An amplitude analysis of
the four body decay D — K*K ntn~
and a study on the 777~ S wave
for the decay D’ — K tm~

Lauren Martin

Christ Church College, Oxford

A thesis submitted for the degree of Doctor of Philosophy
at the University of Oxford

Michaelmas Term, 2011



An amplitude analysis of
the four body decay D — KK ntn~
and a study on the 7t7~ S wave
for the decay D" — Komrtm~

Lauren Martin
Christ Church College, Oxford

submitted for the degree of Doctor of Philosophy
at the University of Oxford

Michaelmas Term, 2011

ABSTRACT

The angle v, with an uncertainty of approximately 10° is the least well con-
strained angle of the unitary triangle. Better experimental constraints on this pa-
rameter are required in order to provide a consistency check on the standard model
description of CP violation. A promising strategy for measuring v involves exploit-
ing interference effects present in B*¥ — DK® decays where the D subsequently
decays to a three or four body final state. The three body decay D — K2r"n~ and
the four body decay D° — K+*K-ntn~ are suitable candidates for making such
a measurement. However independent knowledge of the decay structure of these
decays is required.

The impact of the model, used to describe the 77~ S wave, in the D° —
K+*K 77~ decay, on the uncertainty in the measurement of gamma is estimated
via a simulation study. It is determined that the uncertainty on a v measurement
would be compromised by this model uncertainty within one year of LHCb data
running.

The four body decay D — KK -ntn~ also provides a candidate for making
a v measurement. This decay is expected to display a rich resonant structure. An
understanding of this decay may also provide an insight into low energy QCD in
addition to allowing a search for CP violation. Only one previous amplitude analysis
has been performed on this decay.

Using data collected at the CLEO-I1.V, CLEO-III and CLEO-c experiments an
amplitude model is developed for the DY — KTK 77~ decay. This model is
qualitatively similar to that produced in the previous analysis although the model
presented in this thesis considers higher orbital angular momentum states and dis-
tinguishes between conjugate states that the previous model did not. A search for
CP violation is also carried out using the D° — K+*K~n"7~ decay data. A positive
confirmation of CP violation at the level of sensitivity provided by this decay data
would provide evidence for a level of CP violation which could not be accounted for
within the standard model. No significant evidence for CP violation is observed in
this decay.

A toy MC study was carried out in order to determine the sensitivity to v which
may be achieved using this decay. In this study, sets of 1000 BT and B~ events are
generated and the decay model developed for the D — KTK 77~ decay is used
to describe the D decay. The sensitivity to v determined in this study is 11°.



Preface

CLEO was a symmetrical eTe™ experiment located at Cornell university and oper-
ated between 1979 and 2008. It was originally designed to study the T and B meson
properties but the centre of mass energies were later reduced to around that of the
charm threshold in order to make precision charm measurements. The data used in
the analysis described in this thesis were taken at centre of mass energies between
3 and 11 GeV.

Resonant decays of charmed mesons to three or more particles dominantly pro-
ceed through a variety of resonant two and three body decays. The Dalitz plot
technique is often used to describe the amplitudes of these sub processes and we
therefore make great use of this method in this thesis.

In chapter 1 the theoretical background for the work in the proceeding thesis is
introduced. The standard model and the description of CP violation is described.
The unitary matrix and the angle , which is of particular pertinence to the following
analysis is introduced together with the methods used to measure v. CP violation
as it occurs in the charm sector is then described in more detail. The techniques of
Dalitz analyses which will be employed in the following analysis are then discussed
as they apply to both three and four body decays.

In Chapter 2 an overview of the CLEO detector is given. The various components
of the detector and the accelerator are described in detail. The differences between
the newer and older versions of the experiment are also explained in this chapter.

In Chapter 3 the problems in describing the 7*7~ S wave model for the D —
K%n+7~ decay are described. This decay provides access to 7 via the B decays
B* — D(K%nt7~) where D is either D° or D’. Such a decay is a good candidate
for making a measurement of v at the LHCb detector. The uncertainty on a mea-

surement of v due to the uncertainty on the description of the 77~ S wave model



is determined in this chapter. My contribution to this work was implimenting the
K-matrix formulation in the existing fitter framework. I was then able to estimate
the model error on v which would be introduced as a result of the 77~ S wave
model.

The remaining chapters deal with the four body decay D° — KT K ntn~.

Chapter 4 begins with a review of the previous studies conducted into this decay.
The selection of DY — K*K~7"7~ events for each detector configuration and decay
topology are described. Finally the estimations of the fractions of backgrounds and
misidentified events are also described. The work described in this chapter was
carried out by other members of the UK Dalitz group.

Chapter 5 covers the background necessary for conducting an amplitude fit. We
first give a description of the particular form of the amplitude model for the four
body decay used in this analysis. The framework of the fitter used to perform the
amplitude fit is presented together with a consistency check on the fitter. The devel-
opment of models to describe backgrounds to the signal sample and the manner in
which the acceptance and efficiency effects are taken into account are also discussed.
In addition to helping with the implimentation and testing of the fitter, I was re-
sponsible for determining the best models for each of the background components
given background samples provided by other members of the UK Dalitz group.

In chapter 6 the central results of this thesis are presented. First the model
used to describe the CP tagged datasets is introduced, followed by a discucssion
of the development of the final amplitude model for the D° — KT K- 77~ decay.
The results of the amplitude fit are then presented together with the estimations of
systematic uncertainties. Finally a robustness test on the final model is carried out.
The work in this chapter was entirely my own (although the data samples required
to carry it out were provided by other members of the Dalitz group).

In chapter 7 the final model is discussed and compared to the model produced in
a previous analysis of this decay mode. A search for CP violation via the amplitude
analysis of this decay is described. Finally a study is presented in which the ampli-
tude model is used to determine the sensitivity to the parameter v which may be
achieved using this decay. Again the work in this chapter is entirely my own. The

work presented in the final four chapters of this thesis has now been published [1].
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Chapter 1

CP Violation and Multi-body
Charm Decays

1.1 Introduction

Despite the enormous success of the Standard Model in correctly describing the fun-
damental particles and their interactions, there are indications that further physics
will be required to account properly for observed phenomena. For example the “hi-
erarchy problem”; this describes the disparate electroweak and Planck energy scales.
In the Standard Model quantum corrections to the Higgs mass become divergent at
high energies. In order to maintain the consistency of the theory these corrections
would have to undergo a “fine-tuned” cancellation [2], which appears unsatisfactory.

Other areas of the Standard Model remain poorly constrained by experiment.
CP violation has been observed and may be accounted for in the Standard Model.
However, it has yet to be established whether the form of CP violation predicted by
the Standard Model is sufficient to describe the level and structure of CP violation
that occurs in nature. In addition to CP violation which has already been observed
in the kaon system [3], many CP violating effects are expected in the decays of B
mesons and such effects have recently been observed at the B factory experiments
Babar and Belle [4, 5]. These observations included time dependent analyses of
neutral B decays (in both flavour and CP eigenstates), in addition to studies of
the decays of BY decays and analyses of B* systems. These provide an opportunity
for independently testing the predictions of the Standard Model. It is possible that

redundant measurements of Standard Model parameters may produce results which
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are inconsistent; this would indicate the need for a richer theory in order to describe
properly CP violation. There is particular reason to believe that the Standard Model
description of CP violation is incomplete as it cannot adequately explain the matter

anti-matter asymmetry in the universe [6].

1.2 CP Violation and The Standard Model

1.2.1 Symmetries and Symmetry Violations

Symmetries are fundamental to our understanding of physical systems. In particular
Noether’s theorem [7] illustrates that any differentiable symmetry of a physical sys-
tem will have an associated conserved quantity. For example, from the invariance of
a system under space time translations the conservation of energy and momentum
in that system may be inferred. Similarly the conservation of angular momentum
is related to rotational invariance. The Standard Model itself is based on a gauge

field theory (where each field has an associated gauge symmetry).

CPT Symmetries

In addition to continuous symmetries there are discrete transformations under which

a field theory Lagrangian may be symmetric. Three such discrete symmetries are:

1. P: The parity transformation, corresponds to an inversion of the spacial co-

ordinates (r — —r). Thus changing the “handedness” of space.

2. T: The time reversal operator corresponds to an inversion in the direction of

time.

3. C: Charge conjugation corresponds to the change in sign of the charge and of

all other internal additive quantum numbers associated with each particle.

It can be shown that in any local Lagrangian field theory the combined CPT
transformation must be an exact symmetry of the Lagrangian [8]. Furthermore C,
P and T are each symmetries of electromagnetic and strong interactions. Weak
interactions are known to violate C, P and T [9]. Although CP may be considered
an approximate symmetry of weak interactions, CP violation has nonetheless been

unambiguously observed in weak interactions involving both strange and beauty
hadrons [3], [10].
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1.2.2 Direct and Indirect CP Violation

CP violation can be divided into two broad categories, which are independent of the

model used to describe them:

1. Direct CP Violation. This occurs when the magnitude of the amplitude of

a decay to a final state is not equal to that of the conjugate decay.

2. Indirect CP violation occurs in neutral meson mixing and may also manifest

itself in the interference between mixing and decays.

Direct CP Violation Consider decays to a final state f, and define A; =
(f|H|B®) and ZT = (f|H \EO). It is useful to consider the physically meaningful

A7
Af'

and convention independent quantity If complex terms in the Lagrangian
contribute to these decay amplitudes they will occur with opposite signed phases
in Ay and Z?. The only possible source of such terms in the Standard Model is
in the electroweak sector as a result of complex terms in the CKM matrix (The
CKM matrix describes mixing of quark flavour in the standard model and will be
described later in this chapter) [11]. These “weak” phases may be denoted by ¢;.
Another phase may occur in Ay and X? as a result of contributions from rescatter-
ing (predominantly via the strong interaction) of on-shell intermediate states. These
“strong phases” are denoted by d;, and appear with the same sign in both Ay and

Zf. If several processes contribute to the transition By — f then A, will be given

by the sum of all such contributions. In this case:

Ay = 3| Ay |efCiten),

where A; represents the amplitude of the individual process. If multiple processes

# 1

contribute which each have unique non zero weak and strong phases then %—f
7

and therefore there will be direct CP violation present in the decay.
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Indirect CP violation Mixing occurs in the neutral meson sector since the
flavour eigenstates of the neutral mesons are not also the mass eigenstates of the
system. It is the mass eigenstates which must be considered in order to describe the
time evolution of these particles, and therefore the flavour eigenstates will be mixed
as they propagate. If the CP eigenstates do not coincide with the mass eigenstates
CP violation will exist in the neutral meson sector. CP violation can also occur in
the interference of decays with and without mixing when both of the neutral mesons
decay to the same CP eigenstates. Indirect CP violation has been observed in both

the neutral kaon and B meson systems, but has only recently been seen in the D°

system [13].

1.2.3 The Standard Model

The Standard Model of particle physics [14] is based around an SU(3)c ® SU(2), ®
U(1l)y gauge field theory. The theory comprises three generations of fermions
(quarks and leptons). Interactions within this theory occur via the exchange of
gauge bosons. In the case of the weak interactions (described by the (SU(2) group)
these gauge bosons are the massive, spin-1 W+ and Z° bosons, whereas one massless
photon and eight massless gluons are associated with the electromagnetic (U(1)) and

strong (SU(3)) interactions respectively.

1.2.4 The Higgs Mechanism and Quark Mass

Since the weak interaction couples only to left handed fermions, different SU(2)
representations are required for left and right handed fermions. The left handed
fermions are described by SU(2) doublets of isospin +3 and the right handed
fermions are described by SU(2) singlets with weak isospin 0. Mass terms of the
form m (v ;g +1)z1Pr) may not be included in the Standard Model Lagrangian since
this combination of an SU(2) doublet and singlet would violate gauge invariance.
The spontaneous symmetry breaking of the electroweak group SU(3)c ® SU(2), ®
U(l)y — SU(3)c ® U(1)gep occurs via the “Higgs Mechanism”. Gauge invariant
mass terms may then be introduced into the Standard Model Lagrangian via Yukawa

couplings between the scalar Higgs field and fermion fields.
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The Yukawa interaction of the quarks may be written as [15]:

where: Y4 are complex matrices specifying the Yukawa couplings, ¢ is an SU(2)
doublet of complex scalar Higgs fields (¢ = (¢T, ¢")), € is the (dimension 2) anti-
symmetric tensor, (Jr; represents the left handed quark doublet, and dg; and ug;
represent the down and up type right handed quark singlets in the weak eigenstate
basis and h.c. refers to the hermitian conjugate of the first part of the expression.
The labels ¢ and j refer to the quark generation. Under a suitable potential, V' (¢),
the Higgs field may acquire a non zero vacuum expectation value, given in the “uni-
tary gauge” by (@) = \%(0, v). Equation will then give rise to mass terms for
up and down type quarks of the form:

(Y

V2

()

V2
1.2.5 CP Violation via Complex Yukawa Couplings

Yi?aLide ; (1.3)

Y;?ELZ"LLR]'. (14)

The first term of equation [1.2 will change under the CP transformation as follows:
Yi§Qritdr; —cp Y0 Qridg;. (1.5)

Therefore in the case that the Yukawa couplings are real (Y = (Y;#)*) this term
would transform under CP into its hermitian conjugate. The same is true of the
second term of equation [1.2. Therefore in the case that the Yukawa couplings are
real the Lagrangian is unchanged under the CP transformation and so CP violation
would not occur in the Standard Model. Thus CP violation requires the Yukawa

couplings to be complex.

1.2.6 The CKM Matrix and Flavour Mixing

The mass matrices for eigenstates of quark flavour as illustrated by equation
are: M" = 5Y* and M d = \%Yd. In order to move basis from flavour to mass

eigenstates the mass matrix must be diagonalized:

Uf’dM“’dU}if’dT = diag(muy,a, Me,s, M p) (1.6)
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where the masses m,, 4, m.s and my, are real and Uf(d) and Uz(d) are unitary ma-
trices. Due to the unitarity of the matrices Uf(d) the transformation from flavour to

mass eigenstates has no affect on neutral current processes [15]:

ﬂyveakufveak _ ﬂzmass ulmass_ (1.7)

However charged current interactions are modified by the product Vegy = (U%)TU4:
ﬂyveak dlweak . HZ_mauss ( UU)TUd dlmass (1.8)

The “CKM Matrix”, Vg, therefore defines the likelihood of decays between d type

and u type quarks:

Vud Vus Vub
Vekm = | Vea Vs Vi |- (1.9)
Via Vis Va

As the product of unitary matrices, Vg, must also be unitary. In general a 3 x 3
unitary matrix may be defined by three angles and six complex phases. However in
the case of the CKM matrix five complex phases correspond to relative phases be-
tween quark fields and may be factored out without physical consequence. However
one complex phase remains and it is this phase which enables the Standard Model

to accommodate CP violation.

1.2.7 Parametrization of the CKM Matrix

The Chau and Keung parametrization

By choosing a particular parametrization of the CKM matrix its unitary nature
may be displayed manifestly. One of the commonly used parametrization is the
“Chau and Keung” parametrization [16]. This is obtained from the product of three
rotation matrices characterized by Euler angles 6,5, 013 and 653 in addition to a

complex phase, . The matrix under this parametrization is given by:
—id
C12C13 $12C13 S1ge” 0t
_ & 19
Vokm = | —S12C23 — €12523€"13 C1aCa3 — 51252351313 $23C13 (1.10)
i i
512023 — C12893€""1%  —CiaCo3 — S12823513€"°1% 23813

where ¢;; = cos (6;;) and s;; = sin (6;;) and § = d13.
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The Wolfenstein Parametrization

The Wolfenstein parametrization is another common parametrization of the
CKM matrix. This parametrization is inspired by the experimental observation
that a hierarchy exists between the mixing angles such that 613 << 6oy << 615.
Expressed in terms of the small quantity A ~ |V,5| ~ 0.23, the order of magnitude
of the CKM elements is given by:

1A A3
A1oa . (1.11)
A3 A2

In addition to the expansion term A this parametrization uses three real parameters
A, n and p which are all of order 1. The expansion of the CKM matrix up to terms
O()\?) is given by:

1—1)2 A AN (p —in)
Vexkm = —A 1— 22 AN? : (1.12)
AN(1—p—in) —AN? 1

It may be noted from equation[1.12 that the parameter 1 quantifies the imaginary

component of Voxwm and hence the level of CP violation.

1.2.8 The Unitary Triangle and Angles o, § and v
Unitarity Triangles

The unitarity of the CKM matrix imposes nine complex linear relations on its ele-
ments: Vi Vi; = 0;;. Six of these relations (those for which i # j) can be repre-
sented as triangles in the complex plane. The fact that Voxy may be parametrized
by one complex phase rather than the six of a general unitary matrix leads to the
further constraint that the six unitary triangles all have the same area in the com-
plex plane. The area of each triangle may be written as %]J | where J is the “Jarlskog

invariant” [18]. The Jarlskog invariant is defined in terms of the CKM elements by:
J=Im(VVuVi Vi) (k# 1 # 1) (1.13)

The area of the unitary triangles provides a measure of the level of CP violation in

the Standard Model; in the limit of no CP violation the unitary triangles tend to
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straight lines in the complex plane. Switching from one parametrization to another
equates to rotating the triangles in the complex plane, therefore the angles and
lengths of the triangles provide a convenient convention independent method of
describing the Standard Model description of CP violation.

Of the six unitary triangles, four are difficult to access experimentally since they
have two sides which are very much longer than the third. The remaining two, which

both have all sides of length O(A\?), are listed below:

wbVud + VipVea + VigVia = 0 (1.14)
V*d‘/;fd "’ Vu*s‘/;fs ‘l‘ VJb‘/%b - 0 (115)

U

By convention equation alone is referred to as the Unitary Triangle. The three
angles associated with the Unitary Triangle are «, 3, 7 (also refereed to as ¢q, ¢1,
¢3 respectively) and are defined as:
ViaVi, ) ( Vch’Z) ( Vudv*b>
a=arg| ———~—- |, fzag| -~ |, y=ag| -~ |- (116
(vt ViV Vv ) 0

The Unitary triangle is illustrated in figure 1.1l

1.2.9 Experimental Constraints

One of the main goals of flavour physics is to over-constrain the parameters of the
Unitary Triangle. With this aim measurements have been made to give information
on the magnitudes of all relevant elements of the CKM matrix and all angles of the
Unitary Triangle. Any deviation from unitarity would provide a clear indication of
new physics beyond the Standard Model. To date there is no strong experimental
evidence of any such deviation. The current (at the time of writing) constraints on

the unitarity triangle are displayed graphically in figure

Measurements on the Magnitude of CKM elements

A summary of the measurements of the magnitudes of the CKM elements relevant to
the Unitary Triangle is given by All of these (global averaged) measurements
are provided by [19].

Vgl = 0.97394 % 0.00089,
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(7,7)

(0,0) (1,0)

Figure 1.1: The Unitary Triangle. It is conventional that the horizontal side of the
triangle is given unit length.

Vgl = 0.22440.014,

V| = 40.75£2.0 x 1072, (1.17)
V| = 3.4840.59 x 1073,

Via| = 81+£0.6x 1073,

Vis] = 0.99+0.15.

The knowledge of |V,4| comes from measurements of neutron decays, in addition to
super allowed nuclear 3 decay. |V.4| measurements are obtained from measurements
of dimuon production in deep inelastic neutrino-neutron scattering. |V,,| information
is obtained from both the inclusive and exclusive semi-leptonic decays of B mesons
to charm. |V,;| has been measured via semi-leptonic B decays. |Vi4| is obtained from
measurements of B meson oscillations; this allows determination of the oscillation
frequencies of B® and By, Am,, Amyg respectvely and from this information along

with the relevant form factors |Vi4| is constrained. The measurement of |V3| is
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obtained from the ratios of the branching fraction of the top quark decays t — Wb

to the branching fractions of ¢t — Wq, where ¢ is either d or s quark.

0.7 T T — T B —
'
i : Am, s € J f'n!
' itter
0.6 :y d K Summer 11
1
0.5
sol. W/ tos 2B < 0
(exchat CL > 0.95)
0.4

excluded area has CL > 0.95

4{? 3 a
0.3 &

0.2

0.1

oo B L e
-0.4 -0.2 0.0 0.2 0.4 0.6 08

p

=
=}

Figure 1.2: Current experimental constraints on the parameters of the CKM triangle.
Taken from reference [19]

Measurements on the angles of the Unitary Triangle

Direct measurements can also be made of the angles of the Unitary Triangle. The

current best world averages of the angles «,  and v are given by [19]:

a = (89.0754)°
B = (21.38791%)° (1.18)

v = (68719)°

The 3 measurement comes from a time dependent analysis of B® — J/¢Kg and
related decays. The measurements of o comes primarily from measurements of the
B — pp decay mode.

The angle v is currently the least well constrained parameter of the Unitary
Triangle. In order to provide a rigorous test of unitarity the precision on the mea-
surement of 7y must be improved. A precision measurement of ~ is particularly
important since it has no dependence on CKM elements involving the top quark.
This distinguishes v as the only CP violation parameter which may be accessed via
tree level decay processes. Since such tree level processes are not expected to suffer

possible significant contributions from new physics, measurements thus made would
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provide a Standard Model “standard candle” against which measurements of v that
are made involving loop processes (which are sensitive to possible contributions from

new physics) may be compared.

1.2.10 v Measurements from B — DK Decays

As described in section [1.2.9] ~ is currently the least well constrained angle of the
Unitary Triangle. It is possible to measure v through only tree level processes by
studying the decay B* — DK*, where D refers to D° or D’ and both the D° and
D’ decay to the same final state. The Feynman diagrams for the B~ — DK™ decays
are illustrated in Fig. and [1.4. As first noted in [20] and it is possible to

b
8"
_ 0
B D 3
u

Figure 1.3: Feynman Diagram for B~ — Figure 1.4: Feynman Diagram for B~ —
DYK~. This amplitude will depend on DK~. This amplitude will depend on
Ve Vi Vi Ve which introduces the weak phase.

access 7y using these decays as a result of interference between the quark transitions
b — ues and b — cus. Since it is the interference between the D° and D" decays

which provide access to 7 it is useful to consider the following ratios:

—0
A(B_ — D K_) '(53_7)
— e 1.19
A(B- = DOK-) B¢ ’ (1.19)
0
A(B+— EOKH — e,
A(B+— D'K+)

Here rp gives the ratio of the magnitudes of the B — DK and B — D'K decays.

Due to colour suppression the decay B~ — DYK~ is favoured compared to B~ —



12 CHAPTER 1. CP VIOLATION AND MULTI-BODY CHARM DECAYS

D K~ and therefore rg is small; the current world averaged measurement is given
by rg = 0.1037003% [19]. 65 is a CP invariant “strong phase”. Such phases relate to
processes associated with the strong and electromagnetic force. The B¥ — DK®*

decay may be considered in terms of two sets of processes:
1. The weak decay of the initial state, i — f’,

2. The strong or electromagnetic scattering of the product of the weak interaction

into the final state, f" — f,

where f’ is an intermediate state (which results from the flavour changing weak
interaction and so must have the same quark content as the final state) and f is
the final state (which results from scattering of the particles due to strong and
electromagnetic processes). The scattering of the particles into the final state will
be dominated by the strong force, and gives rise to the “strong phase”, dp referred
to in equation [1.19] The average of all current measurements give dg as 135 + 26°
[22]. Including the decay of the D° and D" into the final state, fp, the amplitude
for the full decay chain may be written as:
A(B~ — D(fp)K™)
A(B~ — DK~)
A(BT — D(fp)K™)
A(BT — DYKT)

AD + TBGi(éBi'Y)AD, (120)

= AD + TBGi(éB—PY)AD.

(1.21)

Here Ap and Ap are the amplitudes for the decays of D° and 50, respectively,
into the final state fp. Several experimental strategies have been proposed for the
extraction of v and the other free parameters involved in the B — DK decays,

which differ according to the decay mode of the D° or D’

The GGSZ Method

The GGSZ method (first proposed by Giri, Grossman, Soffer and Zupan) [34] in-
volves studying a final state of the D decay, fp, which involves three or more par-
ticles. When the D decays to such a multi-body final state, the momenta of the
final state particles may vary continuously and the decay is expected to proceed

predominantly via a variety of intermediate resonant states [35]. This is in contrast
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to two body final states for which the decay is governed by a single quantum me-
chanical amplitude [34]. Each point within the final state phase space corresponds
to a specific combination of the intermediate resonances, and may be considered as
a unique final state [36]. Considering a particular point, z, in the f phase space the
amplitude of the decay B* — D(fp.,)K* may be written as [34]:

A(B*Y = D(fp.)K") = Ap(z) + Ap(z)rpe'®s*?, (1.22)
A(B™ = D(fp.)K™) = Ap(x)+ Ap(z)rpe®>™7, (1.23)

where Ap(z) corresponds to the amplitude of the decay DY — fp(x) and similarly
Ap(z) corresponds to the amplitude D’ — fp(x). Note that the interference terms
in [1.22 and are dependent on both the D decay (x) and B decay parameters
(0p, rp and 7). Therefore the observed distribution of final states of the decays
B* — D(f(x))K® is not simply that seen in inclusive D decays but is modified in a
way that depends on the B decay parameters. Since ~ transforms to —v under CP,
while the strong phase dp is unchanged it is possible to make a measurement of
(in addition to the parameters g and rg) from a single final state of the D decay,
if the amplitude structure (Ap(x), Ap(z)) of the D decay is known. This analysis
may be applied to any D decay with three or more particles in the final state.

In order to make ¥ measurements from 3 or 4 body D decays (in B* — D(fp)K®)
it is vital to have a detailed independent knowledge of the amplitude structure of
the D° and D" decays. This may be obtained from independent flavour tagged
D — fp decay samples. The GGSZ method has been used to make v measurements
at the B-factories using the decay D — Kgm 7, this is discussed in more detail
in chapter (3.

It has also been proposed that in order to parametrize the D decays in a model
independent manner, the phase space of the final state of the D decay may be
divided into bins and the population of events in each bin and the bin averaged
strong phase may be measured [23]. These parameters would then provide an input
in a fit to data collected from the same D decay in which the D resulted from the

decay B* — DK™, so that a measurement of v could be made.
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The GLW Method The first strategy that proposed using B*¥ — DK®* decays
to measure 7 is the so-called GLW (Gronau, London, Wyler) method, [20]. In this
method final states of the D decays which are CP eigenstates are considered. These
can be even, for example D° — K™K~ or odd, for example D’ — Kgr’. The
relative rates of the decays can be measured using a simple counting experiment.
However v does not appear at leading order in the decay rates to CP eigenstates so

sensitivity to v using this method is limited.

The ADS method In the case of the ADS (Atwood, Dunietz, Soni) method
121] D decays to non-CP eigenstates are used. Maximum interference and therefore
maximum sensitivity to « is achieved when a favoured (suppressed) B* — DK®*
decay is followed by a suppressed (favoured) D — fp decay, for example B* —
(KTr%)pK*. Combining two GLW final states with four ADS final states provides

a sufficient number of observables for a measurement of v to be made.

1.3 CP Violation In Charm Decays

Of particular pertinence to the work presented in this thesis is CP violation as it
may occur in the charm sector. Measurements of CP violation in the charm sector
provide promising channels with which to search for new physics since the Standard
Model predictions for CP violation are very small (of the order of 1073) where as
new physics contributions can generate larger effects [24].

The small predictions of CP violation in the Standard Model can be understood
since only the first two generations of quarks are present in the initial and final states
of the charm meson decays and the processes are dominated by tree level amplitudes
in which a quark undergoing a ¢ — (s, d) transition emits a W boson which converts
to a quark-antiquark pair. Within the Standard Model a process involving only
the first two quark generations is CP conserving, therefore CP violation in charm
decays requires contributions from virtual b quarks which may be introduced only
via penguin or box diagrams. These contributions however are suppressed by a factor
VeV, therefore any observations of larger CP violating effects in this sector would

require contributions from physics beyond the Standard Model. In particular charm
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decays probe new physics scenarios in which the up type quarks play important
roles. These include certain supersymmetric models and models in which the quark

mixing is generated in the up sector [25].

1.3.1 CP Violation in Singly Cabibbo Suppressed D decays

Singly Cabibbo suppressed (SCS) decays of D mesons (those involving a |AC| =1
quark transition where C' is the quantum number associated with the number of
charm quarks) may occur through charge current quark transitions (¢ — ssu or ¢ —
dc_iu) or the transition ¢ — uqgq which is represented by a penguin diagram. The tree
level and penguin Feynman diagrams in the example of the SCS D° — K+ K~ decay

are shown in figures (1.5 and (1.6, respectively. The interference between penguin

+
K+t P
s Dy
c s
—_— u u K_
Dy K
u u
Figure 1.5: Feynman diagram for tree Figure 1.6: Feynman diagram for pen-
level D' — K™K~ singly Cabibbo sup- guin contribution to the D° — KK~
pressed decay. singly Cabibbo suppressed decay.

and tree level processes is able to generate CP violation for SCS decays. The quark
transitions ¢ — wuqq are sensitive to new physics interactions which can generate
direct CP violation. There are possible contributions from tree level interactions in
some beyond the Standard Model theories (for example flavour changing Z or Z'
couplings) however these are bounded to offer contributions well below the currently

observable level [24]. However some one loop effects from QCD penguin or dipole
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operators are able to generate CP violating effects that reach levels of order 102
which could be observed with current experiments [24].

No such contribution is possible for either Cabibbo favored decays (which involve
the quark transition ¢ — sdu) or doubly Cabibbo suppressed decays (involving the
quark transition ¢ — dsu) since these decays proceed via processes that share the
same weak phase therefore no direct CP violation is expected in the Standard Model

for these decays.

Experimental Searches

Several methods exist by which a search for CP violation can be performed in SCS

D decays.

Decay Rate Measurements In one strategy a measurement of the branching
fraction of the D decay to a final state f (I'(D — f)) and the corresponding branch-
ing fraction for the conjugate decay (I'(D — f)) is made. The CP asymmetry for

such a decay is defined as ay:

(1.24)

where D may represent a D°, D} D* or a charmed baryon and D represents a
ﬁo, Dy or D™, respectively. In the case of charged D decays no mixing is possible
so only direct CP violation may contribute to a CP asymmetry. In the case of
D° and D" decays three categories of CP violation)via mixing, via the interference
between mixing and decay and direct CP violation) may all, in principle, contribute
to an observed asymmetry. However the contribution to CP violation via mixing is
expected to be unobservably small, in the standard model, so any measurable CP
asymmetry is likely to be dominated by direct CP violation.

Many measurements of this nature have been made. For example studies which
made measurements on the decays D° — KT K~ and DY — 777~ were carried out
at Babar [26] and Belle [27], numerous other measurements on a variety of charged

and neutral D decays have also been made and no definitive CP asymmetry has

only recently been observed [28], [13].
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T-odd Moments Measurements An alternative method of measuring CP vio-
lation is to observe T violation and infer CP violation by assuming the validity of

the CPT theorem. The relevant T asymmetry parameter, Ar is defined as:

Ar

I
2L
N
S

|
-
=

(1.25)

where:

Ap = XY R R , (1.26)
. V: <

where 7; is either the momentum or spin of the final state particle in the D rest frame.
The vector ; changes sign under the T operation therefore products containing three
factors of ; are odd under the T operation.

The observable Ar alone is not sufficient to establish T violation since final state
interactions may introduce asymmetries. The T violating phase changes sign for the
conjugate decay while the strong phases introduced by the final state interactions
are unchanged. Therefore a non zero value of Ar is required in order to provide
an unambiguous indication of T violation. This analysis has been carried out at
FOCUS (a fixed target heavy flavour experiment located at Fermilab [29]) [30] and
more recently at Babar [31] for the four body SCS decay D — KTK n"n~ using
the momentum of the final state particles in expression [1.26. No evidence for T

asymmetry was observed in this channel.

