of the 7w S-wave in D° — Kgn~ 7" is valuated using
the K-matrix Dalitz fit and found to be 3°.

These results agree fairly well with those obtained using a Bayesian technique with

flat prior for v, ¢ and 7"53*)
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Figure 6.14: Projected errors on ~ for the combination of several methods and all decay
modes described in the text, for rg = 0.1.

Fig. 6.13 shows the 7 posterior probability density function obtained from [9] with a
Bayesian approach comparing the BaBar results from DK, D**K and D°K* to Dalitz
and ADS+GLW methods alone and the selected (p,7) region from the BaBar measure-
ments with all methods.

The current measurement of the angle v is still dominated from the statistic. The
larger contribution to the systematic error comes from the Dalitz model uncertainty. This
contribution will be sensibly reduced when the K-matrix fit will contain the complete
evaluation of the systematics for all the component of the Dalitz amplitude and will
become the only model used for the v measurement. Since the statistical error of v depends
by the value of Tg) and no precise measurement of Tg) exists it is difficult to project the
error on v with the increasing of the integrated luminosity. Fig. 6.14 shows the projected
errors on 7y for both the Dalitz method alone and the combination of all methods assuming
rg = 0.1: the points correspond to the values obtained with simulations, the curve is the
smoothed expectation obtained from a fit to those points assuming a 1/4/ [ Ldt+constant
scaling with integrated luminosity. The horizontal band is the Dalitz model uncertainty
(=~ 6°). Note that for the assumed rp, the Dalitz model systematic uncertainty will not be

a limiting factor, for both the Dalitz method alone and the combination of all methods.
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Conclusions

This thesis presents a measurements of v from the Dalitz analysis of the D — Ken
decays in B~ — D® K~ decays. Using a frequentist approach the following value of ~ is

found:

v=(67+£28+134+11)°,

where the first error is statistical, the second is the experimental systematic uncertainty
and the third reflects the Dalitz model uncertainty.

These results agree fairly well with those obtained using a Bayesian technique with
flat prior for 7, 6*) and TS).

For the measurement of « the Dalitz amplitude is parameterized as a sum of relativis-
tic Breit-Wigner resonances (Breit-Wigner model). This parameterization gives a large
systematic uncertainty to the measurement of v and in general cannot give a satisfac-

+ amplitude since it works well only in the

tory parameterization of the D° — Kgm~m
case of narrow, isolated resonances. This is not true in the case of the 7w S-wave of the
D — Kgr~ 7t decay amplitude.

A second parameterization of the D° — Kg¢n~ 7" Dalitz amplitude is performed using
The K-matrix formalism for the 77 S-wave (K-matrix model). This parameterization is
used to evaluate the contribution to the systematic uncertainty due to the non correct
description of the 77 S-wave. This contribution is found to be 3°.

The contribution to the systematic error that comes from the Dalitz model uncertainty,
that now is the larger contribution, will be sensibly reduced when the K-matrix fit will
contain the complete evaluation of the systematic error and the K-matrix model will
become the only model used for the v measurement.

The K-matrix Dalitz fit has also proved that the two scalar resonances o and o’ are

not necessary for the parameterization of the 77w S-wave component and that they appear

only when a Breit-Wigner model is used.
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The current measurement of the angle v is still dominated by the statistic. With the
increase of integrated luminosity recorded by the BaBar detector the studies performed
on the K-Matrix will become critical to reduce the error.

With higher statistic the model independent approach will become useful for the mea-
surement of . In this perspective the measurement from CLEO—C of the parameter ¢;
and s; of Eq. 1.54 will help to reduce the statistical error.

The only D° decay mode considered so far is D° — Kgm~ 7" since it is the one that
provides the best sensitivity on v because of its resonance structure. Other modes, such as

D — Kg¢K~K™, even if less sensitive on v, will help to reduce the statistical uncertainty.
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