Amplitude Analyses A further method of measuring CP violation which is par-
ticularly pertinent to the work presented in this thesis involves studying the inter-
mediate states via which a multibody decay proceeds. This technique requires the
development of a model to describe the intermediate states of the decay. Asymme-
tries in the model describing the decay of the D° and that of the D" can provide an
indication of CP violation. Such a technique has the advantage of being sensitive to
small CP asymmetries in localised areas of phase space rather than requiring a large
global CP asymmetry. This technique will be described in further detail in chapter
7.
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1.4 Amplitude Analysis of D decays

Consider a D meson decay to a final state of N pseudoscalar particles. The four-
momenta of the final state particles provides 4N degrees of freedom. The fixed
masses of the daughter particles removes N degrees of freedom, and four momentum
conservation removes a further four degrees of freedom. Since the D is a spin zero
particle a further three degrees of freedom describing the rotational orientation of
the decay are also removed leaving 3N — 7 independent degrees of freedom which

are required to describe completely the decay kinematics.

1.4.1 Three Body Decays and the Dalitz-plot Analysis Tech-
nique

In the case of D decays to final states of three pseudo-scalar particles (for example
D — K3 t7~), the decay kinematics may be completely described by two variables.
These variables may be chosen from combinations of invariant masses of pairs of the
final state particles, ss3 = m3; = (po + p3)? and s13 = m?; = (p; + p3)?, where
the final state particles are labeled from 1 to 3 and p; gives the four momentum
of the ¢*" particle. The Lorentz invariant variables ss3 and s;5 therefore contain all
the unique information about the decay. These variables are referred to as Dalitz
variables. A scatter plot of the Dalitz variables si3 against so3 is referred to as a
Dalitz plot. This technique was first proposed by Richard Dalitz when studying the
three body decays of charged kaons [32].

In general the decay rate of a spin zero particle to three pseudo scalar particles
is given by:

1
I = W|M|2d813d523 (127)

where M is the mass of the decaying particle and M is the amplitude containing
all the dynamics of the decay. An advantage of using Dalitz variables to describe
the decay is that in the absence of any internal decay structure (such that M is
constant) the kinematically allowed region of the Dalitz plot is evenly populated
with events. Therefore any variation over the Dalitz plot may be attributed to the

resonant dynamics of the decay.
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For example if a decay to three pseudoscalars P;, P,, P3 proceeds through an
intermediate resonance R: D — PyR(— P,P;) the resonance R will be visible in
the Dalitz plot as a band perpendicular to the so3 axis, centered around the nominal
mass squared of resonance R. Similarly if the decay proceeds via an intermediate
resonance R: D — P3R(— P,P,) the resonance R will appear as a band with
gradient —1 in the Dalitz plot. This is illustrated for the example of the decay
D' — Kgmtm~ in figure [1.7. The band in the Dalitz plot corresponding to each

Figure 1.7: A Dalitz plot us-
ing simulated data for the decay
DY — Kgrtm~. Several reso-
nant components are illustrated
in different colours. Along the
horizontal axis the blue verti-
cle band is centred around 891.7
MeV. Similarly the pink horizon-
tal band intersects the vertical
axis at 1429 MeV. The bounds of
the triangle are determimed by

Ty the allowed phase space for the
SKgmt decay. (Image produced by Tom
Lathan).

resonance also provides information about the angular momentum of the resonance.
Considering the example of a spin-1 resonance, there is a dependence on the angle
between the momentum vector of the resonant particle and that of the other daugh-
ter which is given by the spherical harmonic Y (o< cosf). In the Dalitz plane this
dependence manifests itself as an absence of entries around the center of the reso-
nant band corresponding to the spin-1 resonance. This behavior can be observed
for the p(770) resonance in figure 1.7l Similarly a spin-2 resonance has an angular
dependence given by the Y, spherical harmonic (o< 3cos?# — 1) which gives rise to
two regions of depletion in the band. An example of this may be observed in the
Dalitz plane for the K;(1430) resonance in figure[1.7. A spin-0 resonance which has
no angular dependence will appear as a featureless band in the Dalitz plot, as occurs
for the fy(980) resonance in figure 1.7

The relative density of each band gives an indication of the level of contribu-

tion of the corresponding resonance to the decay amplitude. The Dalitz plot also
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gives information about interference between resonances. For example, underpop-
ulated regions of the Dalitz plot indicate regions of negative interference between
intermediate resonance states.

A Dalitz plot therefore provides a useful, frame independent, visual representa-
tion of the internal structure of a three body decay and by analyzing such a plot,
quantitative information about the various intermediate resonant states and their

relative contributions and interference may be obtained.

1.4.2 The Isobar Model

In order to parametrize the dynamics of the decay, represented by M in expres-
sion [1.27, a model for the D decay may be developed. A common model used to
parametrize such a multi body decay is called the “isobar model”. In general the
isobar model amplitude for a resonant decay is given by a coherent sum of resonant

amplitudes:
M = CO+Ei>OCZ’Ai (128)

where ¢; is a complex number which parametrizes the contribution of the resonance ¢
and describes its relative phase. Each term A; gives the amplitude corresponding to
a single resonance. The first term of expression 1.28| represents a non resonant con-
tribution to the decay. This non resonant contribution is assumed to take the form
of a flat S-wave, although in general it could display more complicated structure.
Consider the general case of a particle P decaying via an intermediate resonance

r to a final state abc: P — ar(— bc). The amplitude for this individual process is

given by [33]:

A = (ab|r\) T, (ma) (cra| P) (1.29)
= Z(L7laﬁa@Bg(|ﬁ)B2(’ﬂ>Tr<mab>a (130>

where L is the orbital angular momentum between r and ¢, [ is the spin of resonance
r, ¢ and p are the momenta of a and b in the r rest frame, Z is a function which
describes the angular distribution of final state particles, BE and Bj are barrier

factors for the processes P — rc and r — ab respectively and T, (m) is a function
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which describes the resonance r. The sum in equation 1.30/is over the helicity states
of r, denoted by .
No unique parameterizations exist for the functions Z, By, and T,; but the most

commonly used choices are discussed in the following.

The Barrier Factors, Bj,

The barrier factors are spin dependent terms which account for effects due to the
non-zero spatial extent of the interacting particles. The most common method for
accounting for this behavior is by using a “Blatt-Weisskopf penetration factor”, F}’
[71]. For values of angular momentum [ = 1,2,3 , for a resonance of mass M

decaying into particles ¢ and j with invariant mass m;;, Fy is given by:

Fro= 1 (1.31)
1 M

Fl = +Z—‘J() (1.32)
1+ z4(mij)

; 9+ 32,(M) + 22(M)

F . (1.33)

9+ 32(mij) + 22(mi;)
where:
zg(myy) = 1°¢%(my;) (1.34)

and r is the radius of the decaying particle and the “breaking momentum” ¢(s) is

given by:

(1.35)

sme) = \/((mij—<mi—m]~>2 (m; — (mi +m;)%)

The Angular Distribution term, 7

The term Zj, in[1.30 describes the behavior arising from the angular momentum of
the decay. This function is dependent on the spin and angular momentum of the
resonance. Both the “Lorentz invariant amplitudes” [37] and “helicity amplitudes”
[38] are commonly used to account for these spin dependent effects. These terms are

equivalent for all zero spin particles. In the study presented in this thesis Lorentz
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invariant spin amplitudes, s;, are used. These terms are calculated by describing
the decay in terms of a sequence of pseudo two body decays. The particles which
make up these intermediate two body states may be either resonant states or non
resonant, states where the non resonant particles combine to form a partial wave.
A spin amplitude for each vertex is calculated from the polarisation vectors and
four momenta of the incoming and two outgoing particles. The total spin amplitude
is finally given by the product of the terms corresponding to the vertex of each

intermediate sub process.

The Breit-Wigner Formalism

The term 7, in [1.30] represents the lineshape of the resonant decay and may be
modeled with a relativistic Breit-Wigner function, BW, which is given by [73]:
1

BW = 1.36
M? —m? —iMT (1.36)

where I' is the momentum dependent width of the resonance which is itself given
by:

r = Dmmd((lem“f)”“(Z—;)(F[‘)2 (1.37)
where ', casurea 18 the measured fixed width of the resonance. The Breit Wigner
formalism is used extensively in the study presented in this thesis. The masses and
measured widths of all resonances are taken as detailed in [22].

If the threshold for the decay » — ab is close to the resonance the shape of
the lineshape may become distorted. In this situation the “Flatte” lineshape [41]
provides a better description of the resonant decay. The Flatte formula is given by:

1
m2 —mg; —i(p1g; + p293)’

T (1.38)

where g7 + g3 = 1 and p; » are phase space factors.

The Breit-Wigner formulation is in fact an approximation, corresponding to
the first term in a Taylor expansion about a pole in the operator describing the
interaction [40]. This is a good approximation when it is used to describe narrow
resonances which do not significantly overlap, however when used to describe broad
overlapping resonances the Breit-Wigner formulation can violate unitarity. This

point is elaborated on in chapter 3.
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1.4.3 Four Body Decays

Almost all of what has been said regarding the amplitude analysis of three body
decays may also be applied to four body decays (although strictly the term Dalitz
plot refers specifically to three body final states). However there are some notable
differences when dealing with four body decays. In order to parametrize fully the
final state, five (rather than two) independent parameters are required. These may
be chosen from invariant masses of final state particles: Ss34, S12, S23, S34, S123. Using
the convention t;; = (p; — p;)* it may be noted that to;(po — p1) = sa34(pa + p3 + pa)
where the index 0 refers to the initial decay particle.In contrast to three-body final
states the four body final state phase space is not flat in these variables. For a
four-body decay the phase space density is given by the square root of the inverse
of the Grahm determinant

T = (AL

dt01d512d823d834dt04 32m[2)

N[

(1.39)

where Ay is the 4-dimensional Grahm determinant. The Grahm determinant may

be written, for a general n-dimensional decay as [69]:

p1-P1r P1-P2 -~ P1-Pn
P2.P1 pP2.P2 ... P2.Pn

A, = | R (1.40)

Pn-P1 Pn-P2 -+ Pn-Pn
In contrast to the flat three body phase space density the four body phase space den-
sity is not bounded. The specifics of the four body amplitude analysis is explained

in further detail in chapter (5.

1.5 Summary

CP violation provides good opportunities to test the standard model and provides
a potential source of evidence for new physics. A number of avenues exist to inves-
tigate CP violation within the charm sector. In particular measurements of the CP
violating parameter y are important to increase knowledge of CP violation, and anal-
ysis of decays of the type B* — D(f(z))K* will make an important contribution

towards this goal.



Chapter 2
The CLEO Detector

2.1 Introduction

The CLEO detector was located at Cornell university, USA (see figure 2.1) and
collected data from eTe™ collisions at centre of mass energies ranging from 3 to 11
GeV between 1979 and 2008 when it was decommissioned. During this time major
contributions were made to many areas of charm and B physics. The colliding beams

were provided by the Cornell Electron Storage Ring, CESR.

2.2 CLEO and CESR: an overview

CLEO originally studied the T system and B meson properties. It was upgraded
numerous times during its lifetime; to CLEO II in 1989, CLEO II.V in 1995, CLEO
[T in 1999, and finally in 2003 to CLEO-c when the running energy was reduced to 4
GeV (around the charm threshold) in order to make precision charm measurements.
The CLEO detector was able to provide an almost 47 solid angle coverage around

the collision region.

2.2.1 CESR

CESR, illustrated in figure 2.2, is a symmetric eTe™ collider, located 12m under-
ground on the Cornell campus. The accelerator is comprised of three main compo-

nents:
1. Linear Accelerator (Linac)
2. Synchrotron

DY
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Figure 2.1: A photograph illustrating the location of the CESR accelerator and
CLEO detector under the Cornell campus in Ithaca, NY
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Figure 2.2: Diagram of the CESR accelerator complex.

Electrons are produced from the heated filament of an electron gun, they are then
compressed into packets and accelerated by an electric field in the linac to energies
of 300 MeV. Positrons are produced by colliding some of the accelerated electrons
(at energies of 150 MeV) on a fixed tungsten target. This produces a shower
of particles from which the positrons may be extracted and accelerated down the
remaining length of the Linac, reaching energies of 150 MeV.

The synchrotron is located in the tunnel, at a smaller radius than the storage
ring. Acceleration here is achieved through a series of four radio frequency cavities.
The dipole magnets used to contain the bunches of accelerated particles continuously
ramp their magnetic field as the particles are accelerated. Finally after acceleration
the particles are injected into the storage ring. Here the bunches of particles are
focused by quadrupole and sextuple magnets. Electrostatic separators are used
to provide the (minimal) deviation required to the electron and positron paths,
to prevent collisions of the particles other than at the interaction point. This is

illustrated in figure (2.2.
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2.3 CLEO III Detector

The data in this thesis were collected with several configurations of the CLEO
detector. The CLEO-III detector, shown in figure 2.3 is described first, as the
earlier CLEO-IL.V and later CLEO-c detectors can be best understood in terms of
how they differed from CLEO-III.

The CLEO IIT detector was optimised for studying the decays of B mesons
around the threshold of production at the T (4S) resonance. The detector con-
sisted of an inner silicon vertex detector, surrounded by a wire drift chamber, a
RICH (Ring Imaging Cherenkov) detector, a crystal calorimeter, a superconducting
solenoid magnet (which provided the magnetic field of 1.5 T parallel to the beam
pipe, in order to curve the paths of charged particles in a direction perpendicular to

the beam), and finally muon chambers.

2.3.1 Tracking System

For the purposes of tracking cylindrical co-ordinates are used, the z axis is defined
parallel to the beam direction, the co-ordinate r defines the perpindicular distance
from the centre of the beam pipe, and the angle 6 is defined relative to the vertical
direction. The silicon vertex detector was designed to perform an accurate mea-
surement of the z vertex and the angle cot # of a heavy meson decay, in particular
those of b-hadrons. The information from the drift chamber dominated the mo-
mentum measurement, while both the silicon vertex detector and the drift chamber
contributed to the measurement of ¢ and of the impact parameter [42]. Together
the charged particle tracking system allowed for measurements of charged particles
in the range |cosf| < 0.93 and over the full azimuthal range so that 93% of the
solid angle was covered. The silicon vertex detector was particularly important for
z measurements since the first z measurement of the drift chamber did not occur
until » = 37 cm. The silicon detector also increased the accuracy with which charged
tracks could be extrapolated into outer detectors, such as the RICH. In conjunction
with the inner layers of the drift chamber, particles with a transverse momentum
of less than 100 MeV could be reconstructed. Excellent momentum resolution was

important for establishing the D** — D° “mass difference”, in the decay D** — Dr™*
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Figure 2.3: A 3 dimension view of the CLEO-III detector.
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(and the conjugate decay), which is an important criterion in the selection for the
analysis presented in this thesis. With precision information about the direction
of the pion provided by the silicon vertex detector and the momentum resolution
provided by the drift chamber (a momentum resolution of 40 MeV at a momentum

of 5.3 GeV) a mass difference resolution of 0.19 MeV /c? was achieved [43].

Silicon Vertex Detector The silicon vertex detector, as illustrated in figure
2.4, consisted of four layers of double-sided silicon strip detectors, spanning a radial
distance of 2.5 to 10 cm from the centre of the beam pipe. Each layer was comprised
of silicon detectors of dimensions 5 cmx 2.7 cmx 300 um. The n-side of the detector
was used to measure the r — ¢ coordinate and had silicon strips every 50 ym. The
p-side had silicon strips orientated in the z direction with silicon strips every 100
pm. There were a total of 447 silicon detectors with proportionally more detectors

in each layer [44].

Diamond Beam:
/(_V_\V\ [ 1
s RN

\q\ < )/
N, : .
Layer 1 Silicon, 3z, 79
Layer 2 Silicon, 4z, 109
Layer 3 Silicon, 7z, 189

Layer 4 Silicon, 10z, 269

Figure 2.4: Schematic of the CLEO-III Silicon Vertex Detector.

The Drift Chamber (DR) The drift chamber, shown in figure[2.5] consisted of
47 layers and a total of 9796 cells, spanning a radial distance of 13 to 82 cm from the
beamline. The detector consisted of a single volume of gas, a 60% : 40% mixture of
helium and propane. Each cell formed an approximate 14 mm x 14 mm square, at

the centre of which was a sense wire anode made of gold-plated tungsten. Each sense
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Figure 2.5: Schematic of the Drift Chamber, DR used in the CLEO-III detector.

wire was surrounded by eight parallel “field wires” made of gold-plated aluminium.
The electric field in each cell was produced by a 2.1kV potential difference which
was applied between the sense and field wires. This provided sufficient field strength
close to the sense wire to produce an avalanche of electrons, as electrons from ionised
atoms travel towards the sense wire and in turn ionise further atoms. This process
is illustrated in figure 2.6. The timing of this pulse in the sense wire allowed a

calculation of the closest approach of the trajectory of the charged particle to the
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Figure 2.6: Illustration of charge collection as a charged particle traverses the drift
chamber volume.

The small radius section of the drift chamber end-plate allowed space for the
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CESR focusing magnets. In this small layer the 16 sense wire layers were all parallel
to the beam line. The 31 remaining layers of sense wires in the outer section were
divided into groups of four layers, with each group alternating the stereo angle with
respect to the detector axis. This allowed some z information about the particle
tracks to be provided. The variation of stereo angles with respect to the beam axis
was 0.021 to 0.028 rad. Furthermore the ¢ angle of each sense wire was offset by
a small amount from one end of the wire to another in order to provide some ¢

information.

2.3.2 Particle Identification

dF/dX Information The drift chamber provided a measurement of the energy
loss per unit length, dE/dX, of a charged particle via an analysis of the heights
of the electrical pulses along the sense wires as the particle traversed this region.
At sufficiently high energies d£/dX depends only on the velocity of the particle,
therefore within this appropriate energy range the Bethe Bloche formula [22] may
be used to determine the particle’s velocity. Combining this velocity measurement
with the momentum measurement provided by the tracking system allowed a de-
termination of the particle’s mass and hence the identification of the particle [45].
Figure 2.7 illustrates d£/dX as a function of momentum for various reconstructed
kaon, pion and proton tracks. Regions of overlap of this figure correspond to the
range of momenta for which dE/dX information is not effective in providing particle
identification. Pion and kaon separation is not possible above 700 MeV. In order
for a positive particle identification to be made it was required that the particle
hypothesis did not overlap, within three standard deviations, with that of another

particle.

The RICH System The Ring Imaging CHerenkov (RICH) system [47] was lo-
cated immediately outside of the drift chamber and within the detector calorimeters.
The CLEO-III RICH system was able to cover 83% of the 47 solid angle of the de-
tector. The principle of a RICH system relies on the Cherenkov effect. Relativistic

particles which traverse a dense medium will radiate photons when they travel faster
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Figure 2.7: Resolution of d£/dX as a function of momentum in the CLEO-III drift
chamber. From left to right the 7, K and p bands are shown.

than light travels in that medium. The angle at which this Cherenkov radiation is

emitted, 0., is given by:

c
0. = — 2.1
Cos o (2.1)

where n is the value of the refractive index of the dielectric medium. The maximum
angle (saturated Cherenkov angle) 07" for a given medium is therefore given by
cos g = % Furthermore the number of Cherenkov photons, N,, of energy, F,

emitted per unit length, [ is given by the Frank Tramer equation:

AN, a _y .,
TdE th sin”(0.(F)) (2.2)

where Z is the particle charge and « the fine structure constant [48].

In CLEO-III the RICH radiator consisted of a 10 mm thick layer of lithium
fluoride crystals. Cherenkov photons produced in the radiator traveled through
a volume of nitrogen gas of 16 cm thickness; this enabled the cone of Cherenkov
light to expand so that it could be resolved by the detector. A thin calcium window
contained the volume of nitrogen, beyond which was the Cherenkov photon detector.
This was formed of a mixture of methane and triethylamine gas. As photons enter

the region of this photosensitive gas electrons were released via the photo-electric
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effect, this electric current was amplified via a series of spatially segmented multi-
wire proportional chambers as illustrated in figure[2.8. The charge induced on the
rectangular array of cathode pads then enabled determination of a two dimensional

image of the Cherenkov ring in the detector plane.
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Figure 2.8: Cherenkov photons in the CLEO RICH detector.

The refractive index of lithium fluoride is 1.5, therefore the saturated Cherenkov
angle in the lithium fluoride radiator is 48°. The critical angle of the radiator and
gas expansion boundary is 42°, therefore for particles with trajectories normal to
this boundary it would be possible for the entire ring of emitted Cherenkov photons
to be totally internally reflected back into the radiator volume. For this reason
the boundary of the radiator crystal region immediately surrounding the interaction
region was designed in a “saw-tooth” shape. Further from the interaction region the
surface was flat as total internal reflection would only affect part of the ring here.

From equation [2.1 it is clear that the velocity of the particle may be deduced
from the Cherenkov angle of the photons emitted by a particle which travels above

the threshold velocity in the radiator volume. Since the refractive index of lithium
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fluoride is 1.5, particles must travel at velocities greater than %c within the radiator
in order to emit Cherenkov photons. Therefore given momentum information the
rest mass of the particle may be deduced. The RICH information was therefore used
in conjunction with momentum information to determine the likelihood of a given
particle hypothesis. This was calculated from the number of Cherenkov photons
that were detected within five standard deviations of the expected ring size for a
particular particle hypothesis. However the quality of the likelihood determination
was calculated from the number of photons detected within three standard devi-
ations of the expected ring radius. It was usual for at least three photons to be
required to be within three standard deviations for a given track in order to provide

reliable particle identification.
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Figure 2.9: The resolution of the RICH detector as a function of momentum.

As can be seen in figure the RICH K — 7 separation was not reliable below
500MeV /¢ because kaons do not radiate Cherenkov photons below this momentum.
By comparing figures 2.9 and 2.7 it is clear that the RICH information comple-
ments the particle identification provided by the ionisation per unit length, allowing

particles to be identified over a broad momentum range.
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The information from the RICH and dE/dX may be combined to give a differ-

ence in y? value:

Ax? = —2In(Lg) — (—2In(Ly)) + 0% — o2 (2.3)

™

where Ly, L, are the RICH likelihood for a kaon or pion respectively and 0% and
02 are the number of standard deviations squared away from the expected kaon or
pion dE/dX track respectively. Particles for which Ay? < 0 are therefore more
likely to be kaons than pions.

Crystal Calorimeter The crystal calorimeter was made up 7784 Thallium doped
Csl scintillating crystals. These were distributed between a cylindrical barrel section
consisting of 6144 tapered crystals arranged with only a small tilt away from the
interaction point and the two end caps which were made up of 820 rectangular
crystals. The layout is illustrated in figure [2.10. The crystal calorimeter covered
in total 93% of the full 47 solid angle. The crystals in the barrel region optimally
covered particles with a trajectory satisfying |cos@| < 0.8. The endcap crystals
provided optimal coverage for particles with trajectories satisfying 0.85 < |cosf| <
0.93. The narrow “transition region” (0.8 < |cos#| < 0.85 had substantially worse
energy resolution.The crystals in both the barrel and end cap sections were of similar
dimensions with a 5 x 5 ¢m face and were 30 cm in length.

Charged particles and photons entering the calorimeter ionised atoms in the
scintillator material. Electrons were promoted from the valence to the conduction
band of the crystal. The presence of the Thallium doping led to the existence of
energy states that lie between the Csl conductance and valence bands, therefore
electrons which were promoted to the conduction band would cascade back to the
valence band via these additional states, thereby preventing re-absorption of the
released photons.

The radiation length of the doped Csl was 1.83 cm with a Moliere radius (the
radius of the cylinder containing 90% of the shower energy) of 3.8 cm. Therefore the
energy deposited from a shower was well localised to a small “cluster” of neighboring

crystals.
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Four silicon photodiodes were mounted on the rear face of each crystal in order
to collect the scintillation light. The resulting electrical signal was then shaped
and amplified by a separate integrating preamplifier for each photodiode. This
information was able to provide a determination of the energy of a shower.

The crystal calorimeter provided the primary means of identifying electrons and

0

detecting photons. 7 mesons, which decay with a branching fraction of 99% via

70 — ~7, were also identified primarily by reconstructing these two photons.
The photon energy resolution provided by the calorimeter was 1.5% at 5 GeV
rising to 7% at 30 MeV. This gave a pion mass resolution of 5 — 7% depending on

the energy and location of the photons [46].
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Figure 2.10: Layout of the CLEO-III Crystal Calorimeter.

Muon Detectors Although this analysis did not require information from the
muon detectors a brief description is included here for completeness. The muon
detectors were comprised of three layers of plastic proportional tubes which operated
in a similar manner to the drift chamber and were embedded within the magnetic
iron yoke. Muons, which penetrate the iron, produce a detectable electrical signal.

The muon detector covered 85% of the solid angle of the detector.
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2.3.3 The Trigger System

The trigger was responsible for the task of identifying bunch crossings which con-
tained interesting physics and determining at which time these bunch crossings
occurred. The trigger system combined the information provided by both the drift
chamber and the shower energy topology in the crystal calorimeter. This infor-
mation was processed independently by dedicated electronics boards and was then
combined in the global level 1 trigger stage in order to determine whether to accept

the event.

Tracking Trigger The tracking trigger was separated into information from the
axial tracking and stereo tracking. The axial tracking trigger considered each of the
1696 axial wires separately. Since there were too many (8100) stereo wires to be
read out individually these were grouped into 4 x 4 blocks for consideration by the
trigger. The tracking triggers stored events which contained tracks consistent with
particle trajectories with transverse momentum greater than 200 MeV /¢ and impact
parameters of up to 5 mm. The stereo and axial information was then correlated in

order to form tracks which were fed into the global level 1 trigger.

Calorimeter Trigger The calorimeter provided information about how much en-
ergy had been deposited at a specific location in the calorimeter. The trigger needed
to allow for low energy showers which may be spread over a number of adjacent crys-
tals in the calorimeter. To avoid missing such events in the trigger crystals were
grouped into 64 “tiles”. The tiles were composed of 8 x 8 blocks of crystals with
some overlap since each tile shared the corner 4 x 4 block of crystals with its diagonal
neighbour; this is illustrated in figure[2.11. In practice a shower was spread over no
more than a 5 x 5 block of crystals, therefore the majority of the energy of a shower

was always deposited in one tile.

Level 1 Trigger Information from the tracking and calorimeter triggers was pro-
vided to the level 1 global trigger. Since tracking information was available in
2us and calorimetry information was available in 2.5us this information was passed

through variable depth pipelines in order to provide time aligned information. The
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Figure 2.11: Layout of the “Tiles’ used by the CLEO-III Calorimeter trigger.

combined track and shower information was then compared to 8 predefined trig-
ger conditions or “trigger lines”. If any of these conditions were satisfied the event

information was passed onto the DAQ (Data Acquisition system).

DAQ The DAQ was responsible for writing the events that passed one or more of
the trigger lines to the mass storage device for analysis and for data quality control.
If a new event passed the trigger condition while a previous event was still being
recorded by the DAQ the new event would be lost. It was therefore advantageous
to minimise this “dead time” by minimising the time taken to record an event. The

dead time for the CLEO-IIT DAQ was less than 3% of the total read out time.

2.4 The CLEO-II.V Detector

The above description applies to the CLEO-III detector. A small portion of the
data in this analysis was collected from an older incarnation of the CLEO detector:

CLEO-IL.V. CLEO-II.V was commissioned in 1989 as an upgrade to the existing
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CLEO-II detector and collected data until it was upgraded again to CLEO-III in
1995 in response to the improved luminosity capabilities of the CESR accelerator.

The muon detectors and the superconducting solenoids were as described for the
CLEO-III detector and the crystal calorimeter was also almost identical to that of
CLEO-III, but all the other systems were updated. The differences between the
CLEO-ILV and CLEO-III detector are listed below.

e The CLEO-IL.V silicon vertex system was made up of three, rather than four,

layers [49].

e The central drift chamber of CLEO-II.V was shorter and less narrow than that
of CLEO-III and it also had a larger lever arm.

e The CLEO-II.V detector had no RICH system. Instead CLEO-II.V had a
Time Of Flight (TOF) detector consisting of 64 counters which were located
immediately beyond the drift chamber and inside the crystal calorimeter. The
scintillating material (bricon) emitted photons when charged particles tra-
versed the detector. These photons were collected by Lucite light pipes at
the end of each scintillator which channeled the light to a phototube which
recorded the pulse. The system was able to provide a time of flight mea-
surement to within 150 ps. This information was combined with momentum
measurements in order to provide a mass measurement for particle identifica-

tion. This particle identification system was significantly less effective than

that of CLEO-III.

e The barrel section of the crystal calorimeter was the same as for CLEO-III
however the end caps of the outer drift chamber were much thicker in CLEO-
I1.V so that there was more material obstructing the barrel. In the CLEO-II.V
detector the region of the barrel for which energy resolution was optimal was

14% less than that of CLEO-III.

2.5 The CLEO-c Detector

A large proportion of the data used in this thesis was acquired from the CLEO-c
detector. In 1995 the running energy of CLEO was reduced from that of the T (45)
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(10 GeV), to energies at or just above the threshold for charm production (3.77
GeV — 4.170 GeV). The CLEO-c detector, illustrated in figure 2.12] was largely
unchanged from that of CLEO-III.
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Figure 2.12: The CLEO-c Detector

The lower running energy resulted in a lower mean momentum for the particles
produced in the subsequent decays. In the case of charged particles produced by Df
decays the mean momentum was reduced from 530 MeV to 396 MeV [46]. A similar
shift occurred for the decays of D** which are relevant to this analysis. In order to
optimize tracking performance for this new energy regime the magnetic field strength
was reduced from 1.5 T to 1.0 T at the time of the upgrade to CLEO-c. The lower
field strength had the advantage that tracks with low transverse momentum (=~ 60
MeV /c) reached further into the drift chamber and so had improved reconstruction
efficiency.

The CLEO tracking trigger functioned with the same algorithms as for CLEO-
ITT and was most efficient for tracks with a curvature of greater than 55 cm, which
corresponded to tracks with transverse momentum of greater than 250 MeV/c. The
reduction in magnetic field during the CLEO-c stage compensated for the lower
transverse momentum of interesting tracks and therefore maintained the trigger

efficiency.
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At lower momentum it was advantageous to reduce the quantity of material that
made up the body of the detector in order to reduce multiple scattering which would
dominate momentum resolution at the energies of CLEO-c.

The average flight path was also reduced at lower centre of mass energies. For
example at the 1)(3770) resonance the average flight distance of a D® would be 18
pm compared to flight distances of > 100 pym at 10.6 GeV. Since the resolution
achievable from the silicon vertex detector was > 70 pm this device would no longer
prove useful in the CLEO-c regime. For this reason and to reduce the material in
the experiment the silicon vertex detector was replaced by a smaller inner wire drift

chamber, the ZD detector.

2.5.1 The ZD detector

Located within the CLEO-III drift chamber (DR), the ZD occupied a radius of 4.1
to 11.7 cm from the beamline and was made up of a single gas volume (60% helium,
40% propane) which encased six layers of axial anode wires. Each anode wire was
surrounded by eight parallel field wires which together formed a single cell. The ZD
drift chamber worked on the same principles as the DR and had cells of the same
dimensions.

The ZD was designed to minimise the quantity of material which would impede
the trajectory of low momentum particles. It had a 1 mm aluminium inner wall and
an outer wall constructed of mylar which was 127 pum thick. It was comprised of
300 drift cells with a potential difference of 1.9 kV applied between the sense and
field wires. A photo of the ZD is shown in figure 2.13|

The ZD provided vital z information close to the interaction point; in the case of
particles with transverse momentum less than 70 MeV /¢ it provided the only source
of z information. The cells were arranged in large stereo angles of 11 — 15° in order

to give sufficient resolution. The ZD had an angular coverage of |cos | < 0.93.

2.5.2 Reconstruction and Monte-Carlo

Reconstruction As an event was read out a software process, “Passl”, was car-

ried out on the raw event information. This was done primarily to perform quality
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Figure 2.13: A photo of the CLEO-c ZD detector.

control of the data. The reconstruction was carried out later, to provide output for
offline anaylsis, in a step called “Pass2”, performed when all calibration informa-
tion was available. This software package reconstructed and fit the tracks from the
raw detector information (from either real or simulated Monte Carlo events) and

produced a set of physical quantities which could be used for analysis.

Monte-Carlo Generation The CLEO software packages were able to generate
Monte Carlo events and simulate the interaction of these events with the detector.
The software separated the information which was specific to the accelerator from
the physics generation of decays. Information provided by CESR was used in order
to simulate the conditions of beam collisions. This information was then passed on
to the physics generators which generated the subsequent interactions.

The CLEO Monte Carlo physics generators first generated the initial ete™ col-
lision followed by the primary decays of the daughters resulting from this initial
collision. The event generators responsible for this initial stage were the EvtGen
[50] and QQ [51] software packages for CLEO-¢ and CLEO-III respectively.

In each case it was possible for the user to define a “decay file” which specified
the branching fractions of the decay required and the specific model which would
be used to describe the decay. These parameters defined the probability function

which the generator used to generate the decay. Furthermore it was possible for the
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user to insert decays generated outside of the CLEO framework into the EvtGen or
QQ generated decay chain at this stage. Any unstable particles which are produced
would then decay according to predefined decay tables. In this way decays were
generated according to simulated beam conditions and a user defined physics model.

These generated four vectors provided the input for the GEANT software package
[52] which modelled the interaction of these particles with the detector and the
detector response to the particles. Detector resolution and noise were also simulated
in this routine. This stage was dependent on the particular detector material and
geometry and therefore needed to be calibrated according to the appropriate CLEO
detector. The resultant output which could be passed on to Pass2 was of the same
form as data with the addition of “truth information” which is stored from the initial

event generation.

2.6 Conclusions

In this chapter the main aspects of the acceleration and detection at the CLEO
experiment have been outlined. In its lifetime CLEO operated over a range of centre
of mass energies, and the detector has been adapted over time to accomodate these
changes. The analysis in this thesis makes use of collisions from the CLEO-IL.V,
CLEO-III and CLEO-c experiments.



Chapter 3

An investigation of the mm S-wave
model for measurements of v with

B* — (K{n*r")pK~ at LHCb

3.1 Preamble

The analysis described in this chapter is a stand alone study which has been pub-
lished as an LHCb note [53]. It descibes the first implementation of an alternative
model (the K-matrix model) for the 7*7~ S-wave. The use of the K-matrix has
been a significant contribution to the pushing down the model uncertainty in the

*final* Babar measurement of v to three degrees [54].

3.2 Introduction

As described in chapter [1 a measurement of v can be made from the decays B~ —
DK~ and Bt — DK+ where D° is either a D or a D". The Feynman diagrams
for these decays are illustrated in Fig. 1.3/ and [1.4. The weak-phase difference
between these two amplitudes is —v, which is the relative phase between V., and
Vip. Therefore when DY and EO both decay to a common final state, a simultaneous
fit to the BT and B~ decay will allow a measurement of v to be made. A suitable
decay for the measurement of v is: B* — D°(K2rTn~)K* [55] . The amplitude

for the B* decays are given by:

Upe = f(mi,m?) + e f(m?2 m?), (3.1)

Ap- = f(m?,m3) +ne ) f(m3, m?) (3.2)

AA
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where m? _ refers to the square of the invariant mass of the Kgn=, f(m?,m?)

is the D decay amplitude in terms of the Dalitz variables, r, gives the ratio of
the magnitudes of the amplitudes (as a consequence of color suppression and the
magnitudes of the relevant CKM elements 7 is found to be 7, ~ 0.1) and dp gives
the strong phase difference between the two amplitudes. The Dalitz plots for 2500
simulated BT and B~ decay events taken from [60] are shown in Fig/3.1. The
B~ distribution is more densely populated than the BT around m? ~ 1.4 GeV?,
m2 ~ 0.8 GeV? and less densely populated around m? ~ 2.7 GeV?, m? ~ 0.6
GeV2.
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Figure 3.1: Distributions of a) m? against m? for Bt — D(Kgntn~)K* and b)
m? against m? for B~ — DO(Kdrtn~)K~ [60].

The current measurements of v using this method are (78.4 £10.8 + 3.6 +8.9)°
and (68 £ 1444+ 3)° from Belle and Babar [54] respectively and the errors are
statistical, experimental systematic and model errors respectively. Here, the model
error refers to the uncertainty associated with the D° decay amplitude, f(m?,m?).
Extracting the parameter v from this decay requires assumptions to be made about
the DY decay amplitude model. A model independent measurement of v has already
been made at Belle [57], however the vast majority of the statistics are derived from
model dependent methods. Due to the large statistical uncertainty the model error
does not dominant the precision on . The Belle collaboration do not use the K-

matrix model and so pick up a larger contribution to the model uncertainty due to
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the S-wave parameterisation. The sensitivity from LHCb within one nominal year
is expected to be (7 — 12)° therefore the model uncertainty on v will represent

a relatively large contribution to the total error.

3.3 The Isobar Model

Since the decay under consideration has three particles in the final state the am-
plitude may have contributions from intermediate resonances, in addition to a non-
resonant component. The most common model used is the isobar model.

According to the isobar formalism the decay amplitude is written as a coherent
sum of the three-body non-resonant amplitude and two-body Breit-Wigner ampli-
tudes:

f(m2,m2) = ape’® + S,a,€"" Agpin. (3.3)

Here A, are the spin-dependent Breit-Wigner terms [61] and the first term models
the non-resonant part of the amplitude, the parameters a, and ¢, give the amplitude
and phase of the resonance r, while ag and ¢, are the amplitude and phase of the
non-resonant contribution.

In general the isobar model works well for describing processes involving narrow
well isolated resonances, however when describing broad overlapping resonances an
amplitude written as a sum of Breit-Wigner resonances may violate unitarity which
is an indication that the isobar model is not appropriate for this situation. The
isobar model has been described in general in section [1.4.2. The parameters for this
decay model have been obtained from a fit to flavour tagged D — Kg¢m™ 7~ decays,

[65] as shown in Table [3.1.



K-matrix Isobar
Component Re(a,e™) Im(a,e™) Fit Fraction(%) Re(a,€e"r) Im(a,e™r) Fit Fraction(%)

K*(892)_ -1.15940.027 1.361 £ 0.020 58.9 -1.223+0.011 1.346 £+ 0.010 58.1
K}(1430)~ 2.482+0.075 -6.53 £ 0.033 9.1 -1.698+0.022 -0.576 £ 0.024 6.7
K3(1430)~ 0.852+0.042 -0.729 4+ 0.051 3.1 -0.83440.021 0.931 £ 0.022 3.6
K*(1410)~ -0.40240.076 0.050 £ 0.072 0.2 -0.24840.038 -0.108 £+ 0.031 0.1
K*(1680)~ -1.0040.29 1.69 £ 0.28 1.4 -1.285+0.014 0.205+ 0.013 0.6
K*(892)" 0.133 £+ 0.008 -0.132 4+ 0.007 0.7 0.0997 £+ 0.0036 -0.1271 4+ 0.0034 0.5
KS(1430)+ 0.375 £ 0.06 -0.143 £ 0.066 0.2 -0.027 + 0.016 -0.076 + 0.017 0.0
K3(1430)~ 0.088 £ 0.037 0.057 £ 0.38 0.0 0.019 £+ 0.017 0.177 £ 0.018 0.1
p(770) 1.0 (fixed) 0 (fixed) 22.3 1.0 (fixed) 0 (fixed) 21.6
w(782) -0.0182 4+ 0.0019 0.0367 4+ 0.0014 0.6 -0.02194 £ 0.00099 0.03942 + 0.00066 0.7
f2(1270) 0.787 4+ 0.039 0.0397 £ 0.049 2.7 -0.699 + 0.018 0.0387 £ 0.018 2.1
p(1450) 0.405 £+ 0.079 -0.458 £+ 0.116 0.3 0.253 £ 0.038 0.036 £ 0.055 0.1

051 -3.78 = 0.13 1.23 + 0.16 - - - -

(o 9.55 £ 0.2 3.43 £ 0.40 - - - -

04 12.97 + 0.67 1.27 + 0.66 - - - -

prod -10.22 4 0.32 6.35 + 0.39 - - - -

m of 7w S-Wave - - 16.2 - - -
Non-resonant - - - -0.99 £+ 0.19 3.82 + 0.13 8.5
f0(980) - - - 0.4465 £ 0.0057 0.2572 £ 0.0081 6.4
fo(1370) - - - 0.95+ 0.11 -1.619 £+ 0.011 2.0
o - - - 1.28 £+ 0.02 0.273 £ 0.024 7.6
o’ - - - 0.290 £+ 0.010 -0.0655 £ 0.0098 0.9

THAON HVdOSI HHL €€

Table 3.1: Parameters for the decay model with the mm S-wave component modeled with K-matrix and isobar formalism. The

2 2 07‘['71' 2
fit fraction is defined as [ [ dnﬁ*gm; _‘jzﬁﬁfiw‘;)'
5 @A

65]. This model was state of the art at the time at which this study was carried out but has now been superseded

x 100%. These parameters have been obtained in a fit to flavour tagged decays

Ly
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For the D decays the 77 S-wave component is composed of four scalar resonances
(f0(980), fo(1370), &, ¢’) in addition to a non-resonant contribution. The ¢ and ¢’
resonances must be included in order to correctly describe the data using the isobar
model, however the existence of the o is controversial and has not yet been confirmed,
while ¢’ is believed not to exist and is included empirically in order to describe the
data. These four resonances are also sufficiently broad so as to overlap with each
other significantly. Therefore it is necessary to investigate alternative models for
the mm S-wave component of the decay, while still using a sum of Breit-Wigner

amplitudes to model the K7 and higher spin 77 resonances.

3.4 The K-Matrix Formulation

In contrast to the isobar model the more general K-matrix formalism [61], [62] is
well suited to describing the interplay between broad overlapping resonances. The
K-matrix formalism was originally formulated to describe two particle scattering.
Two particle scattering is described using the scattering matrix, which is given
by
S =1+ 2ipsTp3. (3.4)

Here the scattering matrix is separated into the identity which describes the prob-
ability that the particles do not interact at all and the second term which describes
the scattering interaction. For multi-channel scattering p represents a diagonal ma-
trix whose elements are given by the phase space factor for the relevant channel. The
scattering matrix must respect analycity (STS = SST = I') which places a constraint
on the transition matrix, 7"

T —T"=2TpT. (3.5)

For a general transition matrix ensuring that equation (3.5 is obeyed would involve
solving a complicated set of non-linear equations. However if the transition matrix

is expressed in terms of the ‘K-matrix’:
T=(1-iKp)'K. (3.6)

It can be shown, without loss of generality, that the K-matrix may be chosen to be

real and symmetric, thus ensuring that equation 3.5 is obeyed.



3.4. THE K-MATRIX FORMULATION 49

In the K-matrix formalism resonances are not summed directly into the transition
matrix as in the isobar model, but rather appear as a sum of poles in the K-matrix
itself. This therefore negates the need to consider the existence of the o and ¢’ res-
onances. In the case of well isolated resonances it may be shown that the K-matrix
and Breit-Wigner formalisms are equivalent. However in the case of broad overlap-
ping resonances the two formulations are distinct and result in different expressions

for the physical transition matrix.

3.4.1 Parametrization for the Scattering Process

The most common parametrization of the K-matrix is given by:

_ gfég_;x scatt 1 - S(s)catt
Kij - [Eami - m2 + fl m2 o Sscatt}
(1 — s40) ) m?
% g 3.7
(m2 _ Sgcatt) (m SA 2 ) ( )

where m represents the m7 invariant mass. The first term in this expression, in-
volving a sum over poles represents the resonant contribution with the factors g
giving the coupling of the ™" channel to the o pole. The parameters ff““ and
sscalt appearing in the second term describe the non-resonant contribution to the
amplitude while the parameters s49 and s, appearing in the third (multiplicative)
factor, are required to suppress an unphysical kinematic singularity near the 7w
threshold. The parameters of (3.7) are taken from a global fit to all the available 77
scattering data [63]. Five poles are considered for five different scattering channels
(1=nm,2=KK,3=4n,4=mnn,5=nn) in which the integer corresponds to the
channel number. The phase space factors for the two particle channels are defined
such that p — I as m — oco. The scattered 7w S-wave amplitude is shown in Fig.3.2|
from which it is apparent that the amplitude differs from the standard Breit-Wigner
shape. Figures|3.343.4 illustrate that the K-matrix parameterisation as implimented
respects unitarity and is consistent with that presented in the original publication
163].

The Argand diagram is shown in Fig. the amplitude remains within the

unitarity circle illustrating the fact that the scattering description respects analycity

as required. The elasticity is defined as the amplitude for which no new particles
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Figure 3.2: Amplitude for w7 scattered S-wave.
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Figure 3.3: Argand diagram for 77 scattered S-wave with points A, B, C', D corre-
sponding to those in Fig. [3.2l The horizontal axis gives the real part and the vertical
axis the imaginary part of the complex amplitude.
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are produced and is plotted in Fig. The scattering is almost elastic until ~ 1
GeV where the threshold for scattering into the KK channel is reached.

3.4.2 Generalisation to a Production Process

In order to describe the D° decays the K-matrix approach must be generalized to
describe a production process, this has been carried out in . The T-matrix must

be replaced by the ‘F-vector’ which is given by
F=(—-iKp)'P, (3.8)

where each element of the F-vector gives the amplitude of scattering into the
relevant channel. This expression also involves the ‘P-vector’ which describes the
coupling to each of the intermediate channels at the production process (the D°
decay in this case), this is illustrated schematically in figure

The most common parametrization of the P-vector [61] is given by

Bad; prod 1 — 55
Py = [Eam—i — 2 + flj 2 ngd]- (3.9)

The poles m? in the P-vector must match those of the K-matrix in order to avoid
unphysical singularities in the amplitude. The (complex) (3, factors carry the in-

. . d
formation about the resonance production. The non-resonant parameters f{’;o and

sg”“Od also appear only in the P-vector and must be fit for the particular production
process. The parameters of equation (3.9) for the 77 S-wave, in addition to the iso-
bar parameters of the decay, have been obtained from a flavour tagged fit to 215, 000
D° — KxFtn~ decays [65] (orignally based on the analysis presented in and
are given in Table[3.1).

The amplitude for the 7w S-wave in the D decay is plotted in Fig. m‘ and
may be compared to the equivalent plot in the Breit-Wigner model shown in Fig.
3.6(b), where it can be seen that while the two formalisms give the same general
features there are distinct differences between the two. It may be noted from Fig.
3.6(a)| that at m2_~ 1.2GeV? the K-matrix formalism predicts a small peak which

to some extent replicates the controversial o resonance (as described by the model

used in [65]).
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Figure 3.4: Elasticity for mm scattered S-wave.
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Figure 3.5: Schematic of the role of the P-vector in relating the K-matrix derived
for production to D — K977~ decay.
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Figure 3.6: "7m S-wave in D* — K977~ decay described by (a) the K-matrix and
(b) isobar formalisms. The x-axis illustrates the 777~ invariant mass, M.
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Figure 3.7: 7w projections for B (red) and B~ (black) decays.

3.5 Model Error on v

The aim of this study was to use this previous work [65] which has been carried out
on the K-matrix formalism in order to determine the impact of the model choices
(isobar or K-matrix) for the 7w S-wave on the model error on a measurement on ~y
made via this method. When the m7m S-wave models are incorporated into the full
B* decay model, the Dalitz plot projections of events along the 77 invariant mass
squared are shown in Fig. 3.7 for the 77 S-wave component modeled with both the
K-matrix and isobar parameterisation . The values of v, dp and 7, were taken as:
60°, 130° and 0.1, respectively. These values are compatible with the current world
averages [66]. The two formulations result in noticeable differences to the decays

particularly above 1 GeV.
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In order to determine the effect of the 777~ S-wave description on v, BT and
B~ events were generated according to the isobar model and then fit back for the
parameters v and 0 to the K-matrix model. This was then compared to the case
where the data was both generated and fitted using the isobar model. For each fit
5000 BT and B~ events (corresponding to two years of LHCb data taking) were
generated, 200 experiments were generated in total. The parameters for v, r, and
0p were floated in the fit and given input values of 60° and 130° respectively, all
other parameters were fixed. For each of the 200 experiments fitted values for 7,
1y and dp were returned for both the K-matrix and isobar parameterizations.. The
fitted values for ~ are illustrated in Fig. [3.8 and [3.9] fitted using the isobar and
K-matrix model respectively. The distributions of gamma are fitted to a guassian.
In the case of the fits generated and fitted using the isobar model the mean of the
guassian is consistent with the input value of 60°, in the case of the fits fitted using
the K-matrix parameterization the mean of the guassian is 62.4° +0.7. The average
shift introduced by the K-matrix model with respect to the isobar model is therefore
seen to be 2.4°+0.7 which is in agreement with the shift quoted in [58] (when scaled

to take account of the value of ry).

3.6 Conclusions

The K-matrix parameterisation of the 77~ S-wave component of the D° — Ko7
decay has been implemented. The effect of an incorrect description of the 7+t~ S-
wave has been investigated for determining v from B~ — D°(Kr "7~ ) K~ decays
for sample sizes currently being accumulated at LHCb. The shift is of the order
of the model uncertainty quoted by other experiments from this source [59]. The
K-matrix formulation will be used by LHCDb to reduce the model error as has been
done by BABAR [54]. However, ultimately model-independent determinations will
be most effective in reducing the systematic uncertainty on ~.

It should be noted that the K-matrix formulation is not used further in this
thesis due to the small size of the flavour-tagged sample of D — K+tK - 7tr—
decays collected at CLEO-c (Chapter 4) compared to the D° — K2n*7T samples
collected by the B factories. However, in future high-statistics amplitude fits to

K+*K-nt7n~ data this parameterisation should be utilised.
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Chapter 4

Selection of D — K"K ntn—
Datasets at CLEO

4.1 Introduction

In this chapter the selection of D — K™K 7ntw~ events is described in detail.
This work was largely carried out by other members of the UK CLEO-c group. In
determining optimal selection cuts for this decay extensive use was made of the
MC system (where background events can be identified) and the cuts were chosen
which maximised the ratio of the number of signal to background events. This
procedure was carried out seperately for each CLEO dataset since the environments

were significantly different in each case.

4.2 The Signal Decay

As discussed in chapter [T} in order to access v via B*¥ — D(f)K* it is necessary
to obtain a model for the decay of the D into its final state, f. The decay D —
KT K~nt7n~ is singly Cabibbo suppressed and is expected to display a rich resonant
sub structure. This decay presents a possible candidate for a v measurement. The
decay is also interesting in its own right as it allows a study of QCD at low energy
and provides an opportunity to search for CP violation. The final state of the D
decay contains all charged particles which is advantageous for studying in hadronic

colliders such as LHCb.

A
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4.2.1 Previous Studies

The most recent study published describing a model for this decay was carried
out using 1300 D — KTK n"n~ events selected at the FOCUS experiment [77].
This study considered ten resonant contributions and found that the dominant
contributions to the decay were from the D — AP decays, in particular: D —
K (1270)K~ . They also reported a large contribution from the D — VV de-
cay: D — ¢(1020)p(770). (Where A, V and P refer to axial vector, vector and
pseudoscalar particles respectively). This study made no distinction between the
decays of a particle via a state S and its conjugate state S (for example the decays
D — K (1400)K~ and D — K, (1400)K™).

The only previous study made on this decay mode was conducted at the £791
fixed target experiment at Fermilab [78]. This study was unable to distinguish
between D® and D" decays due to limited statistics. This study reported six resonant
and a non-resonant component, with the dominant contribution deriving from the
non-resonant component and the D — VPP decay D — p(770) KT K~.

It is the aim of the study presented in this thesis to produce a full model to
describe the resonant sub structure of the D — KK w7~ decay using data
collected at the CLEO detector. In order to maximise statistics data are analysed
from CLEO I1.V, CLEO-III and CLEO-c. These data span a range of centre of mass

energies arising from different production mechanisms.

4.3 Flavour Tagged Data Sets

Flavour tagged datasets refer to datasets consisting of D — KTK 7w~ events
where the flavour of the mother D is known. In total four distinct flavour tagged
datasets were used in this analysis: those from the CLEO-IL.V, CLEO-III experi-
ments and the CLEO-c experiment at centre of mass energies of 3770 MeV and 4170
MeV (which will be referred to as the 3770 and 4170 datasets respectively). The

number of selected events from each flavour tagged dataset is given in table 4.1l
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Data Set | Number of Selected Events
CLEO-IL.V 279
CLEO-III 1225
3770 1396
4170 739
|  Total | 3639 |

Table 4.1: Number of selected flavour tagged events in each dataset.

4.3.1 CLEO-II.V and CLEO-III datasets

Relevant events were selected from data at CLEO-I1.V and CLEO-III, at centre of
mass energies well above the threshold for charm production. The CLEO-IL.V data
was collected at the T(4S) resonance. The integrated luminosity of this dataset was
9 fb~'. The integrated luminosities and centre of mass energies of the CLEO-III
sample are presented in table

At these higher centre of mass energies, in order to control the background levels
and to be able to “tag” the flavour of the D accurately, the D° or D was required to
originate from a D** or D*~ in the decay topology: D** — D%rf or D*~ — EOWS_
respectively. Due to the relatively small mass difference between the D* and the
D, the charged pion, 7%, was expected to have a low momentum in the centre of

mass frame of the D*. The charge of this “slow” pion enabled the flavour of the

D(D" ) to be tagged.

V5 (GeV) [ £ (b )
7.0 2.8
7.4 8.9
8.4 7.7
9.46 1513
10.02 1925
10.36 1723
10.58 8965
10.87 460
11.2 722

Table 4.2: Centre of mass energies and corresponding integrated luminosities for
CLEO-III datasets used in the analysis.
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Event Selection

The primary selection involved limits on the slow pion momentum (150 < p, <
500 MeV /c for CLEO-III and 100 < p,., < 500 MeV /c for CLEO-IL.V) and cuts to
suppress pion pairs originating from a Kg (an event with two pions with invariant
mass consistent with a K2 was rejected if either pion had an impact parameter
greater than 1.5 mm or if the flight distance of the candidate Kg was greater than
two assigned errors from the interaction point). This suppresses the D — K3K K~
background. (Since the K2 decays to mt7~ wih a branching fraction of 70% it
represented a significant background to this study). There were also requirements
that all DY decay products originated from a single vertex and that the D° and =,
candidates also originate from a single vertex.

In the case of kaons with momentum > 500MeV /c information from the RICH
detector was required in order to satisfy the selection criterion (at least three photons
must be associated with the kaon in the RICH detector). In the case of CLEO-IL.V
no RICH information was available and so this selection criteria was not applied.
Kaons for which this information was not available, or lower momentum kaons and
pions, were identified via their energy loss in the drift chamber. Kaons were required
to have a recorded dF/dX within 2.1 o of that expected of a true kaon. Similarly a
positive pion identification required the candidate to have a dE/dX within 2.5 o for
CLEO-IL.V and 3.2 ¢ for CLEO-III of that expected of a true pion. When time of
flight information was available it was required to lie within 2.5 ¢ of that expected
for both pions and kaons.

In order to perform the final selection on candidates, cuts were made on the D*

momentum, pp« > %\/ Egc% — M3, (the momentum was required to be at least
half the maximum kinematically allowed momentum), in order to suppress com-
binatoric backgrounds and to suppress secondary D* candidates which originated
from B decays. The mass of the D°, mpo, and the D*, D° “mass difference”, AM,
(AM = mp+ —mpo ), were computed for each candidate. A signal region was then
defined in the mpo, AM plane in order to select appropriate candidates. The signal
region was defined to be within £11.22 MeV of the world average of the D° mass
and within +1 MeV of the world average for the D* — D° mass difference, this

corresponds to mass windows of approximately 3o.
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4.3.2 CLEO-c datasets

This analysis uses also data collected by CLEO-c at centre of mass energies of
3770 MeV and 4170 MeV. In order to select D — K+TK - 7wt7~ events at these
centre of mass energies the standard procedures for CLEO-c event selection [79]

were employed.

¥ (3770) resonance dataset

In total 818 pb™' of data were available at the centre of mass energy of the 1(3770)
resonance. This resonance decays to DD’ and D+ D~ with a ratio of 57 : 43 [80]. D°
and D’ pairs produced in this way were used in this analysis. With this production
process the only way to tag the flavour of the meson responsible for the K™K 77~
decay is to determine the flavour of the other D-meson in the event. The flavour
of the “other side” D was determined from its inclusive decay to kaons, under the
assumption that the decay was Cabibbo favoured. (A certain proportion of these
decays would have been “mis-tagged” and this was accounted for when fitting this
dataset). Events were selected in which the decay products of the other side D
contained a single kaon and in order to improve the sample purity and minimise the
level of mis-tagging a minimum momentum restriction of 400 MeV /c was placed on
this kaon.

A tighter K2 veto was required compared to the CLEO-III and CLEO-ILV
datasets. This is because the DY mesons and any daughter K2 particles had energy,
and so the K2 had in general a shorter flight distance before decaying. Events
containing pion pairs with an invariant mass consistent with a K¢ were rejected if
the flight distance normalised by the assigned uncertainty of the candidate K3 was
greater than 1 or if either pion had an impact parameter of greater than 1 mm.

In order to determine a signal region for the events the beam constrained mass of
a candidate event, my,. was defined: my. = 1/ b:é% — Ij—é% where ]3D is the momentum
of the signal DY candidate. A further variable AE = Ep — % was also defined,

where Ep is the sum of the energies of the candidate D° daughter particles. The
distribution of both variables peaks at the nominal D" mass. Selection windows of

+5 MeV and +15 MeV were then defined for the variables m;. and AFE respectively.
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A kinematic fit was carried out on selected events by constraining the invariant
mass of the candidate D° particle to the DY mass in order to improve the resolution

of the particle’s momenta.

4170 Resonance dataset

A further 600 pb™' of data was available at the CLEO-c experiment from ete™
collisions at a centre of mass energy of 4170 MeV. At this centre of mass energy
pairs of charmed mesons (for example D*D, D*D", D*Dr and D*Dg) may be
produced and there are various ways in which a daughter D° or D’ may result
from the decays of these initial states. The different production processes populate
different regions of the my. — AE space.

The primary meson pairs which gave the greatest purity in the signal sample and
were therefore used in this study were: D** D*~ and DD, Events of interest were
selected from the decay topologies D** — D%+ and D** — D%y and similarly for
the conjugate decays. No attempt was made to reconstruct the accompanying pion
or photon, rather only the D° was reconstructed and the events selected according
to their position in my. — AE space. The flavour of the D° was tagged via the
decay of the other side D** or D** which was tagged via its inclusive decay to kaons
as for the 3770 sample. However the minimum momentum restriction on the kaon
used for tagging in this case was increased to 600 MeV /c due to the higher level or
background in this sample.

The variable AE;, was defined as Ey, = 2.112GeV — 1.12my,./c* (where the
coefficients were determined in a fit to the distribution of signal events which were
simulated using the Monte Carlo system). A signal region was then defined as:
2.005 < my. < 2.040 GeV and |AE — AE,,| < 10 MeV. The background was
further suppressed by requiring the momentum of the D° candidate to be greater

than 450 MeV.

4.4 Flavour Tagged Backgrounds

The level and shape of the background contamination of the signal samples needed

to be accounted for when fitting each flavour tagged dataset.
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4.4.1 Background Estimations

In order to account for background (non D — K+K n"7n~) events which passed
the selection criteria, it was necessary to estimate both the number of events in
each sample which corresponded to background and the shape of this background
within the signal phase space. Background samples and background fractions for
each background type were provided by other members of the UK CLEO-¢ group.

As has previously been described, for the D° decays originating from D* mesons,
the variables AM and mpo for event candidates were used in the event selection.
The distribution of these two variables for all potential candidates were each fitted
to the sum of two bifurcated Gaussians plus a background shape. In the case of
mpo the background shape was flat and in the case of AM a shape was used which
modeled the phase space of the D** — DY invariant mass distribution. The level of
this flat background was allowed to float during the fit to these variables. It was
then possible to determine the proportion of true signal events expected within the
signal region, by integrating the signal fit within the signal region and dividing this
by the integral of the combined signal and background fit. The result of this fit to
the CLEO-III data candidates is illustrated in figure 4.4.1. It was then necessary
to establish a description of the background events which occur within this signal
region. In order to do this events were selected from “sideband regions” of the AM,
mpo plane. The same analysis was carried out on the CLEO-II.V data sample. Data
collected from these sideband regions enabled a fit to be performed which models
the shape of the “flat background”; this refers to background of the type that is flat
in the variables AM and mpo.

In the case of CLEO-c datasets the signal window was defined in the my. — AFE
plane. In the case of the 3770 sample the background sidebands were defined as
the regions —5 < my. < 5 MeV and |AFE + 45| < 30 MeV. In the case of the 4170
dataset the background sidebands are defined as 2.005 < my. < 2.040 GeV and
|(AE — AE;,) £ 45] < 20 MeV.

Simulation studies confirmed that the sideband data suffered minimal contam-
ination from signal events and mimicked accurately the background present in the
signal region in the case of all four datasets. The proportion of each flavour tagged

dataset which was comprised of flat background is illustrated in table 4.3|
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Figure 4.1: The AM and mpo distributions for the CLEO-III dataset. The red
curves illustrate the fitted results for the combined signal and background for each
distribution while the green curve illustrates the fitted background contribution.
The signal regions are indicated on each distribution.

The data collected from these sideband regions were used to model the flat
background for each dataset. Backgrounds which peaked within the signal region

were considered separately.

Data Set | Proportion flat background
CLEO-ILV 26.0 £ 3.0%
CLEO-III 10.8 + 0.4%

3770 13.5 +0.5%

4170 33+ 1.1%

Table 4.3: Proportion of each flavour tagged dataset which was made up of flat
background.

4.4.2 Peaking Background

In addition to the flat background which has been described in the preceding sec-
tion the datasets also suffered a contribution from background which peaked within
the signal region. Monte Carlo studies revealed that this background was made up
almost entirely of KQK K~ events. Other sources of background such as misiden-

tified K*nFrt 7~ events were negligible. The level of this peaking background was



64 CHAPTER 4. SELECTION OF D — K*K~ntn~ DATASETS AT CLEO

allowed to float as a free parameter in the fit.

4.5 Mistagging in Flavour Tagged Samples

For each dataset there is a certain probability per event that the flavour of the D°
in the decay of interest was incorrectly tagged. This effect is largest for the CLEO-c
datasets. As previously explained, the flavour of the D in these cases is tagged
according to the decay of the “other side” D° to kaons. The main contribution to
mistagging results from pions from the “other side” D being misidentified as kaons.
So many pions are produced in D decays that they have almost no correlation with
the flavour of the mother D particle. Therefore a pion misidentified as a kaon can
results in an incorrect flavour tag.

In order to quantify the mistag rate in the CLEO-c data set, events were selected
containing apparent decays of the category,D’ — K*n*7~ 7~ and the charge con-
jugate decays. These events were flavour tagged using the same method as was used
for the D — KtK 7ntw~ sample. The outcome of this tag was then compared to
the tagging of the event via the charge of the kaon in the signal decay (assuming a
Cabibbo favoured decay a negative kaon would imply that the mother particle was
a DY and vice versa) in order to determine if the original tag was correct. A small
correction is applied to account for genuine doubly Cabibbo suppressed decays. The
mistag rate for the CLEO-c samples was measured to be (3.4 + 0.4%) for the 3770
sample and (7.5 £ 0.7%) for the 4170 sample. The larger mistag rate for the 4170
sample can be attributed to the fact that in some cases for this sample the other
side D was charged. The inclusive branching fraction of charged D to kaons is only
around half that of the neutral D decays. Therefore a larger proportion of the other
side tags were likely to correspond to background in this case.

The same method was applied in order to measure the mistag rate for the CLEO-
IIT and CLEO-IL.V samples. The mistag rate for these samples was estimated as
(0.64 + 0.05%).

4.6 CP Tagged Datasets

As discussed in chapter 2] the CLEO-c experiment collected 818 pb™! of its data at

the centre of mass energy of the ¢(3770) resonance. DD’ pairs are produced at this
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centre of mass energy via a virtual photon. The system ete™ — ¥ (3770) — DD’
is a quantum correlated system [83] with definite C'P quantum number C = —1.
Therefore, assuming the absence of CP violation, if one D is reconstructed in a state
of definite C'P the other D must necessarily decay into a state with the opposite C'P.
In addition to D — K™K ~7"7~ decays in which the D is of a specified flavour, data
have been used in this study where the D is known to be in a particular C'P state,
since the accompanying D in the event has been reconstructed in the opposite C'P
state. The CP even tags which are practical to use were; 777n~, KTK~, K2n’7"
Kpm® and Krw(ntm 7%). The available CP odd tags were; Kon®, K2w(mtr—7Y),
K$o(KTK™), Kgn(yy), Kgn(rta~n°) and K¢ (r* 7).

Data were collected using D — K+TK 7tn~ decays in which the “other side”
D was tagged as decaying to both purely CP even and CP odd states. In addition
decays of the other side D to states consisting of an “admixture” of CP odd and
CP even states have been considered. In particular signal D — KTK 77~ decays
tagged against the decays D — K3ntr~ and D — K77~ were selected.

In the case of the admixture CP tagged states, the decay rate is dependent both
on the region of K™K ~7%n~ phase space and the region of K7 ¢n7~ phase space
of the event. In order to make use of the D — K} ¢n"r~ decay, information on
the strong phase variation is required. This is available in bins of Dalitz space
as determined in a previous CLEO analysis [82]. Therefore for the K gntn~ vs
D — KTK 7ntr~ data collected for this study, in addition to the Kt K ntzn~
kinematic parameters, the corresponding Dalitz bin: n into which the other side
K smtn~ fell was also recorded for each event.

Although the CP tagged data offer only a relatively small increase in statistics
the improvement in precision is more significant than would be the case for the

equivelant flavour tagged dataset, this is explained in more detail in chapter 6.

4.6.1 Event Selection

Of particular note to the selection of CP tagged data was the difficulty in selecting
K9 particles. The long lifetime of the K particle makes it very likely to decay

outside of the detector volume. Therefore the K particles were selected inclusively
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using a missing mass technique, which requires all other particles in the event to
have been reconstructed. In this technique the presence of the K is inferred by
the missing energy. This was in contrast to the K2 particles which were selected
exclusively via the decay: Ko — 7 7~.

The selection criteria for the pure CP tagged data in the analysis presented here
were identical to those of [81], and those of the ad-mixture CP tagged data were
identical to those in [82].

The number of selected events for both the pure CP tags and the admixture can

be seen in table 4.4]

’ Tag \ Mode \ Number of Selected Events ‘
CP Even T 8
KTK~ 11
KomO7Y 7
KLTFO 9
Krw(rtrn—m) 14
Total 49
CP odd K?2r° 15
Klw(rntrn0) 12
KY(KTK™) 1
Kgn(v7)
Kon(mtn—x°) 1
KSn' (xtmn)
Total 32
Admixture Krtn~ 63
Kyntmo™ 87
Total 155
’ All CP Data \ Total \ 231 ‘

Table 4.4: Number of selected CP tagged events in each mode.

4.6.2 CP Tagged Backgrounds

The backgrounds to the CP tagged samples can be divided into six categories:

1. Flat tagged background

2. Peaking tagged background
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3. Flat signal background
4. Peaking signal background

5. DT D~ background

6. Continuum production background

The “tag background” refers to background comprised of genuine D — K+t K w7~
events but for which the other side D decay has an incorrectly reconstructed CP tag.
This can be further sub categorized into “flat” and “peaking” tagged background.
Flat tagged background describes background which is evenly distributed across the
signal and sideband region of the D from which the CP mode was reconstructed so
falls into box B in addition to the signal box, S in figure 4.2 . This background is
equivalent to the flat flavour tagged background described in section [5.6.1, except
that it occurs for the other side D (rather than the D which decays to K™K~ 7nt7n™).
Similarly peaking tagged background refers to background which peaks within the
signal region of the CP mode so only appears in box S.

The “Signal” background refers to events for which the decay D — KTK ntmr—
was incorrectly identified. Again this background can be divided into peaking and
flat signal backgrounds in the same way that was described for flavour tagged back-
grounds. Monte Carlo studies revealed that there was no significant contribution
from a flat signal type background and so this contribution was not considered
further.

Another possible source of background which was considered occurred due to
decays resulting from D+ D~ which had been incorrectly reconstructed as the DD’
decays of interest.

The sixth possible background resulted from “continuum production” that did
not result from a v (3770), this background will appear in box C in addition to box
S in figure4.2|.

The different selection technique employed for the K particles necessitated by
its long lifetime, significantly affected the background distributions for the CP tags

involving K particles. The CP tagged modes involving K particles were therefore
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Figure 4.2: Signal and sideband boxes for a Monte Carlo sample of double tagged
neutral D mesons. The red data points illustrate events which were fully recon-
structed candidates which have full association with a Monte Carlo decay. The
black points refer to background data.D; refers to the D particle which decays to
the signal decay while Dy refers to the particle decaying to the relevant tag.

treated separately from the other modes when considering background contamina-
tion.

In order to determine the shape and level of each background category within
the signal region both Monte Carlo and genuine data were used. In particular the
“generic Monte-Carlo” sample was used in this study. This was a simulation of
¥(3770) — DD decays in the CLEO-c detector. Two separate generic Monte Carlo
samples were available, corresponding to 20 and 30 times the integrated luminosity
which was available in the corresponding data samples. “Continuum Monte-Carlo”
samples were also used for background studies for the CP samples. This Monte
Carlo sample consisted of continuum e®e™ events and corresponded to a luminosity

5 times greater than the corresponding data samples.
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4.6.3 Background Levels

It was then necessary to establish the proportion of events likely to be made up of
each background type within each signal sample.

In the case of the flat tagged background in order to determine the expected
fraction of this type of background expected in the signal sample the ratio, Rrp
was calculated, where Rrp is the ratio of the number of this category of MC events
in the signal box to the number of MC events in sideband A (which is comprised

entirely of tagged flat background):

R _ Number of tagged flat MC events in S (4.1)
e Number of MC events in A ' '

The case is more complicated for the D™D~ and continuum backgrounds since these
backgrounds are simulated in separate MC samples of separate sizes and both occur
in sideband C of the signal sample. The number of D™D~ events present in the
generic MC sample is expected to be 22.22 times greater than that present in data,
where as the continuum Monte Carlo is five times larger than the data sample. w is
defined as the weight which must be applied to the continuum Monte Carlo sample
in order to account for its smaller size compared to the D™D~ events generated in
the generic MC sample, and has the value w = 2222 = 4.444. It was then possible

5
to calculate the ratios Rp+p- and Reon::

Number of D™D~ MC events in S

Rpip- = (4.2)
Number of Dt D~ MC events in C + W X Number of continuum MC events in S
(4.3)
w X Number of continuum MC events in S
Rcont (44>

Number of DT D~ MC events in C + W X Number of continuum MC events in S )
In order to scale between the Monte Carlo and data samples, the scale factor s is
calculated:

Ysidebands Number of data events (4.5)
5 = . ‘
Ysidevands Number of Monte Carlo events

The number of expected events of these background categories in a particular CP

tagged sample, 7, is then given by:

ND+D—(i) = sX RD+D— (46)
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X (Number of DY D~ MC events in C in sample i
-+ W X Number of continuum MC events in S in sample z)
Ncont(i) = sX Rcont (47)
X (Number of DT D~ MC events in C in sample i
-+ W X Number of continuum MC events in S in sample z)

NTF(Z) = sX RTF X (Number of MC events in A in sample z) (48)

In the case of the peaking backgrounds, which do not occur in the sidebands, the
number of expected events of each category is estimated simply by scaling the num-
ber of Monte Carlo events which occur in the signal box of a particular CP tagged
sample to the luminosity of the data sample. The number of neutral DD pairs
produced in the combined generic MC samples is expected to equal 22.78 times that
of the data. Therefore the estimated number of signal peaking, Ngp(i) and tag

peaking, Nrp(i) events in a particular CP tagged sample, 4, is estimated by:

Number of Signal Peaking MC events in S in sample %

. Number of Tag Peaking MC events in S in sample %
Nrp(i) = 535 : (4.10)

A separate background fraction was calculated in this way for each category of
background for each of the CP even and odd data samples and also for each of the
16 bins in both the K9rT7n~ and Kpm 7~ samples. The background estimations
were carried out separately for the tagged modes which involved a K particle.
In the case of the CP even data both K, and non K background sources were
present. The background fractions involving K, particles are listed in table 4.6 and
the background from tags not involving K particles are listed in table 4.6.

In the final fit the fractions of each distribution were fixed to the values described
in tables (4.5 and 4.5. Plots of the background distributions for the CP tagged data

are shown in appendix A.
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‘ ‘ DtD— ‘ Continuum ‘ Tagged Flat ‘ Tag Peaked ‘ Signal Peaked ‘ Total
CP Even 0.028+0.002 | 0.1264+0.011 | 0.006+0.001 | 0.002+0.001 0.059+0.007 0.221+0.014
CP 0Odd 0.00240.001 | 0.008+0.002 0.00440.001 0.03+0.006 0.11540.013 0.16+0.014

Kgﬂr*w* Bin 1 | 0.014+0.005 | 0.062+0.021 | 0.002+0.002 | 0.009+0.009 0.263+0.048 0.349+0.053
K2W+7r_ Bin 2 | 0.00940.003 | 0.04140.015 0.0£0.0 0.0£0.0 0.09940.032 0.149+0.036
Kgﬂr*w* Bin 3 | 0.004+0.004 | 0.01840.017 | 0.004+0.004 0.04+0.0 0.13240.044 0.1574+0.048
Kgﬂ+7r_ Bin 4 | 0.0064+0.004 | 0.026+0.019 0.0£0.0 0.01540.015 0.0£0.0 0.046+0.024
Kgﬂﬂf Bin 5 | 0.004+0.002 | 0.017+0.007 0.04+0.0 0.00540.006 0.082+0.02 0.109+0.022
Kgﬂ+7r_ Bin 6 | 0.0014+0.001 | 0.003£0.003 0.0£0.0 0.0£0.0 0.03340.019 0.037+0.02
Kgﬂrﬂr* Bin 7 | 0.001+0.001 | 0.00440.004 0.04+0.0 0.0154+0.015 0.13240.043 0.1514+0.046
Kgﬂ+7r_ Bin 8 | 0.0054+0.002 | 0.02440.008 0.0£0.0 0.00940.009 0.2240.044 0.258+0.046
Kgﬂrﬂf Bin -1 | 0.014+0.003 | 0.0654+0.016 0.04+0.0 0.015+0.015 0.19+0.051 0.284+0.056
Kgﬂ+7r_ Bin -2 | 0.0134+0.006 | 0.06140.029 0.0£0.0 0.0£0.0 0.43940.137 0.513+0.14
Kgﬂrﬂf Bin -3 | 0.003+0.002 | 0.015+0.01 0.04+0.0 0.04+0.0 0.037+0.016 0.055+0.019
Kg«ﬂ+7r_ Bin -4 0.0£0.0 0.0£0.0 0.0£0.0 0.04440.025 0.07340.033 0.117+0.041
Kgﬂrﬂf Bin -5 | 0.003+0.001 | 0.01540.005 0.04+0.0 0.04+0.0 0.11440.033 0.1324+0.034
Kgﬂ+7r_ Bin -6 | 0.01940.007 | 0.085+0.03 0.0£0.0 0.0£0.0 0.39540.133 0.499+0.136
ng+7f Bin -7 | 0.009+0.005 | 0.0440.023 0.04+0.0 0.044+0.024 0.22+0.058 0.3124+0.067
K2~7T+7r_ Bin -8 | 0.0064+0.002 | 0.027+0.01 0.0£0.0 0.0£0.0 0.07340.023 0.106+0.025

Table 4.5:

The background fractions for each of the five background categories.

The above numbers apply to the background from CP tags which did not involve
K, particles. The bins referred to here will be described in chapter 5.

‘ DtD~ ‘ Continuum ‘ Tagged Flat ‘ Tag Peaked ‘ Signal Peaked ‘ Total ‘
CP Even 0.02+0.002 | 0.01£0.001 0.034£0.004 | 0.008+0.003 0.073£0.008 0.1454+0.01
Kpntn~ Bin 1 | 0.035£0.005 | 0.01740.003 | 0.059+0.009 0.0+0.0 0.084+0.016 0.195+0.019
KpmT7~ Bin 2 | 0.02840.009 | 0.01340.004 0.0474+0.014 0.0£0.0 0.12140.037 0.208+0.041
Kpntn~™ Bin 3 | 0.011£0.004 | 0.00540.002 | 0.01940.007 0.0+0.0 0.033+£0.013 0.069+0.016
KpmT7~ Bin 4 | 0.02340.008 | 0.01140.004 0.03840.013 0.0+0.0 0.040.0 0.0724+0.016
Kpntn~™ Bin 5 | 0.0384£0.009 | 0.01840.004 | 0.064+0.015 0.0+0.0 0.158+0.039 0.279+0.043
KpmT7~ Bin 6 | 0.02540.007 | 0.01240.003 0.04240.011 0.0+0.0 0.11740.03 0.197+0.033
Kpntn~™ Bin 7 | 0.02840.008 | 0.01340.004 | 0.04740.014 0.0+0.0 0.165+0.043 0.252+0.046
Kpm™7~ Bin 8 | 0.05540.009 | 0.0264-0.004 0.0924+0.015 0.0+0.0 0.14+0.025 0.2734+0.031
Kpntn~ Bin -1 | 0.02840.004 | 0.01340.002 | 0.0464-0.007 0.0+0.0 0.091+0.016 0.178+0.018
Kpmt7~ Bin -2 | 0.03£0.009 | 0.0144:0.004 0.05140.015 0.0+0.0 0.13240.04 0.2274+0.044
Kpntn~ Bin -3 | 0.045+0.016 | 0.02240.007 | 0.07640.026 0.0+0.0 0.088+0.043 0.231+0.053
Ky m"7~ Bin -4 0.0+0.0 0.0+0.0 0.040.0 0.0+0.0 0.0£0.0 0.0+0.0
Kpntn~ Bin -5 | 0.056+0.017 | 0.02640.008 | 0.09340.028 0.0+0.0 0.329+0.082 0.504+0.088
Kym™7~ Bin -6 | 0.01840.006 | 0.0094-0.003 0.031+0.01 0.0£0.0 0.0740.025 0.128+0.028
Kpntn~ Bin -7 | 0.0540.013 | 0.02440.006 | 0.085+0.022 0.0+0.0 0.161+0.05 0.324+0.056
Kpm"7~ Bin -8 | 0.02640.007 | 0.01240.003 | 0.044+0.012 0.0+0.0 0.097+0.03 0.179+0.033

Table 4.6: The background fractions for each of the five background categories. The
above numbers apply to the background from CP tags which involved K particles..
The bins referred to here will be described in chapter 5.
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4.7 Summary

In this chapter the event selection for the flavour tagged and CP tagged datasets
has been described. The background and mistagging levels for each dataset has also
been described. This work was carried out by other members of the UK CLEO

group but has been included in this thesis for completeness.



Chapter 5

Preparing the Amplitude Fit

5.1 Introduction

In this chapter the procedure required for the four body D — KT K 7t7~ ampli-
tude analysis will be described. The details of the isobar model used to describe this
decay are explained in addition to the treatment of the backgrounds and acceptances
which are unique to this study. The technical details of the fitting framework are

also explained in this chapter.

5.2 Four-Body Amplitude Fitting

Four-body amplitude fitting presents additional difficulties compared to three-body
Dalitz fits. As described in chapter [1, in order to parametrize fully the final state
five independent parameters are required. It is usual to choose these from the
combinations of two-body and three-body invariant masses squared of the final state
particles. The choice which is made for this study is: ss34 = to1, S12, S23, S34,
S123 = tos, using the convention s;; = (p; + p;)* and t;; = (p; — p;)?, where the
particles D°, K, K=, ", ©— are labeled 0, 1, 2, 3, 4 respectively. (The fitting
procedure actually makes use of the four vectors of each daughter particle, although
these variables are not all independent. However when the y? values are calculated
and illustrating the plots only the five, Lorentz invariant, Dalitz variables are used.)
As described in chapter 1] the phase space for a four-body decay is unbounded.
The amplitude structure is also more complicated for a four-body final state, as the

decay may proceed via either one or two intermediate resonances. One resonant

79
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sequence of decay, which is possible for the four body case, occurs when the decay
cascades to the final state via two intermediate two body states. An example of this
is the decay: D — K=K (1270)(7 " K*(892)(K*7~)). In addition to decays such
as D° — K*(892)(K*n~)K 7T, decays such as D° — ¢(KTK~)p(nT7~) may also
occur. This leads to a probability density function which is more sharply peaking
than that for a three body decay since it contains terms which are proportional to
|A;A;|? in addition to terms proportional to only one amplitude, | A;|>. This presents
technical difficulties in event generation and fitting.

In this study an isobar model is used to describe the decay. In the isobar model
the full decay amplitude, Apo, is written as a coherent sum of individual resonant

terms corresponding to each intermediate state:
Apo = Z a;Ai(tor, S12, 523, 834, toa) (5.1)
i

where a; is a complex factor corresponding to the intermediate state i and A; gives
an amplitude term relating to a single resonant or non-resonant intermediate state.
It is the real and imaginary parts of a; which are determined in the amplitude fit.

As described in chapter 1, A; is given by a product of three terms:
A, = F-s;-BW (5.2)

where [ specifies the relative angular momentum between the decay particles, and
s; is a Lorentz invariant “spin factor” which takes into account overall angular
momentum conservation and is dependent on both the spin of the resonance(s) and
the orbital angular momentum of the decay. These factors are used as specified in
[70] and are listed in appendix(B. F} is the “Blatt Weisskopf” penetration factor [71]
which attempts to account for the underlying quark structure of the decaying particle
and the intermediate resoances. Finally BW gives the lineshape of the decay with
the most common choice being the relativistic Breit-Wigner lineshape [73], although
in the case of the D — fo(7mT7n~)KTK~ decay an alternative lineshape (the Flatte
lineshape) is also considered in the analysis presented in this thesis. In the case of
non-resonant decays F; and BW are defined to be one.

In the case of intermediate states with two resonances this amplitude is given

by:

Ai = S5 BW1 . BW2 . El . EQ (53)
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5.3 Introduction to Mint

The MINT framework is a general software package [72] used for generating and
fitting decays to multi-body final states.

5.3.1 Event Generation

The highly peaked nature of the probability density function, combined with the
non-flat (and unbounded) nature of the phase space distribution for four-body decays
presents difficulties for efficient four-body event generation. In particular because
there is no upper bound on the phase space density, it is not possible to use an
“accept-reject” selection in order to generate phase space distributed events, let
alone events distributed according to a sharply peaked resonant model. In order
to overcome these problems, events are generated according to a distribution which
approximates the peaking nature of the final PDF. These events are then weighted
and an accept-reject procedure can be carried out on these events more efficiently.

The generation of events according to the approximate PDF will now be de-
scribed. It can be shown , that the phase space integral for an n-body final state
can be written in terms of the integrated two-body phase spaces for intermediate

states. In particular the four-body phase space integral, R4, may be written as:
Ry = /Rz(MD2; s12, 531) Ro(s12;m3, m3) Ra(s343m3, m3)dsiadsss  (5.4)

where Ry(M?3%;m%, m%) is the integrated two-body phase space for the decay

A — BC'. This approach works for all decay sequences but one. The only sequence
which must be treated distinctly is for decays of the type D — PyA(— P3;B(—
P PR,)) (for example the decay: D — K~ K, (1270)(x T K*(892)(KT7~))) . In this

case the integrated phase space can be written as:
Ry = /RQ(MD2; S123, M) Ra (81235 S12, m3) Ra(12; mY, m3)ds1a3dsia.  (5.5)

Therefore considering a single intermediate resonant amplitude, the probability, P,
of an event with invariant mass squared values between si15 and s15 + dsio and
between s34 and s34 + dssy4 is given by:

P = |A(812> S34)|2d512d534R2(MD2; 512, 534) (5.6)

X Ry(s12;m3, m3) Ry(s34;m3, m7)
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Considering a simple Breit-Wigner function for particle with mass M and decay

width I

1
BW = .
W= pr oy (5.7)

and defining the variable p such that s;; = MT tan(p;;) + M? = BW(S)g—Z = a5, it
is then possible to generate a simple Breit-Wigner function by generating flat values
of p between —7 and 5. Therefore expression [5.6 may be rewritten as:

1
P = mdplzdpg4R2(MD2; 512, 334)R2(812; m%, m%)Rz(sM; mﬁ, mi) (5‘8>

where the amplitude has been approximated by the simple Breit-Wigner amplitude
of [5.7. Events are therefore generated by generating flat pairs of p12, p34 and then
weighting these events by Ro(Mpz; s12, $34) Ra(S12; m?, m3) Ra(s34; m3, m3). The full
decay chain may then be generated with the corresponding fixed values of s and
s34. In this way each of the intermediate states are generated separately. The
generator probability density function, “generated PDF” is therefore given by an

incoherent sum of simplified Breit-Wigner functions:

d®¢
G ted PDF = BW,|?
enerate E | BWy| ds

k

(5.9)

where the sum is over all of the intermediate states. Having generated weighted

events according to the distribution 5.9, the (phase-space) weights of events are

then multiplied by the factor Geriligtg(?IEDF'

The maximum weight of the events is then estimated according to the “gener-
alised Pareto distribution” [75]. It can be shown that tails of functions which satisfy
certain conditions can be modelled using the generalised Pareto distribution. This
is a function which for a particular choice of parameters reduces to an exponential
and is able to reproduce a continuous range of shapes. The value of the maximum
weight is estimated by fitting the Pareto function to the largest n weights (where n
depends on the confidence level required).

Having estimated this maximum value an accept-reject procedure is then carried
out on the weighted events. The generator function, though not equal to the full

PDF, approximates the peaking structure so that the accept and reject procedure
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is much more efficient in terms of CPU. This therefore achieves unweighted event
generation according to the full probability density function accounting for interfer-
ence affects, mass dependent widths and any other acceptance or efficiency effects

which are included in the full distribution function.

5.3.2 Event Fitting

In addition to the probability density function which describes the signal as given
in expression 5.1, background distributions may be added incoherently in order to

give the full probability distribution function.
PDF =Sx f+Bx(1—f) (5.10)

where S gives the normalised signal distribution, B the normalised background
distribution and f the fraction of events which consist of signal. This process can

be expanded to include more than one background component:
B:Bl Xbl+BQ X (]_—bl) (511)

Any signal or background component may also include a multiplicative function (of
the particles’ four momenta) to account for acceptance effects, for example expres-

sion [5.1/may include a function, e:

S = €(po,p1,p2, p3, pa)r4] Z a; Ai(tor, 512, 523, 534, toa)|” (5.12)
where 74 is the four body phase space density (ry = %). The values of the complex

parameters a; are determined during the fit. These may be fit either in terms of
the phase and modulus of each value of a; or in terms of the Cartesian real and
imaginary parts of a;. One member of the a; parameter set is fixed to an arbitrary
value (by convention (1,0)) during the fit, in order to fix the overall normalization
and phase to which the fit is not sensitive. A log-likelihood fit is carried out to all
remaining members of the a; parameter set. The log-likelihood function is defined

by:

log(£) = Y log(PDF(event)) (5.13)

events
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If a number of separate event sets with different efficiency functions, and different
background distributions are to be fit simultaneously the log-likelihood function is

given by:

log(£)= Y > log(PDF;(event;)) (5.14)

sample; event;

where:

PDF; = ¢i(po,p1, P2, P3, Pa)rl Z%Ak(t01,5127323,834,7504)|2 xs; (5.15)
k
-+ BZ X (1 — Si)-
The maximum of the log-likelihood function is found using the MINUIT package
[76].
5.3.3 Normalisation

When more than one function is added incoherently as in the case of expression
the individual functions must be properly normalised. In order to normalize the
signal and background PDFs of 5.10 large numbers of weighted Monte Carlo events

are generated. The normalisation is then calculated as shown:

Not = [ [A(a)elprao)ds 5,16
N .
~ ~ ® Z Welghtevent X G(p) X |Aevent|2’ (517>
Zevents Weightevent events Geneve'ﬂt

where A represents the amplitude function of expression p represents the mea-
sured particles four momenta, x represents the fitted parameters, Gen represents the
generator PDF relative to phase space, Weight represents the weight of the generated
event (if unweighted Monte Carlo events are used for normalisation: Weight = 1
for all events) and ® represents the total volume of allowed phase space. The num-
ber of events required such that expression [5.17 approximates expression |5.16 with
sufficient precision is calculated by evaluating the variance of expression [5.17 and

ensuring that:

precision” x mean® > variance (5.18)
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where “precision” is the specified required precision and “mean” and “variance”
are the mean and variance of [5.17| respectively. Events are generated until the

requirement of [5.18 is satisfied. In the case of the isobar signal PDF (5.12) the

normalisation, as calculated from N unweighted Monte Carlo events is therefore

given by:
1 a (po, P1, P2, P3; Pa)
Norm = Nﬁ;s Cen Zaz (o1, $12, 523, 534, toa)|?] (5.19)
_ 1 a Po,Pl,P2,p37p4) (5.20)
N Geneyent

X ZZ aia;A; (tor, S12, S23, S34, toa) A (tor, S12, S23, S34, toa)]]

1 *
- N;;[ai% (5.21)

Z [f(pmp1,p2,p3,p4)A§F(t01,31273237534,1504)/13'(1501,312,323,834,7504)”
Genevent .

events
Note that the order in which the summation of amplitudes and events is carried
out is switched from [5.20] to [5.21, this means that the Hermitian matrix M;; =
Zg}enm eA7A; may be calculated once and then saved. In this way the time con-

suming sum over a large number of events need not be recalculated each time the

values of the parameters a; are changed during the fitting procedure.

5.3.4 Fit Quality

In order to quantify the quality of the fit, a value of y? is determined. The phase
space is enclosed in a five dimensional region. The box in each dimension is divided in
half creating 32 equal bins. Each box which has more than a maximum number (100)
of data events is divided in the same manner into a further 32 boxes. This process
is continued iteratively until all boxes contain less than the maximum number of
events. The boxes are then sorted according to the number of events contained in
them. Starting from the box containing the fewest events, each box is combined with
the box containing the next fewest events until the resulting box has a minimum
number (50) of events. This process is repeated until all boxes contain the minimum

number of events or more.
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The x? per degree of freedom is then calculated in the usual way:

2
1 Z (Ne:cpected,i - Neventsﬂ)

2
= 5.22
XDOF (Nbins - Nparameters - 1) ( )

bin Nezpected,i

where Npgrameters 15 the number of parameters that were allowed to float during the
fit. The number of bins is subtracted by 1 in the denominator of equation[5.22 since
the number of events in the final bin is determined by the overall normalisation and
so does not represent a degree of freedom. Negpecreqi gives the number of events in
the bin ¢ predicted by the PDF (5.10). In general therefore Negpecteq,i s given by the
integral of the PDF function across the ith x? bin. In order to calculate this value a
large M C' sample is generated according to a PDF, PDF.,. The expected number

of events in each bin, 7, Neypecred,i according to PDF' is then given by:

Nempected,i = Norm X Z MCweight<event) (523>

MC events in bin
Total number of data events

Norm = 5.24
Z all MC events MC’weight(event> ( )

PDF(event) x weight(event)
MCyei t) = 5.25
ani(event) PDF,.,(event) (5:25)
|A|? x € x weight(event)

Genevent

where weight (event) gives the weight of the MC event, Gen gives the generator PDF
of the MC event, relative to phase space, € represents the factor which accounts for

acceptance affects and A represents the D° decay amplitude of expression [5.1l

5.3.5 Fit Fraction

The “fit fraction” is also calculated for each resonant component which has been fit.
As for three body decays the fit fraction is defined for a resonance r as the value
of |a,|?|A,|? integrated over the entire kinematically allowed region divided by the
integrated value of |Apo|?>. This gives a convention independent measurement of
the contribution of each resonance to the total decay. The fit fraction is calculated

numerically to a specified precision.
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1:  Sum of pull distribution of all fitted parameters from MC D° —
Kta~ntn~ verification studies.

5.4 Fitter Verification

5.4.1

Self Consistency

In order to verify the self consistency of the MINT four body generation and fitting

a pull study was conducted. One thousand sets of 10000 Dy — K77~ 7" events

were generated according to a simple amplitude model, consisting of six resonant and

one non resonant component. The complex amplitudes of the generated model were

then fit back with one component (a;(1260)(— pm)K) fixed to avoid any redundant

free parameters. The fitted complex amplitudes were then compared to the input

values.
Parameter Input Values | Mean Pull Value | Width of Pull Values
1 K,(1270)(— pK)m Real 0.080 -0.053 £ 0.032 0.98 £ 0.02
2 K1(1270)(— pK)m Imaginary 0.030 -0.092 £ 0.033 1.02 + 0.03
3 K (892)(— 7K Real 21,030 0.057 = 0.034 0.98 £ 0.03
4 K (892)(— wK)mr Imaginary 0.180 -0.014 £ 0.031 0.94 £ 0.02
5 K (392)(— 7K)p Real 20.010 013 =+ 0.031 0.97 + 0.03
6 K (892)(— 7K)p Imaginary 0.300 -0.136 £ 0.033 0.98 £ 0.03
7 | K (892)(— 7K)p D-wave Real -0.060 0.071 £ 0.032 0.96 £ 0.02
8 | K (892)(— nK)p D-wave Imaginary 0.130 0.009 4+ 0.034 1.00 £+ 0.03
9 Non Resonant Real 0.190 0.005 £ 0.033 1.02 £ 0.03
10 Non Resonant Imaginary -0.290 0.042 £+ 0.033 1.00 + 0.02
11 pKm Real 0.170 -0.049 £ 0.034 1.02 + 0.03
12 pKm Imaginary -0.040 -0.005 £ 0.034 1.02 £ 0.02
13 1(1260)(— pm)K Real 1.00 0.0 = 0.0 0.0
14 a1(1260)(— pm) K Imaginary 0.00 0.0 + 0.0 0.0
Table 5.1: Table of pull results to test self consistency of four body amplitude fitter.
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The pull value of each fitted component for each returned fit is calculated in the

_ Fitted Value — Input Value
= —TFrror on Fitted Valuo The pull values of the 12 fitted

variables were fitted to a Gaussian the combined pulls from all variables added

usual way: pull

together are plotted in figure [5.1. The results for each component are reported in
table[5.1. For an unbiased fit with correctly determined uncertainties the pull values
are expected to follow a Gaussian distribution centered around 0 with a width of
1.0. The pull results are consistent with a Gaussian of width 1.0. The central values
are for the most part consistent with 0, but do have deviations from 0 which are
greater than would be expected from a random selection of independent variables.
This can be attributed to correlations between the variables. It may be concluded
however that the generation and fitting of MINT is at least sufficiently self consistent

to analyse the data samples considered in this thesis.

5.5 Combining D’ and D’ Decays

Each of the flavour tagged datasets consisted of both DY and D’ decays. In order to
determine the parameters of the D° — K+ K~ 7t7~ decay, the D’ = KK rntn
decays were “CP flipped” and combined with the D° — KK~ 7"~ decays. In
order to CP flip these decays each particle in the decay was switched with its con-
jugate particle (i.e. 77 < 77, KT < K7) and its 3-momentum was transformed:
P, — —P_,. This operation assumes that CP violation is negligible. This assump-

tion is tested seperately in a later step of this analysis.

5.6 Backgrounds to the Flavour Tagged Datasets

5.6.1 Modelling the Flat Background

Since the conditions under which the signal events were produced was distinct for
each dataset, with different experimental configurations and decay topologies, the
level and shape of the background is expected to differ for each data set and so
was modeled separately. The background characteristics were studied using data
collected in the sideband samples selected for each dataset as presented in chapter
4. The sidebands are the regions of phase space which fail the mass cuts but are

otherwise consistent with the signal decay such as boxes A and B of figure 4.2.
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In order to describe each of these background distributions a model was required.
The background was expected to result from random combinations of the four final
state particles K™, K—, 7", n~, in addition to random combinations of resonances
and final state particles which decay to the same final state but did not originate from
a single DY. Any resonance which may contribute to the signal was also considered
as a possible contribution to the background. The combinations of K+, K—, «t, 7~
were assumed to follow a phase space distribution. The resonant contributions were
modeled with Breit-Wigner lineshapes with no form factors or angular distribution.
The usual angular dependences of the resonant decays were not included in the
model since the background particles did not decay from a D° but rather from a
variety of unknown decay topologies. The various contributions to the background
would not interfere and therefore were added incoherently in the background model

as shown in equation [5.26:

PDFbackground - 7'4(]7) (anr + Z GT’BWTP) : (526)

The real numbers a,,, a,, which determine the contribution of the non resonant
component and each resonant component, r, respectively were determined in the fit.

In order to determine which combinations of resonances would best describe the
background distribution for each dataset, the x? per degree of freedom was calculated
for each fit as described in section Combinations of resonances were considered
which in each case included a ¢ resonance, a p resonance, a K;(1270) resonance, and
a fo resonance, in addition to the non resonant component. The five combinations
which best described the background sample as indicated by the x? value were then
fit again with an additional component included. For each combination of resonances
any resonance with a fit fraction of less than 0.5% was removed and another fit was
attempted with the remaining components. This process was carried out iteratively
for each sample until no further improvement in the x? per degree of freedom was
achieved. Of all the attempted configurations the one with the best y? per degree of
freedom was selected. The fit fractions of each resonant and non-resonant component
in each of the final background models are shown in table [5.2.

The projections of the fitted background samples in the invariant mass squared

variables are illustrated in figures|5.2,15.3,/5.4'and[5.5. These flat background models
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and the fraction of events in the signal region which result from these backgrounds
were then fixed in the final PDF for each flavour tagged sample as described in
chapter [5. The background projections show that the background to each dataset

has a distinct shape, This is expected because each of the datasets, results from

either a significantly different detector configeration, selection procedure or both.

[ CLEO-IL.V | CLEO-III | CLEO-c 3770 | CLEO-c 4170 |

K1 (1270)~ (— K, (1430),77), K+ - - 0.019+40.064 -
K1(1270)F (= K*(892),7%), K~ [ 0.053£0.015 - - -
K1(1270)~ (— Ko (892), ), K* | 0.006+0.015 | 0.032:£0.015 | 0.033£0.021 -

K1(1270)" (= p(770), K7), K~ - - 0.00540.013 -
K1(1400)" (= K;(892),7"), K~ - 0.055+0.014 | 0.015£0.023 -
$(1020), 7 ¥ 7 - 0.079+0.011 | 0.143£0.022 | 0.102+0.013
K*(892) K*(892) 0.00740.012 | 0.045+0.014 | 0.101£0.019 | 0.01£0.017
$(1020)p(770) -£0.004 - - -
K*(892), K 7~ - - - 0.03240.023
f(0)(980), K™, K~ 0.0334+0.047 | 0.128+0.049 | 0.293£0.118 -
KV K nfm 0.89940.048 | 0.661+0.046 | 0.373£0.103 | 0.516+0.078
p(TT0) K, K~ - - - 0.24340.034
K*(892), K, 7" - - 0.01740.035 | 0.098+0.025
| x*> per DOF | 132 | 1.2 | 1.17 | 2.13 |

Table 5.2: The fit fractions of each contribution to the background for each dataset.

5.6.2 Peaking Background: D' — Ki(rtn ) K"K~

In addition to the flat background described above it was also necessary to consider
other backgrounds that did not appear in the sideband regions but instead peaked
within the signal box. This type of background is likely to result from other decays
of D° which pass the selection cuts. Monte Carlo studies were performed in order to
evaluate these types of backgrounds. In the case of the CLEO-II.V and CLEO-III
samples there was an expected contribution from D° — K2 (7 "7~ )KTK~ decays,
but the level was sufficiently small that this background could be neglected. However
in the case of the lower energy CLEO-c samples, since the K2 did not travel as
far before decaying it was not possible to suppress all decays of the type D’ —
K2(mT7n7)KT K~ from the signal region and thus these samples did suffer a non

negligible contribution from this background.
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Figure 5.2: Projections of fitted result(red) against selected data(black) for the
background sample from the CLEO-IL.V sample.
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Figure 5.3: Projections of fitted result(red) against selected data(black) for the
background sample from the CLEO-III sample.
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Figure 5.4: Projections of fitted result(red) against selected data(black) for the
background sample from the CLEO-c 3770 sample.
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Figure 5.5: Projections of fitted result(red) against selected data(black) for the
background sample from the CLEO-c 4170 sample.
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Monte Carlo studies suggested that the level of this background would lie at the
3% level in the case of the 3770 MeV sample, and a little less for the 4170 MeV
sample where the K% momentum is higher. However due to the peaking nature of
this background it was not possible to measure its level from the sidebands for either
CLEO-c dataset. Therefore the level of this peaking background for each sample was
allowed to float as a free parameter during the final fit to the signal distributions.
The results of these fits are illustrated in section

In order to determine the shape of this background in the signal region, a sample
of events was collected from the signal region of the CLEO-c data samples containing
all events which failed the “K% veto” cuts. (These are the cuts which are applied
specifically to reduce the DY — K2(7t7~)K*TK~ background).

Although the Dy — KJKTK™ is a three-body decay for which a Dalitz model
exists, , in the present analysis it is necessary to construct an empirical four body
amplitude model to describe how the final state particles are distributed and enter
as background to the signal decay. An amplitude model was developed to model
this sample. In this model the K2 was treated as a resonance with a width of 100
MeV which accounted for the smearing due to the non-zero detector resolution in
measuring the K. The resonant contributions to the D° — KKK~ decay which
were considered in order to form the Dalitz model for the full decay were those
listed in [22]. In this case the fitted PDF consisted of a coherent sum of all reso-
nant contributions including their angular dependences. The values of the complex
amplitudes corresponding to each resonant contribution were obtained during the
fit. The best configuration of resonances was then determined by beginning with
a pure KgK ™K~ model and adding resonances one at a time, and removing those
which had a small fit fraction. The models which had the smallest y? per degree
of freedom were then selected. These fits were carried out separately for the 3770
and 4170 CLEO-c samples. The mass projections of the fits to these samples are
shown in figures and [5.7. The fit fractions are illustrated in [5.3. It may be
noted that the sum of fit fractions for these samples are very large, which indicates
a large degree of intereference between the components which are included. The y?
value in particular for the 4170 sample does not indicate a very good fit for this
model. Uncertainties in these models were however considered as a systematic, this

is discussed in chapter (6.
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’ Contribution ‘ Fit Fraction 3770 ‘ Fit Fraction 4170
ag (1450)(— KoK ™)K~ 1.15 + 0.43 0.06 £+ 0.09
ao(1450)(— KK~ )K$ 2.38 £ 0.78 2.86 + 0.75
ag (980)(— KSKT)K~ 0.05 4+ 0.03 0.11 £+ 0.06
ao(980)(— KTK ™)K} 0.22 £+ 0.03 0.19 £+ 0.03
$(1020)(— KTK ™)K} 0.24 £+ 0.12 0.17 £+ 0.08

KYKTK~ 4.31 £ 1.72 3.056 + 1.13
’ x? per degree of freedom \ 1.62 \ 2.93 ‘

Table 5.3: The fit fractions of components contributing to the D — KKK~

background.
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Figure 5.7: Projections of fitted result(red) against selected data(black) for the
background sample from the KgK ™K~ sample CLEO-c 4170 sample.

5.7 Backgrounds to the CP-tagged Datasets

The CP-tagged datasets were contaminated by background events which could be
divided into categories which have been described in section[4.6.20 Both the generic
and continuim Monte Carlo samples (as described in section [4.6.2) and data were
used in order to collect background samples from which the shape of each back-
ground category was modelled. The full model obtained for each of the CP tagged

background models are listed in appendix A but are described more generally here..

5.7.1 Flat Tagged Background

In order to characterise the behaviour of this background, data were selected from
the sidebands (of the tagged side D meson) of the generic Monte Carlo and data
samples, illustrated by box A of[4.2. The samples were combined and events from
each Monte Carlo sample were weighted accordingly (for example those from the 20
times luminosity sample were weighted by 0.05).

Since the events were incorrectly tagged the D — KK w7~ events did not

have the CP correlations of a tagged CP sample. The D — KTK 7nt7x~ decays
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were therefore assumed to be comprised of equal proportions of uncorrelated D° and
D’ decays. The PDF used to model this background was therefore an incoherent

sum of the D° and D’ decay amplitudes, A and A:
_ Lo e
PDF = 2(|A\ + |AJ%). (5.27)

In order to model the amplitude A a coherent amplitude model was used. Since
only a small sample was available to fit, it was not possible to calculate a reliable
x? value for this background sample. The final model was therefore determined by
inspection of the mass projections for each configuration of resonances, in order to
determine which configuration best matched the sample. The mass projections from
the fit to this background sample are illustrated in figure for all modes which do

not contain a K? particle and figure[5.9 for modes containing a K?.

5.7.2 Tagged Peaking Background

A sample of this background was collected from the signal box (box S in figure [4.2)
of the generic Monte Carlo samples, in this case the truth information available for
the Monte Carlo sample enabled these events to be distinguished from genuine signal
and other background events. The tagged peaking background, as for the flat tagged
background, was assumed to be comprised of equal proportions of uncorrelated D°
and D decays, and was therefore modeled with the PDF of expression Again
a coherent amplitude model was used to describe the D° decay amplitude, A. The
mass projections for the fits to the tagged peaking background samples with all
modes except those involving K9 particles are illustrated in figure [5.10 and those

modes involving K? particles are illustrated in figure [5.11.

5.7.3 Peaking Signal Background

A peaking signal sample was collected from the signal box of the generic Monte Carlo
samples. Monte Carlo studies revealed that the peaking signal background was com-
prised entirely of K2K K~ decays. Therefore this background component was mod-
eled as an incoherent sum of D° — KO(rtn )K+*K~ and D’ — K%(ntr ) K+ K~
decays. The PDF which was fit was again that of expression [5.27 where the ampli-
tude A now describes the D' — K2 (77~ )KT K~ decay. This decay was modeled
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in the same way as was described for the peaking background for the flavour tagged

sample. The fitted mass projections are illustrated in figures and

5.7.4 D™D~ Background

A sample of D™D~ background events was collected from the generic Monte Carlo
sample. In addition to appearing within the signal box the D™D~ background also
occurs within box C of figurel4.2. The D' D~ background category was modeled with
the PDF of expression since it was assumed that the D* decay would follow
a similar structure to that of the neutral D decays. A coherent D° — K+ K —ntn~
amplitude model was used to model the decay amplitude, A. The mass projections

for the fits to this background sample are illustrated in figures|5.14 and [5.15.

5.7.5 Continuum Background

The continuum Monte Carlo sample was used to collect a sample of events in order
to deduce the shape of the continuum background. In addition to appearing within
the signal box the continuum background also occurs within box C of figure [5.27.
The continuum background was assumed to be comprised of random combinations
of KT, K—, #t, 7~ and resonant particles and was therefore modeled with an
incoherent amplitude model. There was no distinction between different CP tagged
modes for the continuum background sample and so the K? and other modes were
not treated separately for this background category. The mass projections for the

fits to this background sample are illustrated in figure[5.16

5.8 Mistagging in Flavour Tagged Samples

In the fit to flavour tagged data in order to account for mistags, the signal PDF was

altered to:

PDF,, = (1-w)A]*+w|AJ (5.28)

where A is the amplitude for the D° — K+ K~nt7~ decay, A is the corresponding

amplitude for the D’ K*K~ntm~ decay and w is the mis-tag rate. The amplitude
for the conjugate decay, A, is related to that of the D° decay, A according to:

A(Ewi,Ki yPrty Pr— PK+, pK*) = Z(EW¥,K¥7 Pz 7 Prt+t, " PK—» _pKJr) (529)
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Figure 5.12: Projections of fitted result(red) against selected data(black) for the
background sample from the “Signal Peaking” sample for all CP modes not involving

a K, particle.
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Figure 5.16: Projections of fitted result(red) against selected data(black) for the
background sample from the “continuum” background sample.

where E; x represents the energies of the daughter particles and p; is the three-

momentum of particle i.

5.9 Efficiency

It is necessary to account for efficiency and acceptance effects that affect the data
distributions. Signal events were not selected with 100% efficiency and there would
have been some resolution effects since the momenta of the particles were not mea-
sured with perfect accuracy. These effects were likely to vary across the phase space
region of signal events and therefore needed to be taken into account when fitting
the signal distributions. Two distinct methods were considered in order to account
for efficiency effects.
One method for accounting for efficiency effects is to develop an explicit parametriza-

tion across the Dalitz space. The explicit efficiency function, may be a function of
the four momenta of the mother particle in addition to any of the daughters four

momenta. Having established an explicit parametrization for the efficiency function,
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€, the signal probability density function which is to be fit is then multiplied by this
efficiency function, as detailed in equation[5.12l

An alternative method for accounting for efficiency does not require any explicit
parametrization of the efficiency function. From expressions5.12 and[5.16 the full
normalised signal PDF including efficiency is given by:

e(p)|A(p, 2)|*r4(p)
[ e()|Ap, x)?r4(p)dp’

where p refers to the four-momenta of the decay particles. However, it is the log-

likelihood of the PDF, as given in expression which is minimised in terms of

PDF

(5.30)

the fitted parameters, x. The log-likelihood of equation [5.30 is given by:

log (PDF) = 3 [mg(e(p»+log<r4<p>>+1og(\A<x,p>P) (5.31)

events

~ 1o ([ A Praian )|

When the derivative of equation5.31 is taken with respect to the floated parameters,
x, the first two terms log (¢(p)) and log (r4(p)), vanish as they are not dependent
on the fit parameters. Thus the efficiency function €(p) can only affect the fit result
through the normalisation term that is the fourth term of expression 5.31.
Therefore in order to account for the efficiency effects the set of Monte Carlo
events which are to be used for integrating the signal distribution function have
the efficiency function applied to them. This was achieved by passing these gen-
erated Monte Carlo events through the detector simulation and reconstruction and
applying the selection cuts onto these reconstructed events. The efficiency corrected
Monte Carlo events have therefore been generated according to a function relative
to phase space, Gen,. which is related to the generating function before acceptance

was applied, Gen,, according to:
Gen. = Geny x €(p). (5.32)

Substituting [5.32 into therefore gives the expression:

N .
1 Welghtevmt X ’Aevent‘Q
Norm = N g ; (5.33)

Genb,event
events
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so that by using the efficiency corrected Monte Carlo events, the efficiency effects
are included in the normalisation without requiring an explicit expression for the
efficiency function, €(p) across the Dalitz space.

These efficiency applied Monte Carlo events were then used for the integration of
the signal probability density function as given in[5.17l Since the function €(p) has
therefore been included in the normalisation, the factor of € in the numerator of
may then be omitted without affecting the fit result. This method is advantageous
since it does not require any decision as to which variables the efficiency function is
most sensitive to and was therefore used in this study.

If the full PDF is comprised of a signal and background as described by equation
then including normalisation of both signal and background distributions the
full PDF may be expressed as:

PDF = s CWA® 2)rap) L) B(p,=')ra(p)

[ e(p)A(p, z)r4(p)dp [ B(p,2")r4(p)dp

where 2’ are the parameters of the background distribution (which are determined

(5.34)

prior to the fit to the signal distribution) and B(p, ') is the background distribution.
It can be seen that when taking the logarithm of equation [5.34] €(p) is no longer a
common factor to the PDF. Therefore the factor of €(p) appearing in the numerator
of the first expression of [5.34 no longer vanishes in the derivative of the logarithm
of [5.34 with respect to the fit parameters x. However it is possible to define the
function B.(p, ') = 13(me so that [5.34 may be rewritten as:
(p)A(p, z)ra(p) €(p) Be(p, z")ra(p)

J €w)Alp, x)ra(p)dp J €w)Be(p, " )ra(p)dp
= D)y (5.36)

A(p, r) (1= 8) % Be(p, ') _

J e)Alp, x)ra(p)dp J e()Be(p, " )ra(p)dp

In order to establish a model for the function B.(p,z’), (as opposed to the function

()

PDF = sx +(1—s)x (5.35)

X s X

B(p,x')), the same efficiency corrected Monte Carlo events were used in order to
integrate the background distribution as were used in the integration of the signal
distribution function during the fit to the background parameters z’. Once these
background parameters, 2/, have been determined the fit to the signal parameters
x may be carried out using the efficiency applied Monte Carlo events to normalise

both the background and signal distributions.
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This method may trivially be generalised to any number of background distribu-
tions. If a number of separate event sets are being fitted such that the log likelihood
is given by equation [5.14, the same method may be applied with the appropriate
efficiency applied Monte Carlo events used to integrate the PDF corresponding to

each event set.

5.9.1 2 Calculation Including the Efficiency Function

It has been explained that the efficiency function, €, of expression [5.37 only impacts
the fit result through its occurence in the normalistion factor. Therefore it is possible
to use a function PDF’ , which is related to the true value of the PDF via: PDF’ =
PDF/e, without affecting the results of the fit. However the value of the PDF is also
significant for the y? calculation. In order to account for the efficiency correction
when calculating the x? value, the efficiency corrected Monte Carlo events were also
used in order to calculate the number of expected events in each x? bin (5.24).
These Monte Carlo events were generated with a value relative to phase space of
PDFyenp. They were then re-weighted according to the unknown efficiency function,
€. Therefore the full generating function of these Monte Carlo events is given by
PDF,.,e. Equation may then be rewritten in terms of the functions PDF’
and PDF.,:

| A(event;)[*e(event;) x ry(event) x Weight(event)
MCwei tl - {537
gne(cvents) PDF, ,(event;)e(event;) ! )

_ PDF'(event;) x r4(event) x Weight(event) (5.38)
- PDF., y(event;) ' .

Thus it can be seen that if the efficiency corrected Monte Carlo events are used in
order to estimate the number of expected events in each x? bin, then the value of €
may again be omitted from the numerator of the expression for the full PDF (5.37

when calculating the y? value. In this manner no explicit function for the efficiency

function is required.

5.9.2 Monte Carlo approximation of Efficiency Function

In the case of the CLEO-c¢ and CLEO III data sets, unweighted D — KT K n7n~

events were generated using the MINT generator according to a simple resonant
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model, which approximated the signal distribution. Using a model which approxi-
mated the peaking structure of the signal events ensured that the best precision in
efficiency determination was obtained in the regions of phase space in which most
of the signal events were concentrated.

These events were then inserted into the CLEO Monte Carlo program for each
of the relevant detector configurations and decay chains. In each case the initial
decay chain from which the D° originated was generated by the CLEO MC system.
The MINT generated decay particles were then Lorentz boosted into the frame of
this mother D° and inserted into the Monte Carlo decay tree prior to the detector
simulation, reconstruction and selection. The MINT generator PDF value was stored
for each event, as this was required for the normalisation (as shown in equation|5.16).

Having been passed through the detector simulation and reconstruction the
events were selected using the same cuts that were applied to the signal events.
Approximately one million selected events were collected and used in order to inte-
grate each signal and background distribution for the corresponding data set. The
precision obtained for each of the datasets using the one million events for normali-
sation was 0.003.

It was not possible to follow the same procedure in the CLEO-II.V analysis as
the CPU resources of the platforms on which the CLEO-IL.V simulation ran were
inadaquate to process a sufficient number of events in an acceptable period of time.

Instead it was decided to use CLEO-II.V Monte Carlo only to measure the effi-
ciencies as a function of momentum as this procedure requires many fewer events.
The efficiency corrected CLEO-III integration events were then re-weighted on an

event by event basis according to:

W= €2(prt ) €2(Pr-)e2(Prc+ ) €2(PK-) (5.39)

€3(pr+)€3(pr-)es(Pr+)ea(Pr-)

where T is the applied weight of the event (as appears in expressions and
5.38) and ey 3(Pr ) is the efficiency ratio as a function of the momentum of the
pion or kaon for the CLEO II1.V or III dataset respectively. These reweighed events
were then used as integration events and in the y? calculation for this data set as

previously described.
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Figure 5.17: The event select efficiency in terms of the mass projections for the
CLEO-III dataset.

Since the CLEO-II.V and CLEO-III datasets were collected at the same collision
energy and with detector configurations that were very similiar the weighting proce-
dure provided only a small correction to the efficiency (the weights, W which were
applied had a mean of 0.866 and a standard deviation of 0.036). The efficiency cor-
rected integrated events were also used to integrate the PDF relating to the relevant
background samples. The efficiency ratios for the CLEO-III, and CLEO-c datasets,
and the ratios ZE—Z) for the CLEO-IL.V datasets are illustrated in figures|5.17,[5.18,
5.19 and [5.20!

5.9.3 Summary

In this chapter the model which is going to be used to describe the signal decay is
explained. The method for accounting for the backgrounds to each of the datasets
is explained, and the final models for each of these background components has
been shown. The method for accounting for efficiency has also been described, and
the efficiency distributions for each of the flavour tagged datasets are illustrated

in figures [5.17 [5.18, [5.19 and [5.20. The method via which this model has been

implimented in the fitter has also been described in detail.
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Figure 5.18:

The event select efficiency in terms of the mass projections for the 3770

dataset.
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Figure 5.19:

4170 dataset.

The event select efficiency in terms of the mass projections for the
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Chapter 6

Building the Amplitude Model

6.1 Introduction

In this chapter the construction of the final model is described. In particular the
modelling of the CP tagged datasets is desribed. The various categories of decay
topologies which are used to describe the signal decay are described and justified.
A validation test of the fitting procedure is provided and the evaluation of the

systematic effects is given.

6.2 The Datasets

In total four flavour tagged datasets (described in section 4.1) and four CP tagged
data sets (described in section 4.4), totaling 3870 events, are used in this study as
summarised in table[6.2.

The signal distribution of each dataset is sensitive to the amplitude, A of the
decay D° — KTK -ntn~ and the conjugate amplitude A for the decay D’ =
KT K~ nTr~ which is assumed to be related to A via expression |5.29. In the case of
the flavour tagged data sets the signal PDF is given by expression [5.28. The signal
PDF of the pure CP tagged datasets are given by expressions and [6.8 and the
“pseudo tagged” dataset have a signal PDF which is modeled by the expression |6.10.
The efficiency effects for each dataset are accounted for by using the corresponding
efficiency corrected integration events as described in chapter [5. The amplitude A
is described by an isobar model as given in expression|5.1. The complex amplitudes

a; as described in [5.1] are determined in a simultaneous fit to all data sets. The

104
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complex amplitudes are fitted in terms of their Cartesian components (the real and
imaginary parts) as opposed to polar coordinates, since this avoids unwanted “edge
effects” for amplitudes with a phase close to zero which may be either positive or
negative.

In addition to the complex amplitudes, two additional parameters are included
in the fit which determine the proportion of K2K+ K~ peaking background events
in the two CLEO-c flavour tagged datasets. The fit uses the MINUIT package to
maximize the log likelihood defined by expression [5.14, as described in chapter

] Data Set \ Number of Selected Events \ Purity of Sample ‘

CLEO-ILV 279 74.0 £ 3.0%
CLEO-II 1225 89.2 +0.4%
$(3770) 1396 83.9+0.7%
$(4170) 739 65.1 + 1.2%
Kirtn~ 87 79.8 + 2.6%
Kimm 63 83.146.2%
CP Even 49 63.4+1.7%
CP Odd 32 84.0 +1.4%
| Total | 3870 | 809+04% |

Table 6.1: Number and purity of selected events in each data set.

6.2.1 Fit Quality

In order to provide a measure of the quality of the fit to the combined data sets a x?
value is calculated for each of the flavour tagged data sets as described in chapter
5. The average x? value per bin, x%, for each dataset is given by the expression:

2
1 (Nexpected - Nevents)

2
Xbin =
Nbins bi Nexpected
in

(6.1)

In the case of the CP tagged data sets there are not sufficient events to calculate
a reliable x? value, therefore only the flavour tagged data sets are used in the y?

calculation. The x? value for the combined fit to all data sets is then calculated:

1

2 2
= > i X N ins,i 6.2
Xpor (Zi(NBins,i - 1) - Nparametev“s) X b ( )
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where Npips,; represents the number of x? bins in the data set i, Neapectea gives the
number of events expected in a given bin according to the PDF and N_yenis gives
the number of data events which falls within the bin, x? represents the x? value per

bin for data set ¢ and Npgrameters gives the total number of fitted parameters.

6.3 CP Tagged Rates

As shown in table [6.2, 6% of the data used for this study is comprised of CP
tagged data collected at the centre of mass energy of the ¢ (3770) resonance. DD’
pairs are produced at this centre of mass energy via a virtual photon. The system
ete™ — (3770) — DD is a quantum correlated system [83] with definite C'P
quantum number C = —1. The decay rate (I';;) of the decay, D1 — i,Dy — j of the
CP odd DD’ system may be described by the antisymmetric matrix, M,; [84]:

Ly = Myl (6.3)
M = AA; - AjA (6.4)

where A; gives the amplitude for the D° — i decay and A; gives the amplitude for
the D’ — i decay. Omne may then consider the case where ¢ is the final state of

interest, K™K 777, and j is a particular C'P state.

6.3.1 Pure CP Tags

In the case that j is a C'P even state so that A; = ﬁj , considering|6.4, the normalised
amplitude for the D — KTK 77~ decay will then be given by the usual CP odd

amplitude:

Lot = |Aoadl’ (6.5)

1 _
A=A, (6.6)

and for the case in which ¢ is a C'P odd state such that A; = —Zj the rate will be

Avda

given by the usual CP even amplitude:

Feven = ’Aeven ’2 (67)

1 —
Aeven = E(A_FA)’ (68)
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where A (A) is the amplitude of the D — K+ K77~ (30 — KTK~7nt7n™) decay.
This is expected since when the “other side” D is reconstructed in an even (odd)
CP state, the decay of interest must be in an odd (even) state, in order to conserve

the over all CP odd state of the system.

6.3.2 “Admixture” CP Tags

One may also consider the case where the final state j is a state consisting of an
admixture of CP even and CP odd states. In particular the three body states
K2ntr~ and K?n*7~, which have been studied extensively in a previous CLEO
measurement [82] . In these cases the decay rate of the decay of interest is dependent
on both the region of the K™ K~ 77~ phase space for the signal and the region of
the K ¢n™n~ Dalitz plane in which the tag decay occurs. Considering equations

6.3 and the decay rate to such a state would be given by:
I = AP + A PIAP — (A4 ATA; + AjA AT A) (6.9)
= FJ|Z»L|2 + F3|Az|2 — 2@ / FjF]*-[COS HJRe(Azz:) + sin QJITTL(A»LZ:)]

where I'; (T';) gives the decay rate of the D — K gm¥n~ ( D’ — K sntn™) decay
and 6; gives the relative argument of the two decays amplitudes: 0; = Arg(%—j).
Therefore in order to use these admixture tagged decays to determine a model for
the D — KTK - n"n~ decay external information of the D — K gnt7n™ decay is
required.

In this study, in order to account for the K smtn~ decay a binned analysis
of K gntnm™ is used, [82]. In [82] the K sntn~ Dalitz plane was defined by the
variables m3 = mig7r . and m?2 = m2, _. The Dalitz plane was divided in half

Kgﬂ_
2

along the line m? = m?. The upper half of the Dalitz plot (m? > mi) was divided
into 8 bins labeled n = 1 to n = 8. The bins in the lower half of the Dalitz plot,
labeled n = —1 to n = —8 are defined symmetrically, so that if an event with Dalitz
variables (m3,m?) = (z,y) fell into bin ¢ an event with (m%,m?) = (y,z) would
fall into bin —i. This binning is illustrated in figure 6.1.

The expected number of D° — K gn"n~ events falling into each bin, K, in
addition to the bin averaged values of cosf = C), and sinf = S,,, were published in

this study [82] for both K277~ and K{r 7.



108 CHAPTER 6. BUILDING THE AMPLITUDE MODEL

3.0 e
i 8
2.5 7
i 6
% 2.0 .
g | ’
= 1.5
C\JEI E 3
1.0F 2
i — 1
0.5f- o

0.5 10 15 20 25 3.0
mZ2 (GeVz/c*)

Figure 6.1: Plot illustrating the sixteen bins of the ngﬂrﬂr* Dalitz space.

Due to the symmetry of the Dalitz binning it may be noted that S_; = —5S;
C; = C_; and the expected number of D' - K L.sT T m events expected in bin 7 is
given by K_;.

In reference [82], several choices of bins were considered. The binning used in this
thesis is the so called ‘equal dp’ binning, in which the bins in each half the Dalitz
plane were chosen such that there is an equal division in strong phase difference
across the bins.

Therefore for the K sntn~ vs D — KK~ ntn~ data collected for this study
the Dalitz bin, n into which the other side K w7~ fell is recorded for each event.

The rate equation 6.10 is then approximated with:
I' o Ny AP+ N_,|AP — 2¢/N,N_,[CRe(AA") 4+ S, Im(AA")]  (6.10)

where the subscript ¢ has now been dropped and N,, gives the predicted number of
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K, smm~ events per unit of Dalitz area in a given bin, n (i.e. N,, = K,,/a,, where a,,
is the Dalitz area of bin n). The normalisation of expression[6.10]is given by the sum
of the normalisations of each of the four terms. Each product of D — KT K ntma™
amplitudes A*4, A"A and A" A may be normalised as illustrated in expression [5.21.
In general the product AA" is complex and normalisations of the real and imaginary

parts of this product are given by the real and imaginary parts respectively of the

normalisation of the complex product.

6.4 The D' Decay Model

A large number of intermediate resonances can in principle contribute to the decay
and it is the purpose of this analysis is to find that combination that best describes

the data.

6.4.1 Angular Momentum States

For some decay topologies there are also a number of different angular momentum
states which may occur within a given decay chain. The angular momentum of the
final state particles affects the decay amplitude via the spin factor term of expression

5.2,

Three of the possible general resonant and non-resonant decay topologies are as

follows:
D — Rl(Plpg)P3P4 (61].)
D — Ry(P,P)R,(PsP) (6.12)
D — P1P2P3P4 (613)

where Rgl) represents a spin 1 resonance and P; represent a final state pseudoscalar
meson (K*,7%). An example of decay[6.11 is D° — ¢(K+ K~ )nt7~. An example of
decay[6.12 is D° — ¢(K ™K~ )p(r"7~). The final state particles may exist in a state
of relative angular momentum with each other. The relative angular momentum of

the final state particles may combine in more than one configuration while satisfying
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overall angular momentum conservation. In this study relative angular momentum
values of up to [ = 2 between pairs of particles are considered.

For example in the case of configuration [6.11 the particles P3P, may have a
relative angular momentum state of [ = 1 or [ = 2 while conserving the overall
angular momentum in the decay (in the case that the particles P3P, are in a relative
angular momentum state [ = 2 there must be a relative angular momentum of [ = 1
between the resonance R; and the P3P; system). Similarly in the case of the decay
the resonances Ry and R| may exist in one of three relative angular momentum
states (S-wave, P-wave or D-wave). Each of these possible angular momentum states
is considered in this study.

In the case of the entirely non resonant decay (6.13) there are three possible
configurations in which the final state particles can form pairs. Depending on the
relative angular momentum within each pair of particles, the pairs of particles may
then have a relative angular momentum between them. This possibility is also
considered in the current study.

Several spin two resonances are also considered when building the model. The
relative orbital angular momentum of these resonances with other decay particles is
allowed for in the same manner as described above.

The full list of resonances and relative angular momentum states which are con-

sidered can be found in appendix |C.

6.4.2 Converging on a Final Model

With such a large number of possible resonant contributions it is not practical for
fits to be carried out using all possible configurations of resonances. It is therefore
necessary to develop a strategy for determining the most likely configurations of
resonances to produce a good fit to the data. By inspection of the mass projections of
the data distributions certain features are sufficiently evident to necessitate including
a core set of baseline resonances in most models. In particular, the following resonant

features need to be included:
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1. A ¢(1020) resonance,
2. A p(770) resonance,
3. A K*(892) resonance,

4. A high mass hadronic state such as a K, (1270), K; (1400) or a K~ (1680)

resonarce.

These features are illustrated in the example of the flavour tagged 3770 sample

in figures (6.2} 16.3,16.4 and [6.5.
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All possible decay topologies are therefore categorized into five broad categories:

1. All decay topologies which include a ¢(1020) resonance,

2. All decay topologies which include a p(770) resonance,
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3. All decay topologies which include a K*(892) resonance,

4. All decay topologies which include a K, (1270), K, (1400) or a K~ (1680)

resonance,
5. All entirely non-resonant topologies,
6. All other decay topologies.

Some of the decay topologies are self conjugate (for example D — ¢(1020)7"7™)
however all those which are not self conjugate are considered alongside their conju-
gate decay topology. For example if the decay topology K;(1270)" (— p(770) K ) K~
is included in the fit model the conjugate decay K;(1270)~(— p(770)K~)K™ is also
included.

Some decay topologies fell into more than one category; for example the decay
K,(1270)"(— K*(892)7™)K~ contains both a K;(1270) resonance and a K*(892)
resonance.

Permutations of isobar components are then formed which contained six decay
topologies (including conjugate topologies where applicable) with at least one unique
decay topology from each of the first four categories.

Combined fits are carried out on all datasets with each of these permutations.
Each fit that is carried out is ranked according to its x%,p. The best five models
are then considered further. For each of the five best models new models are formed
by adding one decay topology (which is not already present in the model) from the
first five categories to the model one at a time, discarding any repetitions. The new
models formed in this way are then fit to the data.

After each new set of models are fit, all of the models (from each iteration of
fits) are again ranked according to their x%, . This process is repeated iteratively
until the best five models remained the same from one iteration to the next.

At this stage, for each of the five best models a decay topology from the sixth
category is added, one at a time, to form a new set of models which are then fit.

In the final stage the best 50 models are considered. For each of these models
any decay topology which has a fit fraction of less than 5% is removed, one at a

time from the model. In the case of models with more than one component with
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a fit fraction of less than 5%, models are formed with all possible permutations of
the small components removed. (In the case of a model with n components with fit
fractions of less than 5%, n new models are formed with each of these components
removed in turn, then "Cy new models would be formed by removing two of the
small components at a time etc.). The resulting models are then fit to the data
samples.

All of the fits that had been carried out during this process are then ranked ac-
cording to the x%, . The fit fractions for the best 8 models are illustrated in table
6.2. From table[6.2 it may be noted that a number of configurations of resonances
produce a similarly good level of agreement with the data. However these best 8
models showed a good qualitative agreement in the components which they con-
tain and the levels (as described by their fit fractions) to which each resonant and
non resonant components contributed to the signal PDF. In particular the first and
second columns agree entirely to within errors except for the inclusion of the compo-
nent K;(1270)" (— Ky (892),77), K for the model in column 2. Since the X3, of
model 2 is not significantly worse than that of the first model, but had the advantage
of including a conjugate decay mode for each decay model that contributed to the

model, it is decided to adopt model 2 as the final choice.



1 2 3 4 5 6 7 8 \
K1 (1270)" (— K*(892) ), K~ | 0.073£0.008 | 0.073+0.008 | 0.070+0.008 | 0.070=+0.008 | 0.0704+0.008 | 0.070£0.008 | 0.087+0.009 | 0.067+0.008
K1 (1270)~ (— K, (892) o), KT - 0.009£0.003 | 0.007£0.003 | 0.008+£0.003 | 0.008+0.003 | 0.00940.003 | 0.017£0.005 | 0.008+0.003
K1 (1270) " (— p(770), KT), K~ 0.047+£0.008 | 0.047+£0.008 | 0.047£0.007 | 0.0484+0.007 | 0.046£0.007 | 0.060£0.008 | 0.051£0.007 | 0.068+0.011
K1(1270)~(— p(770), K—), K+ 0.058+0.007 | 0.06040.008 | 0.05840.007 | 0.059£0.007 | 0.060£0.008 | 0.037£0.008 | 0.063£0.008 | 0.035%0.008
K+(1410)(—> K*(892),7"), K~ | 0.044£0.008 | 0.042+0.007 | 0.04240.007 | 0.034£0.007 | 0.042+0.007 | 0.042+0.007 - 0.041£0.007
K—(1410)(— K*(892), ), Kt | 0.0524+0.007 | 0.0474+0.007 | 0.045+0.006 | 0.02940.006 | 0.0454+0.006 | 0.047+0.006 - 0.045+0.006
K*(892), (K, 7%)p P wave - - - - - - 0.030%0.007 -
K*(892) (K¥,7)p P wave - - - - - - 0.030%0.005 -
K*(892)K*(892) S wave 0.058£0.008 | 0.06140.008 | 0.061£0.008 | 0.061£0.008 | 0.061£0.008 | 0.063£0.008 | 0.042+0.006 | 0.063%0.008
K*(892)K*(392) P wave - - - 0.009+0.003 - - - -
#(1020), (7 t, 77 )s P wave 0.101+£0.010 | 0.103£0.010 | 0.090£0.009 | 0.091£0.009 | 0.096+£0.010 | 0.101£0.009 - 0.089+0.009
$(1020), (v*,77)p D wave - - - - 0.02040.011 - - -
#(1020), (r", 7 )p P wave - - - - - - 0.047+0.006 -
#(1020), (7 *, 77 )p S wave - - 0.063+0.011 | 0.061£0.011 | 0.11440.025 - - 0.059+0.011
#(1020)p(770) S wave 0.396+£0.020 | 0.383+£0.025 | 0.210£0.020 | 0.2124+0.019 | 0.159£0.026 | 0.380£0.020 | 0.26840.013 | 0.209£0.019
(1020)p (770) D wave 0.033£0.007 | 0.034+£0.007 | 0.037£0.007 | 0.037+0.007 | 0.011£0.006 | 0.035%0.007 - 0.038+0.007
p(TT0)(K T, K )5 S wave - - - - - 0.012£0.006 - 0.012£0.006
(7T+K Vp, (T KT)s P wave 0.114+£0.011 | 0.109+£0.012 | 0.109£0.011 | 0.11+£0.011 | 0.108+0.011 | 0.093+0.011 - 0.091+0.011
(K7 )p, (7~ KT)p D wave - - - - - - 0.138+0.012 -
(mr77)p ,(K K™)p D wave - - - - - - 0.026+0.007 -
Sum 0.976+0.023 | 0.967+£0.026 | 0.84+0.02 | 0.829+0.02 | 0.84+0.02 | 0.949+0.023 | 0.809+0.014 | 0.825+0.02
x? per DOF 1.627 1.633 1.642 1.648 1.648 1.658 1.659 1.659
3770 x? per BIN 1.285 1.284 1.233 1.261 1.229 1.328 1.322 1.275
4170 x*? per BIN 1.195 1.196 1.283 1.336 1.316 1.221 1.259 1.303
III 2 per BIN 1.537 1.495 1.491 1.381 1.429 1.429 1.523 1.412
II.V %? per BIN 2.002 1.93 1.675 1.644 1.656 1.881 1.565 1.629

Table 6.2:

Table of fit fractions for the 8 best models in a combined fit to all flavour and CP tagged data sets. The

angular momentum of pairs of non resonant particles is illustrated in brackets. The baseline model is number 2.

orbital
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6.5 Fit Results for the Final Model

The fit results for the final model (as described in the previous section) are presented
in tablel6.3. This table gives the fitted results for all the parameters that are allowed
to float during the fit. The complex amplitude corresponding to the component
K (1270)*(— K*(892),n"), K~ is fixed to be unity during the fit. It is the real and
imaginary parts (as opposed to the modulus and phase) of the complex amplitude
which are fitted. However it is also useful to consider the amplitude and phase of
each of the components since these are more easy to interpret physically; these values
are given in tablel6.4. The y? value per degree of freedom for the final model is 1.63
for 22 degrees of freedom. The fact that this value is greater than one indicates that
the model does not describe the data fully. Nonetheless, this value for the goodness
of fit is quite acceptable for an amplitude study.

The mass projections for the combined fit to each flavour tagged data set are
illustrated in figures [6.6 - [6.10 and for the CP tagged data in figures[6.11 - [6.15.
The mass projections illustrate the full PDF which described each particular dataset.
The lines representing the signal distributions are slightly “wiggly” due to limited
normalisation statistics. The full PDF is a sum of the signal distribution in addition
to the relevant background distributions (in the appropriate proportions) for each
dataset. The mass projections illustrate a reasonable agreement between the fitted
PDF and the data for each of the datasets indicating a consistency between the
datasets. The data and fitted PDF are expected to be identical for the four flavour
tagged datasets except for efficiency, background and mistagging effects. For the
CP tagged datasets however this is not the case due to the fundamentally different
nature of the signal PDF.

The most striking feature of figures and 6.11 is the ¢ peak (at around 1 GCLQV)
which is well described by the model for each dataset. Figures [6.7] and [6.12] also
shows good agreement between all four flavour tagged datasets and the fit model.

Figures [6.8 and show good agreement between each dataset and the model

except in the region of the K*(892) resonance (which is at around 900 %) for the
CLEO-II dataset in which the signal model underestimates the peak in the data.

Since this effect is only found in one dataset it is assumed to be as a result of an
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efficiency or background effect which hasn’t been completely accounted for in the
model. Figures and again show good agreement between the signal and
data for all datasets. The peak due to the K*(1270) resonance (which overlaps with
the higher end of the allowed mass range at this Dalitz variable) is well described
by the signal model. Figures|6.10 and [6.15 show the model in good agreement with
data in all regions of this Dalitz variable. The two CLEO-c datasets and the four CP
tagged datasets show that the Kg peaking background is reasonably well measured,
and there is no ecvidence of a similar vackground for the CLEO-IL.V and CLEO-III
datasets, as predicted. The broad p(770 resonance appears to be well accounted for

by the model.



’ \ Fitted Value ‘

K, (1270)F (— K*(892),77), K~ Real 1.0£0.0

K, (1270)*(— K*(892),7%), K~ Imaginary 0.0£0.0
K (1270)~(— Ky (892),77), KT Real 0.157+0.078
K1(1270)~(— K, (892),77), KT Imaginary | -0.306+0.060
K1(1270)*(— p(770), KT), K~ Real 4.067+0.640
K1(1270)*(— p(770), KT), K~ Imaginary | 4.21940.886
K, (1270)=(— p(770), K~), K* Real 6.897+0.593
K1(1270)~(— p(770), K~), K* Imaginary | 0.19641.095
K (1410)(— K*(892), 77), K~ Real 4.617+0.561
K*(1410)(— K*(892),7"), K~ Imaginary | -4.102£0.717
K—(1410)(— K*(892),7), K™ Real 2.609-+0.926
K—(1410)(— K*(892),77), K* Imaginary | -6.25340.587
K*(892) K*(892) S wave Real 0.317+0.035
K*(892)K*(892) S wave Imaginary 0.130+0.043
¢(1020)p(770) S wave Real -0.32440.149
¢(1020)p(770) S wave Imaginary 0.98540.094
®(1020)p(770) D wave Real 0.20440.326
$(1020)p(770) D wave Imaginary -1.428+0.183
#(1020), (7,77 )s P wave Real -1.698+0.834
#(1020), (7", 77 )s P wave Imaginary -5.932+0.482
(™K~ )p, (m~ KT)s P wave Real 82.60146.820
(7K~ )p, (m~ KT)s P wave Imaginary 11.40049.744
K? Background Fraction 3770 0.028+0.005
K? Background Fraction 4170 0.01940.006

Table 6.3: Fitted parameters for the combined fit to all datasets for the baseline
model. The complex amplitude of the component K;(1270)"(— K*(892),7"), K~ is
fixed to (1,0) during the fit so as to avoid fitting a redundant number of parameters.

6.5.1 Impact of the CP tagged Data

The combined fit involves a fit to both flavour and CP tagged data sets where
the majority of data is flavour tagged and the CP tagged data sets are modeled
in terms of the appropriate amplitudes which are dependent on the flavour tagged
amplitudes as described in section [6.3. A combined fit has also been carried out
to the flavour tagged data sets only. A comparison can then be made between the
fit to all data samples and the fit to only flavour tagged data samples. The results
of this comparison is given in table [6.5. The comparison illustrates that while the

central fitted values for all parameters are consistent to within errors, the precision

T11R
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Figure 6.6: Mass projections of fitted result(red) against selected data(black) for
all the flavour tagged samples; the 3770, 4170 CLEO-3 and CLEO-2 datasets. Mass
projections for Sg+x- .
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Figure 6.8: Mass projections for Sg—,+
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\ Fitted Value ‘

129

K(1270)*(— K*(892),71), K~ Phase 0.0£0.0

K1(1270)T (= K*(892), 77, K~ Amplitude | 0.020.0
K(1270)—(—> Ko (892),77), K* Phase 1.0984-0.215
K, (1270) (— Ko (892),7 ), K* Amplitude | 0.34520.064
K1(1270)+(—> p(770), K ), K~ Phase 0.804=0.131
K1(1270)F (— p(770), K¥), K~ Amplitude | 5.86£0.78
K1 (1270) (— p(770), K ), K+ Phase 0.028=£0.159
K (1270)~ (— p(770), K~), K* Amplitude 6.90+0.59
KF(1410)(— K*(892),77), K~ Phase 0.726=0.106
KT (1410)(— K*(892),77), K~ Amplitude | 6.177-£0.635
K—(1410)(— K*(892),7~), K* Phase 1.17640.130
K—(1410)(— K*(892),77), K* Amplitude | 6.77640.649
K*(892) K*(892) S wave Phase 0.39040.123
K*(802)K7(892) S wave Amplitude 0.342+0.036
$(1020)p(770) S wave Phase 1.8890.139
»(1020)p(770) S wave Amplitude 1.037+£0.100
¢#(1020)p(770) D wave Phase 1.429+0.224
»(1020)p(770) D wave Amplitude 1.44440.187
$(1020), (7", 7~ )s P wave Phase 1.85£0.130
(1020) (rt,m ) P wave Amplitude 6.172+0.518
(K7 )p, ( K™)s P wave Phase 0.137+0.116

(K7 )p, (m” KT)s P wave Amplitude 83.4+6.8

Table 6.4: Fitted Parameters in polar coordinates for combined fit to all data set.
The complex amplitude of the component K;(1270)%(— K*(892),7"), K~ is fixed
to (1,0) during the fit. The phases are given in radians.

of the measured complex phases in general improves. This is expected since the CP
tagged data sets provide a 6% increase in the quantity of data available. The CP
tagged data are expected to improve the precision of the measured parameters to
a greater extent than the equivelent sized flavour tagged data set. This is because
the CP tagged amplitudes (as described in section [6.3) contain terms of the form
A*A. Such terms provide greater access to the complex phases of the isobar model
(shown in expression [5.1) which are obtained in the fitting procedure.

In order to understand how the impact of the CP-tagged data compares to a
flavour-tagged sample of similar size, a comparison is performed in which the flavour-
tagged fit is repeated with the CLEO II.V dataset included. The CLEO-IL.V data
set contains 279 events with an estimated purity of 74.0%, whereas the CP-tagged
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datasets contain 231 events with an estimated purity of 77.9%. Therefore the two
datasets are very similar in size and purity. The effects of removing the CLEO-
II.V dataset on the combined fit is shown in table [6.6. In tables and the
average fractional error on the measured parameters is calculated. Any parameters
for which the error greatly exceeds the measured value (err; > 5 x V) are omitted
in calculating the averagre fractional error. The inclusion of the CLEO-IL.V data
leads to a 4% improvement on the precision of the measured parameters whereas
the inclusion of the CP-tagged dataset lead to a 9% improvement despite the fact
that the CP tagged datasets contains fewer events. This suggests that as predicted
the CP-tagged data increases the precision on the measured parameters to a greater
extent would have been expected from the same number of flavour tagged events.
The x%,r value increases very slightly when the CP tagged data is included in
the combined fit. This is not unexpected since the calculation of the x% uses
only the flavour tagged data sets and the inclusion of the CP tagged data sets
represents an additional constraint on the fitted parameters but does not enter the

Xhor calculation.
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All Data Sets

Flavour Tagged Data Sets

Relative Shift

K1(1270)F (— K*(892), 77), K~ Real 1.0£0.0 1.0£0.0 0.0

K;1(1270) " (— K*(892),7n 1), K~ Imaginary 0.0£0.0 0.0£0.0 0.0
K1(1270) (— Koy (892), 7 ), KT Real 0.157+0.078 0.15640.079 0.010
K1(1270) (— Ko (892), 7 ), K+ Imaginary | -0.306=0.060 20.315+0.061 0.141
K1(1270) (— p(770), K1), K~ Real 1.067+0.640 1.252£0.657 0.289
K1(1270)T (= p(770), K¥), K~ Imaginary | 4.219-£0.836 1.04510.954 0.197
K1(1270) (— p(770), K~), K+ Real 6.897+0.593 6.6724+0.613 0.379
K1(1270) (— p(770), K ), K+ Imaginary | 0.196:£1.095 0.875+1.188 0.620
K1 (1410)(— K*(892),7"), K~ Real 4.617£0.561 4.511£0.624 0.189
KF(1410)(— K*(892),77), K~ Imaginary | -4.1020.717 440220744 0.418
K (1410)(— K*(892),7 ), K+ Real 2.609-£0.926 2.708-0.963 0.107
K~(1410)(— K*(892),7~), KT Imaginary | -6.25340.587 -6.338+0.619 0.146
K*(892)K*(892) S wave Real 0.317+0.035 0.3324+0.036 0.425
K*(892)K*(892) S wave Imaginary 0.130£0.043 0.129+0.046 0.028
#(1020)p(770) S wave Real 20.324+0.149 20.242£0.156 0.546
¢(1020)p(770) S wave Imaginary 0.985+0.094 1.03940.087 0.584
$(1020)p(770) D wave Real 0.204+0.326 0.055:£0.321 0.456
#(1020)p(770) D wave Imaginary -1.428+0.183 -1.451+£0.180 0.123
#(1020), (7*, 77 ) P wave Real -1.698+0.834 -2.191+0.827 0.590
#(1020), (r*, 7 )5 P wave Imaginary | -5.032+0.482 ~5.72440.530 0.431
(7t K~ )p,(m~K*)s P wave Real 82.616.766 85.3+6.765 0.397
(7K )p,(n~ KT)g P wave Imaginary 11.449.744 10.1£10.3 0.134

‘ Average Fractional Error 0.203 0.223 ‘
\ x> per DOF 1.633 1.632 \

Table 6.5: A comparison of fit results using only flavour tagged data sets and us-
ing both flavour and CP tagged data sets. The shift between the two is calcu-
lated in units of the error on the fitted value for the combined fit to all data sets.
The fractional error for each fitted value is calculated as e(/:i, where V; gives the
1th measured value. The average fractional value for each fit is then given by:
% > |%”| where N is the number of fitted parameters. The imaginary component
of K1(1270)~(— p(770),K~),K*, (7T K~ )p, (7" K*)s P wave imaginary compo-
nent and the real component of the ¢(1020)p(770) D wave resonant contributions
have been omitted from the calculation of the average fractional error since these
components are not well measured and therefore contribute disproportionately to

the average.
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All Data Sets

Cleo-I1.V dataset removed

Relative Shift

K1(1270) " (— K*(892),77), K~ Real 1.0£0.0 1.0£0.0 0.0

K1(1270)(— K*(892),7 "), K~ Imaginary 0.040.0 0.0£0.0 0.0
K1(1270) (— Ko (892),7 ), KK Real | 0.157-£0.078 0.101%0.074 0.725
K1(1270)~ (— Ko (892), 7~ ), K™ Imaginary | -0.306+0.060 -0.27240.060 0.562
K1(1270) (— p(770), K ), K~ Real 4.067£0.640 4.000-£0.638 0.105
K1(1270)*(— p(770), KT), K~ Imaginary | 4.21940.886 4.073+0.864 0.165
K1 (1270) (— p(770), K ), KT Real 6.897%0.593 6.560%0.593 0.568
K1(1270) (— p(770), K ), K* Imaginary | 0.196:1.095 20.469+1.051 0.609
KT(1410)(— K*(892),77), K Real 1.617+0.561 1.365+0.561 0.450
KT (1410)(— K*(392),77), K~ Imaginary | -4.102+0.717 ~3.58840.705 0.717
K- (1410)(— K (892), 7 ), K+ Real 2.609-£0.926 2.519+0.914 0.097
K~ (1410)(— K*(892),7~), K+ Tmaginary | -6.25340.587 -5.98740.584 0.453
K*(892) K*(892) Real 0.317£0.035 0.294+0.034 0.636

K*(892) K*(892) Imaginary 0.130£0.043 0.130£0.041 0.0
»(1020)p(770) Real -0.324+0.149 -0.345+0.141 0.144
$(1020)p(770) Imaginary 0.085£0.094 0.009-£0.093 0.808
¢(1020)p(770) D wave Real 0.204+0.326 0.223+0.315 0.055
#(1020)(770) D wave Imaginary -1.42840.183 ~1.30440.184 0.680
#(1020), (x*, 7 )g P wave Real ~1.698+0.834 1.41+0.811 0.346
¢(1020), (7 F, 77 )s P wave Imaginary -5.932+0.482 -5.841+0.456 0.190
(7t K~ )p,(nKT)s P wave Real 82.6+6.766 75.846.313 0.998
(7 K™)p, (r” K)g P wave Imaginary 11.449.744 10.448.84 0.105

‘ Average Fractional Error 0.203 0.212
\ x> per DOF 1.633 1.614

Table 6.6: A comparison of fit results using all datasets and the results obtained by
ommitting the CLEO-II.V dataset. The shift between the two is calculated in units
of the error on the fitted value for the combined fit to all data sets. The fractional
error for each fitted value is calculated as e"gi, where V; gives the ith measured
value. The average fractional value for each fit is then given by: % >l

Err;

v;
N is the number of fitted parameters. The imaginary component of K;(1270)(—
p(770), K7), K, (n* K~ )p, (7~ KT)s P wave imaginary component and the real
component of the ¢(1020)p(770) D wave resonant contributions have been omitted
from the calculation of the average fractional error since this component is not well
measured and therefore contributes disproportionately to the average.

where
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6.6 Fitter validation tests

In order to validate the method for accounting for the efficiency effects imposed by
the event selection, and to check for any biases coming from the detector recon-
struction, a pull study is conducted. This is an extension to the study reported in
section5.4.1/ where the integrity of MINT was tested, but in an environment without
detector effects.

The CLEO-c¢ Monte Carlo system was used to produce the eTe™ — ¢(3770) —
DD’ events. One hundred sets of 40000 D° — K+ K~-r+7* events are generated
in MINT according to an amplitude model consisting of the eleven resonant compo-
nents which are present in the final amplitude model. The MINT generated events
are then boosted into the CLEO-¢ D frame and inserted into the decay while the
D’ was allowed to decay generically. These Monte Carlo events are then passed
through the detector and reconstruction simulation. The event selection was then
applied to the reconstructed Monte-Carlo events. The efficiency of selecting the
reconstructed events was &~ 10%. Therefore after selection 100 sets of ~ 4000 events
remained.

For each event set the complex amplitudes are fitted with one complex component
fixed to avoid fitting redundant parameters. The efficiency effects are accounted for
via the efficiency corrected Monte Carlo method described in section 4.4. The fitted

complex amplitudes are then compared to the input values. For each event set

fitted—Input
Error on fitted result

each fitted parameter and fit fraction. The distribution of these pull values for each

the “pull” from the input value (pull = ) was calculated for
parameter are then fit to a Gaussian distribution. In the absence of any systematic
bias the pull values would be expected to be distributed according to a Gaussian
function centred around 0 with a width of 1. In order to distinguish fitter bias from
shifts due to reconstruction effects the above validation study was carried out twice.
In one case Monte Carlo truth information was used to describe the particles four
momenta and on the second occasion the reconstructed values for the particles four
momenta are used in the fit.

The results of these fits are shown in table[6.7. The pull distributions for the

fitted parameters for the fits which used the Monte Carlo truth information are
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%%/ ndf 9.202/15
Constant 2954+ 8.4
Mean -0.0511+ 0.0231
i Sigma 1.004 + 0.017
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Figure 6.16: Pull study using Monte Carlo truth momenta. Pulls of all fitted pa-
rameter

shown in aappendix D in figure [D.1, and for the fits which used reconstructed
momenta in figure [D.2. The sum of the pulls for all parameters for all fits are
illustrated in figures and [6.16 for the reconstructed and Monte Carlo truth fits
respectively. The fitted and generated values for the fits which used the Monte Carlo
truth information are also illustrated, in the complex plane for the reconstructed
momenta in figure(6.18. The fit fractions are also compared to those that are input.
These results are given in table [6.8/ and for the fits which used the Monte Carlo
truth information the distributions are shown in figure [D.3/ and for the fits which
used reconstructed momenta in figure D.4. The fitted PDF can also be plotted in
comparison to the generated data for the five independent mass projections for one

randomly selected fit, these results are shown in plots|6.19.

From these results it is apparent that small biases exist for some of the fitted
parameters (for example the (¢p)g real component). The biases are most likely to be
due to correlations between parameters. There is no large difference in behaviour
observed between the studies with truth and reconstructed data. In the final re-
sult these biases are accounted for in the assignment of systematic uncertainties,

described in section [6.7]
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Monte Carlo Truth Data

Reconstructed Data

Fitted Mean ‘ Fitted Width

Fitted Mean ‘ Fitted Width

K1(1270) 7 (— K*(892),77), K~ Real 0.0£0.0 0.0£0.0 0.0£0.0 0.0£0.0
K1(1270)7(— K*(892), 7 %), K~ Imaginary 0.0£0.0 0.0£0.0 0.0£0.0 0.0£0.0
K, (1270)~(— K, (892),77), K* Real | -0.42740.125 | 1.020+0.140 | -0.36£0.120 | 0.986+0.126
K1(1270)~ (— Ko (892),7~), K+ Imaginary | 0.027+0.133 | 1.140+0.121 | -0.1044:0.143 | 1.130£0.125
K1 (1270)7 (= p(770), K7), K~ Real 0.083+0.119 | 1.060+£0.115 | 0.155+0.187 | 1.3500.188
K,(1270)7 (= p(770), K7), K~ Imaginary | -0.145+0.091 | 0.845£0.073 | -0.286£0.104 | 0.826+0.097
K1(1270)~ (— p(770), K-), K* Real -0.006£0.105 | 0.880+0.104 | -0.028+0.115 | 1.010+0.113
K1(1270)~(— p(770), K—), KT Imaginary | -0.241£0.143 | 1.170£0.142 | -0.218%0.123 | 1.080-£0.120
KF(1410)(— K*(892),7%), K~ Real -0.316:£0.127 | 1.110£0.120 | -0.409£0.106 | 0.976+0.093
K*(1410)(— K*(892), %), K~ Imaginary | 0.084£0.139 | 1.080£0.116 | 0.111£0.109 | 0.885:£0.100
K (1410)(— K*(892), 7 ), K+ Real -0.047£0.107 | 0.908£0.099 | -0.076£0.132 | 0.956+0.114
K- (1410)(— K*(892), 7 ), K* Imaginary | -0.348+0.112 | 0.94840.121 | -0.230+0.128 | 1.060-£0.117
K*(892)K*(892) S wave Real 0.278£0.105 | 0.943+£0.091 | 0.210£0.138 | 1.130£0.115
K*(892)K*(892) S wave Imaginary -0.151£0.113 | 0.989£0.095 | -0.018£0.099 | 0.83140.089
$(1020)p(770) S wave Real 0.29240.114 | 0.871+0.147 | -0.256+0.101 | 0.896+0.115
$(1020)p(770) S wave Imaginary -0.0184£0.104 | 0.852+0.086 | 0.166+£0.104 | 0.86120.099
$(1020)p(770) D wave Real 0.196+0.128 | 1.051£0.113 | 0.310£0.131 | 1.112+0.121
$(1020)p(770) D wave Imaginary -0.062£0.112 | 0.963+0.093 | -0.014+0.121 | 0.907+0.099
$(1020), (n*, 7 )s P wave Real 0.201£0.139 | 1.140+0.123 | -0.125+0.135 | 1.160+0.116
$(1020), (n+, 7 )s P wave Imaginary -0.163£0.090 | 0.846+0.095 | -0.237+0.132 | 1.08040.121
(7" K~ )p, (- KT)g P wave Real 0.1694£0.101 | 0.86520.096 | 0.009+£0.119 | 0.977+0.105
(7* K )p, (rK*)g P wave Imaginary 0.025£0.155 | 1.150£0.211 | -0.068+£0.124 | 0.864=£0.110
All Real Components -0.008£0.034 | 1.032+0.026 | -0.021+£0.034 | 1.030+0.024
All Imaginary Components -0.106:£0.031 | 0.960+0.022 | -0.113£0.032 | 0.953+0.023

Table 6.7: Table of the mean and width of the pull distributions for all of the fitted
parameters in order to test fitter validity.

Monte Carlo Truth Data Reconstructed Data
Fitted Mean | Fitted Width | Fitted Pull | Fitted Width

K,(1270)"(— K*(892),n%), K~ | -0.038%0.102 0.95940.088 | -0.025£0.103 | 0.96340.081
K1(1270) (— Ko (892), 7 ), K™ | -0.28240.112 | 1.030+0.097 | -0.364=0.136 | 1.100+0.123
K1 (1270) T (— p(770), K), K~ -0.028+0.082 0.75840.094 | -0.088+0.101 0.844+0.134
K1(1270)(— p(770), K7), K+ 0.055+0.140 1.09£0.126 0.098+0.117 0.965+0.090
K*(1410)(— K*(892), %), K~ | -0.3414+0.139 1.140+0.133 | -0.437+0.126 1.05040.107
K=(1410)(— K*(892),77), K™ | -0.04640.088 0.74540.098 | -0.241£0.175 | 0.99540.257
K*(892)K*(892) S wave 0.05740.116 0.99740.106 0.05140.150 1.15040.135
@(1020)p(770) S wave 0.214+0.110 0.976+0.096 0.318+0.112 0.956+£0.083
¢(1020)p(770) D wave 0.09840.113 1.02040.095 0.13640.108 0.950+0.114
#(1020), (7*, 77 )s P wave 0.190+0.108 0.85340.088 0.166£0.1 0.893£0.078
(7K™ )p, (m"K*)s P wave -0.2584+0.113 0.83740.100 0.060£0.117 0.877+0.099
All Fractions 0.022+0.029 0.922+0.018 0.00740.030 0.941£0.019

Mean \2 per DOF 0.947-+0.009 0.959-+0.009

Table 6.8: Table of fitted results for pull distributions for fit fractions to test fitter

validity.
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Figure 6.17: Pulls of all fitted parameters. For pull study using reconstructed
momenta.

6.7 Systematic Uncertainties

It is necessary to consider sources of systematic uncertainty or effects that could bias
the results. The systematical errors which are considered consist of those that relate
to the description of backgrounds and the treatment of efficiencies and those which
result from assumptions in the description of the signal model. In general, in order to
determine the shift resulting from each systematic uncertainty the treatment of the
relevant effect was shifted according to its expected variation, a new fit was carried
out, and the shift on each of the measured parameters was taken as an estimate of
the systematic uncertainty due to this effect. Each independent systematic effect
was considered in isolation and the shifts added in quadrature to give an estimate of

the total systematic shift on each of the parameters. A summary of all systematics

is given in tables[6.14 -

6.7.1 Breit Wigner Model Assumptions

The isobar model as constructed in this study, with Breit-Wigner terms as described
in chapter (1], uses Blatt-Weisskopf penetration factors in order to describe the form
factors of the resonant decays. The systematic uncertainty which can be attributed
to this assumption was determined by setting the form factors to 1 in the fit. Thisis a

conservative approach to assign this systematic component. The effect is nonetheless



6.7. SYSTEMATIC UNCERTAINTIES 137

Argand Plot of Fitted Values

1lU

-6

-8

_lOIIIlIIIlIIIlIIIlIIIIII|III|III|III|III

-10 -8 6 -4 -2 0 2 4 6 8 10

Figure 6.18: Argand diagram of fitted complex amplitudes (black) and generated
amplitudes (green). For pull study using reconstructed momenta.

found to be reasonably small, and in general significantly smaller than the statistical

uncertainty.

6.7.2 Resonance Masses and Widths

In this study the masses and measured widths of the resonances which appear in the
Breit-Wigner term of expression[1.36]are taken as quoted in [22] and are displayed in
table[6.9l In order to calculate the systematic effect due to the uncertainty on each
of these masses and widths, each measured value was shifted up and down by one
sigma and the magnitude of the shift on each of the fitted variables was averaged.
The resulting systematic shifts on the measured parameters resulting from each
shift in the mass or width of a resonance are added in quadrature to give the total
systematic error resulting from the uncertainties on these quantities.
In considering this category of systematic, the decay D° — K;(1270)*(— p(770), K~), KT

is a special case. The lower mass limit of the K (1270) is below threshold for K p pro-
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Figure 6.19: Projections of fitted result(red) against selected Monte Carlo
data(black)

duction. In fact the decay can still proceed due to the non zero width of the K (1270)
resonance. However the mass of the K;(1270) resonance would have crossed the
threshold condition and the Breit-Wigner description of the decay amplitude may
therefore break down. In order to estimate the uncetainty in this case the mass of
the K,(1270) was lowered to the edge of the physical region (1269.2 MeV) and the
shift this caused, denoted shift pr, is calculated. This mass shift represents a fraction
of 22 of the full error on the mass (since the full error on the mass measurement is 7
MeV but a shift of only 2.8 MeV takea the mass to the limit of the physical region).
Thus to obtain an estimate of the shifts at the true lower bound of the resonance,

shift; z the shifts for each parameter are scaled: shift;p; = % x shiftpp ;.

From tables|6.16,(6.15 and [6.14 it is clear that the precision on the measurements
of all parameters are particularly limited by the knowledge on the measurements of
the masses and widths of the resonances. Tables[6.10/and 6.11 illustrate how much
the uncertainties on the measured mass and widths of each resonance contribute to
the total systematic. From these tables it may be noted that the largest of these

contributions is from the K;(1270) resonance. The contributions towards this shift
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| Resonance | Mass (MeV) | Width (MeV) |

¢ 1019.455 £ 0.020 | 4.26 £ 0.04

o 775.49 % 0.34 1462 £0.7
K*(892) 891.66 =+ 0.26 50.8 £ 0.9
K(1410)% 1414 £ 15 232 £ 15
K, (1270)F 1272 £7 90 =+ 207

Table 6.9: Measured masses and fixed widths for resonances used in the final model
of this study as taken from [22]. *This large error on the width of the K;(1270)*
is described as an “educated guess”, and is larger than the average error of the
published values. It is used in this study as a conservative estimate.

from uncertainties on the mass and width of this resonance are illustrated in tables
and [6.13. From these tables it may be noted that large shifts result from both
the mass and width uncertainties of this resonance. As described in table[6.9] the
uncertainty on the K;(1270) width is very large. The sensitivity to the mass of
the K7(1270) resonance is most likely to be due to the fact that the mass of the
resonance lies close to the threshold condition for the decay D° — KT K;(1270)*(—

p(770)K¥*), so the fit results are particularly sensitive to this mass.

6.7.3 Background Uncertainties

The level of flat background for each of the flavour tagged datasets (listed in table
4.3) is shifted up and down by one sigma from the measured values. The magnitude
of the shift was averaged between the upward and downward changes in order to
provide an estimate of the total systematic due to each background fraction. In
order to account for uncertainties in the models used to describe the flavour tagged
flat and peaking background, any component listed in tables/5.2]and 5.3 which had a
fit fraction within 3 sigmas of 0 was omitted, one at a time. In the case of CP tagged
backgrounds the background description was omitted entirely from each of the four

CP tagged data sets, one at a time. As can be seen in tables[6.16, 6.15/ and |6.14,

uncertainties in the background descriptions provide a relatively small contribution

to the total systematic error on the results.
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\ Component | K1(1270) | K*(892) [ p(770) | K*(1410) | ¢(1020) | Total
K1(1270) T (— K*(892),77), K~ Real 0.0 0.0 0.0 0.0 0.0 0.0
K1(1270)(— K*(892),71), K~ Imaginary 0.0 0.0 0.0 0.0 0.0 0.0
K, (1270)" (— Ko (892), 7 ), Kt Real 0.397 0.283 0.283 0.282 0.283 0.691
K1 (1270)~ (— Ko (892),7~), K+ Imaginary 0.301 0.201 0.199 0.194 0.200 0.499
K1(1270) T (— p(770), KT), K~ Real 2.458 0.376 0.456 0.375 0.376 2.583
K1(1270) T (— p(770), KT), K~ Imaginary 1.140 0.252 0.302 0.256 0.252 1.258
K1(1270)~ (= p(770), K~), KT Real 4.891 0.400 0.835 0.397 0.401 5.01
K1(1270)~ (= p(770), K~), K™ Imaginary 0.897 0.553 0.544 0.545 0.553 1.417
KT(1410)(— K*(892), %), K~ Real 1.470 0.044 0.042 0.788 0.019 1.669
KT(1410)(— K*(892), 7 %), K~ Imaginary 2.077 0.756 0.756 0.738 0.756 2.564
K~ (1410)(— K*(892),7~), K™ Real 1.332 1.162 1.160 1.159 1.162 2.677
K—(1410)(— K*(892),7~), K+ Imaginary 2.849 0.926 0.925 0.943 0.925 3.402
K*(892)K*(892) S wave Real 3.193 0.776 0.777 0.778 0.776 3.551
K*(892)K*(892) S wave Imaginary 0.700 0.903 0.901 0.902 0.903 1.935
#(1020)p(770) S wave Real 1.300 0.761 0.762 0.77 0.761 2.006
¢(1020)p(770) S wave Imaginary 3.414 0.953 0.959 0.964 0.954 3.914
$(1020)p(770) D wave Real 1.155 0.639 0.641 0.648 0.639 1.726
$(1020)p(770) D wave Imaginary 2.312 0.474 0.479 0.480 0.474 2.501
#(1020), (7,7 )g P wave Real 1.739 1.041 1.041 1.048 1.041 2.716
#(1020), (v+, 77 )5 P wave Imaginary 2.548 0.142 0.139 0.143 0.148 2.564
(7T K~ )p,(m~KT)g P wave Real 3.551 0.804 0.806 0.808 0.805 3.9
(7T K7)p,(m~ KT)s P wave Imaginary 0.927 1.172 1.169 1.173 1.171 2.52

Table 6.10: Table of combined systematic shifts, resulting from uncertainties on the
measured masses and widths of each resonance. All shifts are quoted in units of

statistical uncertainty.

\ Component | Ki(1270) | K*(892) | p(770) | K*(1410) [ ¢(1020) | Total
K,(1270) T (— K*(892),7n7), K~ 1.931 0.552 0.556 0.555 0.567 2.23
K1(1270)~ (— Ko (892),7 ), K™ 1.064 0.185 0.19 0.194 0.19 1.13

K1(1270) (— p(770), K+), K~ 0.534 0.3 0.304 0.302 0.306 0.808
K1(1270)~(— p(770), K ), K+ 0.395 0.039 0.066 0.03 0.041 0.406
KT(1410)(— K*(892),77), K~ 0.481 0.349 0.353 0.345 0.339 0.844
K—(1410)(— K*(892),7), K+ 0.455 0.317 0.336 0.332 0.35 0.808
K*(892)K*(892) S wave 0.796 0.105 0.062 0.176 0.064 0.826
#(1020)p(770) S wave 1.159 0.339 0.336 0.339 0.34 1.342
$(1020)p(770) D wave 0.422 0.006 0.075 0.016 0.012 0.429
#(1020), (7 F, 77 )5 P wave 0.201 0.188 0.185 0.187 0.18 0.421
(7T K )p,(m" KT)s P wave 0.919 0.208 0.205 0.207 0.196 1.005

Table 6.11: Table of combined systematic shifts, on the fit fractions for each res-
onance, resulting from uncertainties on the measured masses and widths of each
resonance. All shifts are quoted in units of statistical uncertainty.
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‘ Component | K1(1270) Mass Shift | K1(1270) Width Shift | Total
K, (1270)" (= K°(892),77), K Real 0.0 0.0 0.0
K1 (1270)F(— K*(892),77), K~ Imaginary 0.0 0.0 0.0
K,(1270) (— K, (892),77), K+ Real 0.327 0.226 0.397
K,(1270)~ (— K, (892), 7 ), K* Tmaginary 0.27 0.133 0.301
K1(1270)F (= p(770), K¥), K~ Real 2.347 0.729 2.458
K;(1270)"(— p(770), K*), K~ Imaginary 1.11 0.26 1.14
K, (1270) (— p(770), K-), K Real 4,889 0.141 1.801
K(1270) (— p(770), K~), K* Imaginary 0.658 0.61 0.897
K+ (1410)(— K*(892), 77), K~ Real 0.309 1.437 1.47
K*(1410)(— K*(892),7"), K~ Imaginary 0.425 2.033 2.077
K-(1410)(— K*(892),7), KT Real 1.073 0.79 1.332
K- (1410)(— K*(892), 7 ), K * Imaginary 0.642 2.776 2.849
K*(802)K*(892) S wave Real 0.766 3.1 3.103
K*(892)K*(892) S wave Imaginary 0.465 0.523 0.7
$(1020)p(770) S wave Real 1.158 0.592 1.3
#(1020)p(770) S wave Imaginary 0.595 3.362 3.414
#(1020)p(770) D wave Real 0.902 0.721 1.155
#(1020)p(770) D wave Imaginary 0.337 2.288 2.312
#(1020), (7,7 )5 P wave Real 1.09 1.356 1.739
¢(1020), (7+, 77 )s P wave (S) P wave Imaginary 0.311 2.529 2.548
(7t K™ )p, (m-K1)s P wave Real 0.863 3.445 3.551
(n"K7)p, (" K")s P wave Imaginary 0.681 0.63 0.927

Table 6.12: Table of systematic shifts, on the fitted parameters, resulting from
uncertainties on the measured mass and width of the K;(1270) resonance. All shifts

are quoted in units of statistical uncertainty.

| Component | K1(1270) Mass Shift | K,(1270) Width Shift | Total
K1(1270)F(— K*(892),7%), K~ 0.698 1.801 1.931
K1(1270)~(— K, (892),7), K+ 0.644 0.847 1.064
K1(1270) T (— p(770), K¥), K~ 0.479 0.236 0.534
K, (1270) (— p(770), K), K+ 0.231 0.32 0.395
KT (1410)(— K*(892), 7 ), K~ 0.404 0.26 0.481
K~ (1410)(— K*(892),77), K™ 0.404 0.21 0.455
K*(892)K*(892) S wave 0.175 0.776 0.796
$(1020)p(770) S wave 0.943 0.673 1.159
$(1020)p(770) D wave 0.36 0.219 0.422
$(1020), (7%, 77)g P wave 0.174 0.099 0.201
(7" K )p, (n" K*)g P wave 0.571 0.72 0.919

Table 6.13: Table of systematic shifts, on the fit fractions, resulting from uncer-
tainties on the measured mass and width of the K;(1270) resonance. All shifts are

quoted in units of statistical uncertainty.
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6.7.4 Mistag Rate Uncertainties

The expected mistag rate of each flavour tagged sample is also shifted from its
measured value by one sigma and the shift was calculated in the same way as that
of the background fractions. This component provides a very small contribution to

the total systematic error.

6.7.5 Quantum Correlations

The analysis of the flavour tagged datasets at 3770 and 4170 can suffer from possible
biases brought about by the correlated quantum production mechanism at these
energies. Consider first the 3770 data. In this study it is assumed that (apart
from the proportion of events that are mistagged) this sample would constitute a
pure flavour tagged sample. However since the DD’ pair result from the decay
of the JP¢ = 17~ ¢(3770) particle, the D meson pair is produced in a correlated
state and therefore the D° — K*K-7t71~ decay rate will suffer interference from
a contribution from the conjugate decay; D’ = K+K “mtr~, and vice versa. The
antisymmetric matrix which describes this correlated decay is shown in equation|6.4.
In this equation, the state 7 may be defined as the final state of interest, K™K~ ntmx~

so that:

A = AD" — KYK ntr™) = A(z) (6.14)
A, = AD - K"K rntr) = A(z)

where x denotes a particular point in Kt K -n"n~ Dalitz space. In the current
analysis the flavour tagging is provided by tagging the other side D in its inclusive
decay to kaons under the assumption of a Cabibbo favoured decay. For example
D’ — K=+ X and D’ K+ + X. Therefore it is useful to consider the case where
state j of equation (6.4 is defined to be a specific tag, labeled by the subscript ¢, so
that:

A, = AD’ — K X,) = K /e (6.16)
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where §;, K; and k; are real numbers. Therefore from equation [6.4 the full decay
rate for the decay of interest against the specific tag defined by equation [6.15] is
given by:

Lo K2(AG)] + KA (6.17)
— 2k [Re[A(x)A(x)] cos §; + Im[A(z)A(x)] sin &;)).

Summing over all possible tags ¢, which will all in general have different values for

k:, K; and ¢;, the full decay rate will therefore be given by:

Yo K2R2 —
I oo (SED[A@)P+ | et ) [Aw) (6.18)
YK
— Py K k: YKk
— 2(ReA()A(r) | T ()] (2SO
¥ K?
Therefore defining;:
Y K2k?
k? = (=Lt 1
< k* > ( 57 ) (6.19)
EtKQk’t COS(St
< kcosd > = (gt—Kf (6.20)
. ZtKthSin(St
< ksing> — (ztt—zcg (6.21)
equation [6.18 may be rewritten as:
I o (SKED[A@)) + [Ax)]? < k* > (6.22)

— 2 (Re[A(z)A(z)] < kcosd > +Im[A(z)A(z)] < ksind >)].

Since the tags in question are dominated by Cabibbo favoured and doubly Cabibbo
suppressed decays it may be noted that k; ~ 0.05, therefore the term |A(z)[? < k% >

will be very small and can be neglected leaving the expression:

' oo (S5KD)[JA®@))* + (6.23)
— 2 (Re[A(z)A(z)] < kcosd > +Im[A(z)A(z)] < ksind >)].

It may also be assumed that the parameters relating to the tags; (X, K?2), < kcosd >

and < ksind > will not vary over the K+ K~ 77~ Dalitz space. Therefore the term
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(¥:K?) may be absorbed into the normalization. To assess the potential effect of the
quantum correlations, a study is conducted in which the signal PDF is modified to
the form given in expression[6.23| This is used to fit the 3770 flavour tagged dataset.
Note there are now two additional free parameters, < kcosd > and < ksind >.
The results of this fit are used to estimate the systematic shift on the measured
parameters due to the quantum correlations present in this sample.

Quantum correlations are also present at the 4170 flavour tagged dataset. How-
ever since the D° and D' particles are generally not produced directly at this energy
but via various production mechanisms, as described in section[4.3.2, the interference
effects, are expected to be diluted with respect to the 3770 case.

The quantum correlation parameters obtained from these fits are < kcosd >=
0.061 +0.042 and < ksind >= 0.029 £ 0.007 for the 3770 dataset and < kcosd >=
0.051+0.032 and < ksinéd >= 0.037+£0.011 for the 4170 dataset. For both datasets
the < ksind > values are around three sigmas away from zero indicating the presence
of quantum correlations.

The systematic shifts due to quantum correlations at the ¢ (3770) and (4170)
centre of mass energies are added in quadrature in order to give the total systematic
shift due to these effects. The combined effects of the quantum correlation present in
these two datasets offered a small contribution to the total systematic uncertainty,
being in all cases less than 0.35 that of the statistical uncertainty, as shown in tables

6.16] [6.15 and [6.14.

6.7.6 Efficiency Uncertainties

In order to estimate any possible systematic bias due to the description of the effi-
ciency in the case of the flavour tagged CLEO-IL.V dataset, the efficiency description
was removed entirely from the analysis for this dataset. In practice this involved
replacing the efficiency corrected Monte Carlo events with MINT Generated Monte
Carlo events which had not been efficiency corrected.

In the case of the 3770, 4170 and CLEO-III datasets an alternative approach is
employed to determine the efficiency systematic. An explicit function is developed
to account for the efficiency. The magnitude of the three momentum of each of

the final state particles is calculated. The kaon and pion with the highest three
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momentum are labeled as the fast kaon and fast pion respectively, the remaining
particles are labeled as the slow kaon and slow pion. The efficiency corrected Monte
Carlo events and the initially generated Monte Carlo sample (including events which
are not selected after the detector and reconstruction simulation) are then used to
produce histograms of efficiency in terms of the fast kaon momentum, slow kaon
momentum, fast pion momentum and slow pion momentum, which are treated as
independent variables. An efficiency function € is then applied to the PDF, as
explained in expression [5.30) where € is given by:

€ = er(PFw> X GFK(PFK) X EST{'<PS7T) X ESK(PSK) X EKS(Sﬂ--&-ﬂ-—). (624)

Here €p(s), k() (Pr(s)k(x)) gives the efficiency value as a function of the momentum
of the fast (slow) kaon (pion) and €, (Sz+.-) is a function which describes the effect
of the KY veto cuts on the acceptance of D — K™K 77~ events.

The K2 veto cuts only affects events for which the 777~ invariant mass fall
within a certain range of the mass of the K2 particle (0.22 GeV? < S - < 0.3
GeV?) so the function ¢ ko is defined to be 1 outside of this range. In the case of the
CLEO-III dataset, the function € Ko 18 defined to be 1 throughout since the K¢ veto
cuts did not have a large effect on the signal for this dataset. A function is then
developed in order to model the effects of the K2 veto cuts within the appropriate
range for each of the CLEO-c datasets. The efficiency as a function of S;+,- close to
but outside of the range for which the K3 veto cuts are applicable can be modelled
with a linear functon. This is illustrated for the 3770 flavour tagged dataset in figure
m. Defining the function describing this straight line as €., the acceptance in
the region of the K2 veto cuts, as a function of S;+,-, is then assumed to be given
by €iinc€x,. The function ek, is modelled as a quadratic function in terms of S, +,-
as illustrated in figure ’m‘ in which the ratio of selected events to generated
events as a function of invariant mass squared are shown.

The shift on the measured parameters using this efficiency method compared to
the method used in this study is taken as the systematic shift due to the efficiency
treatment of these datasets. The total systematic error resulting from uncertainties

in the way the efficiencies are handled is generally 0.2 — 0.3 that of the statistical

uncertainty, as shown in tables 6.16,[6.15 and 6.14.
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PpPm PpPm
o Uef o  Uef
K] C K] C
o 0.185 o 0.185
0.16; 0.16{—
D.lA; D.IA;
0.12%; . 012;_._ —
01— -~ + ++++ 01— ++++
woeb . —+—+—+ = —+—+—+
.08 —+ 008 +
C -+ C -+
0.06— 0.06—
C -+ C -+
004~ + 004 =+
£ -+ £ -+
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Invariant mass Squared/ GeV~2 Invariant mass Squared/ GeV~2
(a) Linear fit to acceptance in terms of S;+,- out-  (b) Fit to acceptance in terms of S, +,- within the

side of the region for which the K2 veto cuts are  region for which the K9 veto cuts are applicable.
applicable. The KY veto cuts are applied between =~ The K veto cuts are applied between 0.2 and 0.35
0.2 and 0.35 GeV>. GeV?.

6.7.7 Fitter Bias

Studies which looked for evidence of fitter bias were described in section (6.6 These
find small but significant effects. In order to estimate the systematic shift due to

any biases in the fitter the shift on each variable, ¢ is taken to be

shift; = Mean of pull distribution, for parameter i (6.25)

X Statistical error on parameter, i

where the pull distributions are those described in section [6.6/in which Monte Carlo
truth information is used for the particle’s four momenta.The systetamtic uncer-
tanties due to the fitter bias is in all cases less than 0.3 times that of the statistical

uncertainty.

6.7.8 Reconstruction Effects

It is also necessary to estimate the shift on each of the variables due to the fact that
the momenta of the particles, which are the inputs to the fit, are not reconstructed
with perfect accuracy. The shift is calculated for each variable as described in
equation [6.25] in this case using the pull study, described in section 6.6, in which
the reconstructed four momenta are used as an input to the fit. The shift on each
of the variables calculated in this way is assumed to result from a combination

of the fitter bias and the reconstruction effects. Therefore, in order to estimate
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the shift due only to the reconstruction effects, shiftg.., the shift due to the fitter

bias, shiftpp is subtracted in quadrature from the total shift, shift,,: shiftz.. =

\/ (shifty,)? — (shiftp)2. The reconstruction effects calculated in this way offered a
relatively small contribution (is in all cases less than 0.3 times that of the statistical

uncertainty) towards the total systemtic uncertainty.

6.7.9 Combined Systematic Results

Each of the systematic shifts which have been described are added in quadrature in
order to calculate the total systematic shift on each variable. The systematic effects
due to each of the effects described, are given in tables [6.14] and [6.15] Table [6.16/
shows the systematic shifts on the fitted parameters which have been converted into

polar coordinates.

From tables[6.14,16.15 and [6.16 it is clear that the precision on the measurements

of all parameters are limited by systematics rather than statistical precision. The
dominant component contributing to the systematic comes from the knowledge of
the masses and widths of the resonances in particular that of the K;(1270). The

large systematics in this case are therefore considered to be unavoidable.



‘ Component 1 2 3 4 5 6 7 8 9 10 ‘ Total ‘ Fitted Value + Stat + Syst ‘
K,(1270)"(— K*(892), %), K~ Real 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.040.040.0
K;(1270)"(— K*(892),7"), K~ Imaginary | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0£0.0£0.0
K (1270) (— Yo*(892)7 77), Kt Real 0.375 | 0.691 | 0.044 | 0.201 | 0.216 | 0.026 | 0.035 | 0.218 | 0.423 | 0.0 0.967 0.1574+0.078+0.075
K (1270)~ (— E*(SQZ), 77), KT Imaginary | 0.059 | 0.499 | 0.074 | 0.104 | 0.332 | 0.049 | 0.023 | 0.341 | 0.027 | 0.0 0.706 -0.30640.06+0.043
K1(1270)*(— p(770), K*), K~ Real 0.311 | 2.583 | 0.071 | 0.149 | 0.531 | 0.021 | 0.045 | 0.362 | 0.071 | 0.138 2.69 4.067+0.64+1.721
K(1270)*(— p(770), K*), K~ Imaginary | 0.062 | 1.258 | 0.029 | 0.281 | 0.162 | 0.009 | 0.175 | 0.278 | 0.14 | 0.278 | 1.378 4.2194+0.88641.22
K,(1270)=(— p(770), K~), K+ Real 0.346 | 5.01 | 0.014 | 0.208 | 0.443 | 0.026 | 0.037 | 0.79 | 0.003 | 0.029 | 5.107 6.897+0.59343.028
K(1270)~(— p(770), K~), K* Imaginary | 0.404 | 1.417 | 0.043 | 0.07 | 0.352 | 0.04 | 0.071 | 0.522 | 0.232 | 0.219 | 1.638 0.196+1.095+1.794
K+ (1410)(— K*(892),7"), K~ Real 0.621 | 1.669 | 0.027 | 0.104 | 0.11 | 0.045 | 0.222 | 0.401 | 0.31 | 0.267 | 1.891 4.6174+0.561£1.061
K*(1410)(— K*(892),7"), K~ Imaginary | 0.156 | 2.564 | 0.097 | 0.207 | 0.189 | 0.019 | 0.044 | 0.172 | 0.09 0.0 2.593 -4.10240.717+1.86
K~=(1410)(— K*(892),77), K Real 1.155 | 2.677 | 0.092 | 0.235 | 0.2 | 0.011 | 0.098 | 0.196 | 0.046 | 0.062 | 2.942 2.609+0.926+2.725
K—(1410)(— K*(892),77), KT Imaginary | 0.029 | 3.402 | 0.065 | 0.175 | 0.222 | 0.015 | 0.141 | 0.515 | 0.345 | 0.227 | 3.481 -6.253+0.58742.043
K*(892)K*(892) S wave Real 0.565 | 3.551 | 0.08 |0.233 | 0.24 | 0.004 | 0.222 | 0.467 | 0.271 | 0.0 3.659 0.3174+0.03540.129
K*(892)K*(892) S wave Imaginary 0.464 | 1.935 | 0.096 | 0.223 | 0.261 | 0.019 | 0.069 | 0.445 | 0.134 | 0.0 2.075 0.1340.043+0.09
#(1020)p(770) S wave Real 0.388 | 2.006 | 0.121 | 0.143 | 0.419 | 0.018 | 0.183 | 0.384 | 0.337 | 0.0 2.163 -0.32440.149+0.322
#(1020)p(770) S wave Imaginary 0.414 | 3.914 | 0.134 | 0.139 | 0.585 | 0.02 | 0.341 | 0.368 | 0.012 | 0.0 4.016 0.985+0.09440.376
(1020)p(770) D wave Real 0.322 | 1.726 | 0.115 | 0.119 | 0.376 | 0.019 | 0.134 | 0.319 | 0.196 | 0.24 1.863 0.20440.32640.608
#(1020)p(770) D wave Imaginary 0.241 | 2.501 | 0.051 | 0.126 | 0.269 | 0.005 | 0.304 | 0.529 | 0.06 0.0 2.604 -1.4284+0.18340.477
¢(1020), (7*, 77 )s P wave Real 0.651 | 2.716 | 0.143 | 0.086 | 0.494 | 0.028 | 0.169 | 0.312 | 0.204 | 0.0 2.87 -1.698+0.83442.393
#(1020), (7", 77 )s P wave Imaginary 0.245 | 2.564 | 0.083 | 0.244 | 0.262 | 0.01 | 0.163 | 0.518 | 0.204 | 0.122 | 2.669 -5.93240.48241.288
(7" K7)p, (m~ KT)s P wave Real 0.415 | 3.9 |0.087 | 0.272 | 0.225 | 0.019 | 0.012 | 0.437 | 0.207 | 0.0 3.968 82.64+6.766+26.9
(7" K™)p, (m~ KT)s P wave Imaginary 0.989 | 2.52 | 0.104 | 0.187 | 0.186 | 0.018 | 0.082 | 0.162 | 0.03 0.0 2.728 11.449.744426.6
K2 Background Fraction 3770 0.002 | 0.0 0.01 | 0.394 | 0.072 | 0.006 | 0.011 | 0.106 | 0.0 0.0 0.415 0.02840.00540.002
K9 Background Fraction 4170 0.002 | 0.0 |0.005| 0.19 | 0.014 | 0.002 | 0.019 | 0.142 | 0.0 0.0 0.238 0.01940.006+0.001

Table 6.14: Table of all systematic uncertainties. The systematic shifts are given in terms of the statistical uncertainty for the
parameter in question. The number of the head of each column refers to the following systematics: 1) BW Model 2) Masses
and Widths of Resonances 3) CP backgrounds 4) Flavour Backgrounds 5) Flavour Backgrounds Fractions 6) Mistag Fractions
7) Quantum Correlations 8) Efficiencies 9) Fitter Bias 10) Reconstruction Effects.
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‘ Component ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘ 8 ‘ 9 ‘ 10 ‘ Total Fitted Value £ Stat + Syst
K;(1270)7(— K*(892),7%), K~ | 0.566 | 2.23 | 0.059 | 0.268 | 0.291 | 0.011 | 0.163 | 0.569 | 0.049 | 0.0 2.409 0.07340.00840.019
K1(1270)~ (— Ko (892), 7 ), K | 0.409 | 1.13 | 0.086 | 0.112 | 0.429 | 0.036 | 0.053 | 0.152 | 0.281 | 0.234 | 1.344 0.00940.00340.004

K1 (1270)(— p(770), K*), K~ | 0.297 | 0.808 | 0.013 | 0.32 | 0.176 | 0.015 | 0.132 | 0.343 | 0.032 | 0.083 | 1.009 0.047£0.008+0.008
K1(1270)~ (— p(770), K—), K™ | 0.317 | 0.406 | 0.06 | 0.087 | 0.598 | 0.034 | 0.075 | 0.505 | 0.048 | 0.085 | 0.951 0.06£0.00840.008
KT(1410)(— K*(892),7 "), K~ | 0.159 | 0.844 | 0.046 | 0.281 | 0.151 | 0.017 | 0.138 | 0.334 | 0.353 | 0.258 | 1.079 0.04240.00740.008
K~ (1410)(— K*(892),77),K* | 0.335 | 0.808 | 0.035 | 0.13 | 0.263 | 0.013 | 0.048 | 0.471 | 0.046 | 0.238 | 1.065 0.04740.00740.007
K*(892) K*(892) S wave 0.223 | 0.826 | 0.064 | 0.266 | 0.191 | 0.008 | 0.201 | 0.641 | 0.051 | 0.006 1.14 0.06140.0084-0.009
(1020)p(770) S wave 0.345 | 1.342 | 0.099 | 0.054 | 0.67 | 0.023 | 0.414 | 0.22 | 0.225 | 0.225 | 1.644 0.383£0.025£0.041
¢(1020)p(770) D wave 0.278 | 0.429 | 0.026 | 0.04 | 0.142 | 0.018 | 0.277 | 0.656 | 0.092 | 0.1 0.9 0.0344-0.00740.006
#(1020), (7 *, 77 )g P wave 0.57 | 0421 | 0.1 |0.087 | 0.18 | 0.045 | 0.187 | 0.191 | 0.19 0.0 0.813 0.10340.01+0.008
(7K™ )p,(n” KT)g P wave 0.232 | 1.005 | 0.055 | 0.204 | 0.543 | 0.039 | 0.166 | 0.904 | 0.219 | 0.0 1.516 0.10940.01240.018
Fit Fraction Sum 0.078 | 3.757 | 0.046 | 0.072 | 0.303 | 0.029 | 0.376 | 0.42 | 0.081 | 0.46 3.841 0.96740.02640.099

Table 6.15: Table of all systematic uncertainties for the fit fractions of each component. Each of the systematic shifts are
given in terms of the statistical error for the parameter in question. The number of the head of each column refers to the
following systematics: 1) BW Model 2) Masses and Widths of Resonances 3) CP backgrounds 4) Flavour Backgrounds 5)
Flavour Backgrounds Fractions 6) Mistag Fractions 7) Quantum Correlations 8) Efficiencies 9) Fitter Bias 10) Reconstruction
Effects.
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Component 1 2 3 4 5 6 7 8 9 | 10 [ Total | Fitted Value + Stat + Syst |

K, (1270) 7 (— K*(892),7"), K~ Phase 0.0 [ 00 ] 00 ] 007 007 0071 007 007 007] 00 0.0 0.0£0.0£0.0

K,(1270)*(— K*(892),7%), K~ Amplitude | 0.0 | 00 | 0.0 | 00 | 0.0 | 00 | 0.0 | 00 | 0.0 [ 0.0 0.0 1.040.0+0.0
K1 (1270) (— Ky (892),77), K+ Phase | 0.359 | 0.827 | 0.024 | 0.183 | 0.095 | 0.042 | 0.041 | 0.304 | 0.402 | 0.0 1.055 1.098+0.21540.227
K1(1270) (— K, (892),7 ), K+ Amplitude | 0.174 | 0.034 [ 0.083 | 0.153 | 0.391 | 0.027 | 0.005 | 0.225 | 0.236 | 0.0 0.568 0.34540.064-0.036
K1(1270)*(— p(770), K*), K~ Phase 0.141 [ 0.455 | 0.06 | 0.174 | 0.428 | 0.017 | 0.111 | 0.065 | 0.156 | 0.135 | 0.709 0.80440.131-+0.093
K1(1270)*(— p(770), K*), K~ Amplitude | 0.227 | 2.516 [ 0.033 | 0.297 | 0.215 [ 0.011 | 0.17 | 0.43 | 0.073 [ 0.308 | 2.614 5.86+0.777+£2.031
K1(1270)~(— p(770), K~), K Phase 0.421 | 1.274 | 0.043 | 0.07 | 0.339 | 0.04 | 0.07 | 0.511 | 0.126 | 0.218 | 1.501 0.02840.159-+0.238
K1 (1270)~(— p(770), K~), K* Amplitude | 0.299 | 5.097 | 0.013 | 0.208 | 0.426 | 0.024 | 0.041 | 0.758 | 0.007 | 0.047 | 5.184 6.9+0.59343.077
K*(1410)(— K*(892),7"), K~ Phase 0.468 | 3.036 | 0.091 | 0.221 [ 0.197 | 0.041 | 0.089 | 0.294 | 0.106 | 0.15 | 3.108 0.72640.106-+0.329
K+(1410)(— K*(892),7%), K~ Amplitude | 0.306 | 1.036 | 0.062 | 0.109 [ 0.119 | 0.017 | 0.18 | 0.267 | 0.272 | 0.178 | 1.186 6.1774+0.635+0.753
K- (1410)(— K*(892),77), K* Phase 1.037 | 3.461 | 0.106 | 0.22 | 0.249 | 0.009 | 0.13 | 0.227 | 0.129 | 0.12 | 3.644 1.17640.1340.475
K—(1410)(— K*(892),7), K* Amplitude | 0.761 | 1.663 | 0.013 | 0.219 | 0.082 | 0.017 | 0.065 | 0.445 | 0.264 | 0.154 | 1.922 6.776+0.649+1.247
K*(892)K*(892) S wave Phase 0.638 | 1.198 | 0.105 | 0.261 | 0.232 | 0.018 | 0.005 | 0.366 | 0.209 | 0.0 1.467 0.3940.123+0.181
K*(892)K*(892) S wave Amplitude 0.266 | 3.859 | 0.066 | 0.174 | 0.278 | 0.008 | 0.229 | 0.547 | 0.185 | 0.0 3.932 0.3424-0.036+0.143
#(1020)p(770) S wave Phase 0.471 [ 2.416 | 0.145 | 0.13 | 0.507 | 0.021 | 0.243 | 0.354 | 0.328 | 0.0 2.578 1.889+0.13940.359
#(1020)p(770) S wave Amplitude 0.164 | 3.042 | 0.066 | 0.164 | 0.389 | 0.011 | 0.222 | 0.433 | 0.157 | 0.0 3.118 1.037+0.1+£0.313
$(1020)p(770) D wave Phase 0.347 1 2.052 [ 0.119 [ 0.113 | 0.388 [ 0.019 | 0.153 | 0.269 | 0.188 | 0.237 | 2.167 1.429-+0.224+0.486
#(1020)p(770) D wave Amplitude 0.131 | 1.89 [0.026 | 0.14 | 0.221 | 0.005 | 0.266 | 0.591 | 0.114 | 0.07 | 2.024 1.444+0.187+0.378
#(1020), (7%, 7 )g P wave Phase 0.684 [ 2.636 | 0.155 | 0.116 | 0.514 | 0.029 | 0.194 | 0.38 | 0.164 | 0.02 | 2.816 1.8540.1324+0.371
(1020) (r, 77 )g P wave Amplitude 0.02 |3.009 | 0.023 | 0.196 | 0.202 | 0.007 | 0.067 | 0.365 | 0.276 | 0.11 | 3.059 6.17240.518+1.583
(7T K™)p, (r~K¥)g P wave Phase 1.037 [ 2.137 1 0.112 [ 0.164 | 0.166 | 0.02 | 0.082] 0.166 | 0.048 | 0.0 2.397 0.13740.116+0.279
(7TK~)p, (r~ K¥)s P wave Amplitude 0.126 | 4.245 [ 0.064 | 0.299 | 0.255 | 0.016 | 0.016 | 0.431 | 0.197 | 0.0 4.291 83.446.834+29.3

Table 6.16: Table of all systematic uncertainties for the fitted parameters expressed in polar coordinates. Each of the systematic
shifts are given in terms of the statistical error for the parameter in question.
number of the head of each column refers to the following systematics: 1) BW Model 2) Masses and Widths of Resonances 3)
CP backgrounds 4) Flavour Backgrounds 5) Flavour Backgrounds Fractions 6) Mistag Fractions 7) Quantum Correlations 8)

Efficiencies 9) Fitter Bias 10) Reconstruction Effects.

All phases are measured in radians.

The
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6.8 Robustness Test

In addition to the ensemble study a further robustness test is carried out. In order
to test the consistency of the individual datasets the data are separated into two
samples: those collected at centre of mass energies around that of the T resonances
(this consisted of the CLEO-III and CLEO-ILV datasets) and those collected at the
lower centre of mass energies of CLEO-c (the 3770 and 4170 datasets). The selection
techniques used for each of these datasets is distinct and so the comparison provides
a particularly convincing test of consistency. Separate fits are carried out using each
of these datasets. The fit fractions obtained for each dataset are then compared.
The uncorrelated systematic errors (for example the systematic errors associated
with the handling of the efficiency and bacgrounds in the fit but not the systematic
errors associated with the Breit Wigner descriptions or masses and widths of the
resonances) are included in comparing the fit fractions of the two datasets. The
comparison is shown in table[6.17. This shows that the amplitude model produced
from the lower energy CLEO-c datasets is consistent with that produced by the
CLEO-I1.V and CLEO-III datasets to within the stated uncertainties.

‘ Decay ‘ CLEO-I1.V/III Datasets ‘ CLEO-c Datasets ‘ Relative Shift
K1(1270) T (— K*(892),71), K~ 44+ 0.9+ 0.9 98 + 1.2 + 46 1.1
K1(1270) (— Ko (892), 7 ), K+ 3.6 +0.9 + 1.1 02+ 0.2+ 2.3 1.2

K1 (1270) 7 (— p(770), KT), K~ 2.6+ 0.8 + 0.5 85+ 1.4 + 4.2 13
K1(1270) (= p(770), K ), K" 79+ 1.2+ 1.1 35+ 1.1+ 3.4 1.1
KT(1410)(— K*(892),77), K~ 45+ 0.9 + 0.6 45+ 1.1+ 1.2 0.0
K- (1410)(— K*(892), 7 ), K+ 55+ 1.0 + 0.8 46+09+ 1.1 0.4
K*(392)K*(392) 75+ 1.8 £ 20 52+ 1.0 £ 20 0.7
$(1020)p(770) 398 £ 27+ 31 |369+32+4.0 05
$(1020)p(770) D wave 47T+£1.0+1.1 1.7+ 08+ 23 1.0
#(1020), (7, 77)s P wave 8312407 109 £ 1.7 £ 3.0 0.7
(7T K™ )p, (m~KT)s P wave 147 £ 1.8 &£ 4.5 7814453 1.1

Table 6.17: Fit fractions for the separate fits to the CLEO II.V and CLEO-III
datasets and to the CLEO-c datasets. The relative shift is given in terms of the
number of standard deviations. The systematic effects were larger for the CLEO-c
sample, this was presumably due to acceptance and background effects that affected
particularly sensitive regions of phase space for this dataset.
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6.9 Summary

In this chapter the final model for the signal decay has been presented. The sys-
tematic effects have been described and were determined to dominate the error on
the final result, due mainly to large uncertainties on the masses and widths of the

resonant particles. A further discussion of the results is given in chapter 7.



Chapter 7

Discussion of the results and a
Search for CP Violation

7.1 Discussion of the Final Amplitude Model

The fit fractions for the final model for the amplitude fit are shown in table/7.1. The
dominant contribution is from the D — V'V mode D — ¢(1020)p(770) where the ¢
and p resonances are in a relative S wave. The total contribution from the D — ¢p
modes is found to be ~ 40%. The next largest contribution is the D — AP mode
D — K;(1270)"(— K*(892)7")K~. In total the D — V P modes make up ~ 30%
of the final amplitude model. There are also contributions from a non resonant
decay and the quasi three body decay mode D — ¢(1020)7" 7~ (in which the 77
system and ¢ resonance are in a relative S wave) which are both ~ 10%. There
is also a small contribution from the D — V'V mode D — K**(892)K*~(892) of
~ 5%.

The fact that the dominant contributions are from the D — ¢p and the D — AP
modes can be understood physically because such decays can proceed via tree level
processes involving a W meson which couples strongly to vector and axial vector
particles. Similarly the three body decay D — ¢n™n~ can proceed via tree level
process and so the significant contribution of this mode is expected. Conversely the
D — VV mode D — K*(892)K*(892) cannot occur via a tree level process and
is expected to proceed dominantly via rescattering, therefore the relatively small
contribution of this mode to the final model is also expected. The final model does
not contain any contribution from the mode D — f,(980)7 "7~ despite the fact that

the f(980) resonance couples strongly to K+ K~ channel.

15
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’ Component \ Fit Fraction \ Total Fit Fraction ‘

K1(1270) " (— K*(892), 1), K~ | 0.073£0.008+0.019
K(1270) (— Ko*(892) =), K* | 0.009+£0.003+0.004
K, (1270)F (= p(770), K¥), K~ | 0.047+£0.008+0.008
K1(1270)~ (= p(770), K-), K= | 0.060.008£0.008
K (1410)(— K*(892),x7), K~ | 0.04240.007+0.008
K~ (1410)(— K*(892), ), KT | 0.0474£0.00740.007
K*(892)K*(892) S wave 0.061+0.008+0.009 | 0.061+0.008-:0.009
$(1020)p(770) S wave 0.383£0.02540.041
$(1020)p(770) D wave 0.034=£0.007+0.006
$(1020), 77,7 (V) S wave | 0.103%0.010+0.008 | 0.103-£0.010+0.008
(" K )p,(m K")g P wave | 0.109+0.012+0.018 | 0.109+0.012+0.018

0.278£0.017+0.025

0.417+0.026+0.041

Table 7.1: The fit fractions for the final amplitude model. Errors are quoted as stat
+ sys. The third column gives the fit fractions for the corresponding rows added.

Table[7.2 illustrates the change in fit parameters and fit quality when the baseline
model is modified in various ways (which were not previously shown in table [6.2).
This is shown in order to justify the presence of certain components in the final
model while other similar components have not been included. Table 7.2 shows
that if the decay mode D — f,(980)7 7~ is included in the fit, either in addition
(column two) or instead of (column three) the non resonant component the resulting
fit fraction of this component is very small and the quality of the fit (according to
the x4 ) is reduced.

It may also be noted that certain angular momentum states are preferred over
others in the final model. In the case of the non resonant component neutral pion-
kaon pairs exist in a P wave state. Table 7.2 also shows a comparison between
the final model and models in which other angular momentum states are included.
For example the final model contains a component D° — K*(892)K*(892), where
the K* and K resonances exist in a relative S wave, columns six to eight of Table
7.2 also shows models for which the resonances are in a relative P or D wave. In
each case the quality of the fit is decreased and the additional angular momentum
states only offer small contributions. This justifies the decision not to include these

contributions in the final signal model.



| | [ 2 [ 3 [ 4 [ 5 | 6 | 7 ] 8 |
Ki(1270)7(— K*(892), ), K~ | 0.073+0.008 [ 0.07240.008 [ 0.07£0.008 | 0.062+£0.008 [ 0.076+0.008 | 0.077+0.008 [ 0.076:£0.008 | 0.073+0.008
K, (1270) (— Ky (892), 7 ), K+ | 0.009+0.003 | 0.009+0.003 | 0.018:£0.004 | 0.01140.004 | 0.009:£0.003 | 0.009£0.003 | 0.008-£0.003 | 0.00940.003
K,1(1270)7(— p(770), K7), K~ | 0.047£0.007 | 0.05340.008 | 0.049+0.008 | 0.054%0.008 | 0.047+0.007 | 0.04540.007 | 0.0440.007 | 0.048+0.007
K1(1270) (= p(770), K ), K* | 0.06£0.008 | 0.05+0.008 | 0.09+0.012 | 0.04440.007 | 0.059+0.007 | 0.05740.007 | 0.056+0.007 | 0.061+0.008
K*(1410)(— K*(892),7%), K~ | 0.04240.007 | 0.04240.007 | 0.049+0.008 | 0.04740.007 | 0.047+0.007 | 0.039£0.008 | 0.05+0.007 | 0.03440.008
K—(1410)(— K*(892),7~), K* | 0.047£0.006 | 0.04640.006 | 0.055+0.007 | 0.03840.007 | 0.046+0.007 | 0.02940.006 | 0.047+0.007 | 0.03+0.007
K*(892)K*(892) S wave 0.061+0.008 | 0.063+0.008 | 0.0814+0.009 | 0.089+0.01 | 0.064+0.008 | 0.019+0.006 | 0.01840.006 | 0.061+0.008
K*(892) K*(892) P wave - - - - - 0.0140.003 - 0.00940.004
K*(892)K*(892) D wave - - - - - 0.041£0.008 | 0.04640.009 -
$(1020)p(770) S wave 0.383+0.022 | 0.38£0.022 | 0.33+0.02 | 0.43+0.024 | 0.3940.021 | 0.397+0.021 | 0.39840.021 | 0.381+0.021
$(1020)p(770) P wave - - - - 0.008+0.004 - - -
$(1020)p (770) D wave 0.034+0.007 | 0.03540.007 | 0.0334+0.007 | 0.03+0.007 | 0.0354+0.007 | 0.033+£0.006 | 0.0334+0.006 | 0.034+0.006
(1020) (7%, 7 )s P wave 0.103+0.01 | 0.140.009 | 0.089+0.009 | 0.079£0.009 | 0.101+0.01 | 0.099+0.01 | 0.098+0.01 | 0.104=0.01
(m"K )p,(m K")s P wave | 0.10940.012 | 0.104%0.011 - - 0.11240.012 | 0.1£0.011 [ 0.09840.011 | 0.109+0.011
(T K )5, (m K5)s - - - 0.13140.014 - - - -
£(0)(980), 7, 7~ - 0.006£0.003 | 0.02540.006 - - - - -
Sum 0.967+0.026 | 0.96+0.026 | 0.889-+0.022 | 1.015+0.026 | 0.9910.024 | 0.9554-0.025 | 0.974::0.025 | 0.955+0.025
\ x* per DOF | 1633 | 1665 | 2131 | 2069 | 1.665 | 1699 | 1707 [ 1.675 |

Table 7.2: The fit fractions and x? values for the final model (column 1) compared with the fit fractions for some similar models.
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7.1.1 Comparison to the FOCUS model

Table 7.3 shows a comparison between the fit fractions obtained in the best fit to
the CLEO data and the model produced by the analysis of data collected at the
FOCUS experiment [77]. The study carried out at FOCUS did not distinguish
between conjugate decays modes. For example K7(1270)" K~ and K;(1270)" K.
Therefore for the purpose of this comparison these modes are amalgamated in the
CLEO model.

Both models show sizable contributions from K;(1270)* KT and ¢p decay modes,
although the former is more abundant in the FOCUS model while the latter domi-
nates in the CLEO model. In both models the K;(1270) decays in equal proportions
(to within the calculated uncertainties) via K*(892) and p to the final state. Both
models show a small contribution from the K*(892)K*(892) decay mode. FOCUS
finds a large (= 20%) contribution from the D — AP mode K (1400)K T, which is
not present in the final CLEO model. The CLEO model contains a significant con-
tribution (&~ 9%) from the mode K*(1410)(— K*(892)7*)KF which is not included
in the FOCUS model. Another significant difference between the two models is the
contribution (~ 10%) of a non-resonant decay mode in the CLEO model which is
not present in the FOCUS model. Finally the FOCUS model includes a sizable
(= 15%) contribution from the decay mode f5(980)7 "7 ~, which is not present in
the CLEO model (the inclusion of this mode in the CLEO model is disfavored as
described in the previous section). However the quoted error on this component
is high (13%) and so the models agree to within errors. The CLEO and FOCUS
models both show significant contributions (& 10% and ~ 30% respectively) from
three body intermediate states. The FOCUS model does not consider differing an-
gular momentum states between final state particles so no comparison of these can

be made of these contributions.

7.2 Sensitivity toy From B* — D(— K"K ntr )K=

As discussed in chapter [1, measurements of v may be made from a single decay
of the form B* — D(— f)K¥*, where f is accessible from both D° and D’ A

measurement of v via this method requires independent knowledge of the resonant
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’ Component \ CLEO model \ FOCUS Model ‘

K1(1270)%(— K*(892),7%), K* | 0.08240.00940.019 | 0.16+0.04+0.05
K1(1270)% (= p(770), K¥), K* | 0.1074£0.011£0.011 | 0.18%0.0620.03
K1 (1270)* (— K*(1430), 7), K ¥ - 0.02+0.0120.00

| Sum of K;(1270)*KT modes | 0.18940.014=0.022 | 0.3340.06+0.04 |
K*(1410)(— K*(892),7*), KT | 0.089£0.010£0.011

K (1400) K+ - 0.22+0.03%0.04
K*(892)K*(892) 0.061=£0.008+0.009 | 0.03+0.02+0.01
K*(892)K*n+ - 0.110.0240.01
$(1020)p(770) 0.417+0.026+0.041 | 0.29+0.02%0.01
p KTK- - 0.02+0.02%0.02
H(1020), 71, 7 0.103+0.010+0.008 | 0.01%0.01%0.00
Fo(980)m T~ 0.15+0.13%0.02

Non resonant 0.109+0.012+0.018 -

Table 7.3: The fit fractions for the final amplitude model presented in this thesis
compared to the model obtained in a previous study on this decay mode performed
by the FOCUS collaboration [77].The first uncertainty is statistical, the second
systematic.

substructure of the decay D° — f. The four body decay D — KTK -7nTn~ is a
potential candidate for a v measurement using this approach.

The model developed in this thesis (that shown in the first column of table
is used in a toy MC study to assess the potential of the mode D — KTK 7t7~ in
a 7y measurement.

A previous study had been carried out [85] into the sensitivity to  which is
achievable through this channel, based on the FOCUS model. As the FOCUS
analysis did not distinguish between D° and D’ decays, this study had to make
assumptions about the respective DY and D" contributions to different states. The
sensitivity to the angle v determined by this study was 14.4 4+0.7° based on samples
of 1000 events, but this conclusion is dependent on the assumptions made.

In order to determine the sensitivity to ~ via this channel, sets of 1000 B and
1000 B~ events (corresponding to 1 fb™!) are generated. The amplitudes for these

decays are as described in chapter 1] and are given by:

ABY - D(KTK ntn )K') = Ap(Ap+ Aprgexpi(dp +7) (7.1)
AB~ = D(K"K ntr)K~) = Ap(Ap + Aprpexpi(ép —7)) (7.2)
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where the amplitude Ap is given by one of the models for the D° — KTK - mtm~
decay as presented in 6.2\ Initial values for the parameters v, 0p and rp are taken
as 70°, 130° and 0.1 respectively. The likelihood functions for the BT and B~ events

are defined as:

dio
P(BT) = N|AT]? 7.3
(B7) A7 dtordsi2dsazdszadios (7.3)
R P — (7.4
B dlords12dsazdssadios '

where /V is a normalization constant which is obtained through numerical integration
and AT are the amplitudes for the B+ and B~ decays defined in equations 7.1 and
7.2 respectively. Having generated BT and B~ events according to these likelihood
functions, the events are then fitted for the three parameters v, dg and rg, with
all other parameters fixed. Detector and background effects are neglected in the
generation and fitting of these events. A log-likelihood fit is carried out, in the same
way as was described in Chapter[5 for the fitting of the parameters associated with

the DY — KT K~n"7~ decay. The log-likelihood function in this case is defined as:

log(£)= Y log(P(BT)+ Y log(P(B)). (7.5)

BT events B~ events
The negative log-likelihood function is minimized in terms of the parameters; ~,
0p and rp for each set of events. Many such “toy experiments” are generated and
fit (typically 60 due to computational limitations), and pull distributions are con-
structed for each of the three free parameters. Gaussians are fit to these distributions
to obtain a mean and width.

The results of these fits are illustrated in Table [7.4] when using model one to
generate the D° — KT K~ 7t7~ decay. The results are all consistent to within two
standard deviations of Gaussians with mean values of 0 and widths of 1. Therefore
it was assumed that the log-likelihood fit was unbiased. The errors obtained for
each variable are averaged over each of the fits and are displayed in table 7.4. The

sensitivity to « which is obtained was 11°.
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’ \ Initial Value \ Error \ Pull Mean \ Pull Width ‘
rg 0.10 0.020£0.0001 | -0.13 +0.17 0.97+0.16
0p 130 deg 11.3£0.3 deg | 0.03%0.17 0.88+0.26
vy 70 deg 11.34+0.3 deg | 0.4340.25 1.2340.44
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Table 7.4: The results of the fits of each of the pull distributions to Gaussians.

The sensitivity test as described above is repeated using each of the 8 models
described in Table 6.2, these being the models which gave satisfactory agreement
with the CLEO data. The results of this test are shown in Table (7.5 It is apparent
from these results that most models give a very consistent sensitivity to v with the

exception of model 7 which is 50% worse.

’ h&odequurnber\ Sensitivity to v deg.‘
1 11.3+0.3
11.3+0.3
11.7+ 0.3
12.24+0.3
11.24+0.3
10.7£0.3
189+0.8
10.9£0.3

Q| | O O = W N

Table 7.5: The sensitivity to v when each of the models in table is used to
describe the D° — K+*K-ntn~ decay. The numbering convention is the same as
that used in table 6.2.

This channel contains only charged particles in the final state and is therefore a
good candidate for measurements at hadron experiments such as LHCb. In order
to make a more accurate estimation of the level of precision achievable at LHCDb a
more detailed study taking into account detector specific background and efficiency
information is required. However it would appear from this preliminary study that

this channel provides a promising candidate with which to make a v measurement.

7.3 Search for CP Violation

In order to carry out the amplitude analysis which has been described in this thesis

it is assumed that CP violation can be neglected in the D — KTK n"x~ decay.
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As described (in Chapter [1) the Standard Model predictions for CP violation in
the charm sector are very small, however some new physics effects could lead to
observable direct CP violation in this sector. Recently, interest has been raised by
the LHCb experiment reporting evidence for CP violation in D° — KTK~ and
ntr~ decays [86].

Tn the absence of CP violation the D° and D' decay would show the same
resonant substructure. Therefore by performing separate fits to flavour tagged
DY - K+*K-ntn and D’ — K+K mtn decay data and comparing the am-
plitude model produced for each, a search for CP violation may be performed. Such
a test for CP violation has the advantage of providing information about the region
of the Dalitz plot in which any CP asymmetry occurs. This can provide information
about the underlying operators involved in generating CP violation in the decay.

In order to carry out this test the D° and D" Aavour tagged data used in this
study are separated for each flavour tagged sample (CLEO-IL.V, CLEO-III, 3770
and 4170). A combined fit to all four flavour tagged samples is then carried out for
both the D° and D° data. The background and efficiency descriptions used for each
flavour specific dataset is the same as that described for the fit to the combined D°
and D’ datasets, taking the baseline model but allowing the D and D’ decays to
have independent parameters. As described in Chapter [4/each of the flavour tagged
datasets has a finite level of mistagging. Since a certain proportion of the D° (EO)
dataset events are therefore in fact D' (D) events, the D° (30) amplitude model
has a dependence on the D’ (DY) amplitude model. The fit to both the D° and D’
datasets are therefore carried out simultaneously but with independent parameters
for the D° and D" amplitude models. The small proportion of the D° (50) PDF
which accounts for mistagged events is described by the D’ (DY) amplitude model.
The result of this fit is presented in tables [7.6, [7.7 and [7.8. The mass projections
for the fits to each of the flavour tagged datsets are shown in figure(7.1.

The comparisons between amplitude models fitted separately to the D° and D’
decays shows no significant evidence for CP violation. The fitted parameters shown
in table [7.7 all agree to within three standard deviations, with over half of the
parameters agreeing to within less than one standard deviation. The fit fractions

(which provide a convention free description of the amplitude model) obtained for



7.3. SEARCH FOR CP VIOLATION

161

these amplitude models (shown in table[7.8), all agree to within two standard devi-

ations. For nine out of the eleven parameters considered the fit fractions for the D°

and D' amplitude models lie within one standard deviations of each other. Thus no

evidence for CP violation in this decay was found. The fits are plotted for both the

DY and D’ decays in figures [7.1-[7.5.

‘ DY Decay Mode ‘ Combined Flavour tagged Fit | D? Decays D’ Decays ‘ Pull ‘
K1(1270) " (— K*(892),71), K~ Phase 0.0+0.0 0.0+ 0.0 0.0+ 0.0 0.0
K;(1270) " (— K*(892),7T), K~ Amplitude 1.0+£0.0 1.0+ 0.0 1.0+ 0.0 0.0
K1(1270)~ (— 70*(892)7 77), KT Phase 1.111 £ 0.215 1.519 £ 0.334 | 0.981 +0.237 | 1.317
K1(1270) (— Ko (892), 7 ), KT Amplitude 0.353 + 0.065 0.352 4+ 0.084 | 0.385 £ 0.087 | 0.266
K1(1270)T(— p(770), KT), K~ Phase 0.76 +0.141 0.858 +0.169 | 0.707 £ 0.153 | 0.664
K1(1270)T(— p(770), KT), K~ Amplitude 5.869 £+ 0.812 5.579 4+ 0.983 | 5.956 + 0.837 | 0.292
K1(1270)~ (— p(770), K—), K* Phase 0.134+0.175 0.414 4+ 0.193 | 0.302 £ 0.179 | 0.423
K1(1270)~ (— p(770), K~), K+ Amplitude 6.729 + 0.627 7.0324+1.033 | 6.394 £ 0.817 | 0.484
K1 (1410)(— K*(892),7"), K~ Phase 0.773 +0.109 0.989 4+ 0.175 | 0.678 £0.129 | 1.435
K1 (1410)(— K*(892),7"), K~ Amplitude 6.303 + 0.685 5.387+£0.913 | 6.511 £ 0.862 | 0.895
K~ (1410)(— K*(892),7~), K+ Phase 1.167 £ 0.133 1.384 £0.198 | 0.949 £0.154 | 1.731
K—(1410)(— K*(892),7~), K™ Amplitude 6.893 + 0.683 6.693 £ 0.821 | 6.746 4+ 0.923 | 0.042
K*(892) K*(892) S wave Phase 0.37+0.125 0.4724+0.165 | 0.237+0.14 | 1.086
K*(892)K*(892) S wave Amplitude 0.356 + 0.038 0.363 4+ 0.052 | 0.328 £ 0.044 | 0.505
#(1020)p(770) S wave Phase 1.801 £ 0.143 2.079 4+ 0.189 | 1.769 £ 0.071 | 1.536
#(1020)p(770) S wave Amplitude 1.068 £ 0.092 1.02£0.164 | 1.048 £0.078 | 0.155
¢(1020)p(770) D wave Phase 1.533 £0.221 1.18 £0.362 | 1.481 +£0.137 | 0.777
¢(1020)p(770) D wave Amplitude 1.453 +£0.18 1.136 £ 0.3 | 1.693 £0.228 | 1.48
#(1020), (77,7~ )s P wave Phase 1.936 +£0.13 1.745 £ 0.189 | 1.982 4+ 0.089 | 1.131
#(1020), (77,7~ )s P wave Amplitude 6.131 + 0.577 5.764 + 0.651 | 6.224 £+ 0.647 | 0.501
(7K~ )p, (" K*)s P wave Phase 0.118 +0.12 0.159 +0.157 | 0.129 £ 0.103 | 0.157
(ntK~)p, (7~ KT)g P wave Amplitude 85.9 + 6.827 84.7 +9.296 81.7+8.33 | 0.236

Table 7.6: The comparison on flavour tagged D and D’ decays. The column headed
«“p° Decays” refers to the CP conjugate version of the listed D° decay mode. The
column headed “Pull” gives the difference between the D° and D’ decays in terms

of statistical uncertainty.
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‘ DY Decay Mode

‘ Combined Flavour tagged Fit ‘ DY Decays ‘ D’ Decays ‘ Pull ‘

K1(1270) (= K*(392),77), K Real 1.0£0.0 L0£0.0 L.0£0.0 0.0

K7 (1270) " (— K*(892),7T), K~ Imaginary 0.0£0.0 0.0£0.0 0.0£0.0 0.0

K1(1270) (= Ko (892),7 ), K' Real 0.156 = 0.079 0.018+£0.118 | 0.214+0.094 | 13
K1 (1270) (— Ko (892),77), K™ Imaginary —0.315 £ 0.061 —0.351 £0.084 | —0.319 £0.084 | 0.274
K;(1270)"(— p(770), KT), K~ Real 4.252 £ 0.657 3.649 + 0.803 4.529 +£0.598 | 0.878
K;1(1270) " (— p(770), KT), K~ Imaginary 4.045 £ 0.954 4.22 +1.098 3.868 £1.081 | 0.229
K1(1270) (= p(770), K ), K Real 6.672 = 0.613 6.430 £0.939 | 6.105£0.773 | 0.275
K1(1270) (= p(770), K ), K Imaginary 0.875 + 1.183 5806 £ 1.425 | —1.902 £ 1.175 | 2.56
KT (1410)(— K°(892),77), K Real 4511 +0.624 2.050 £ 0.961 | 5.072=0.899 | 1.606
KT (1410)(— K*(892),n7), K~ Imaginary —4.402 £ 0.744 “45+0891 | —4.081£0.803 | 0.35
K- (1410)(— K" (392),7 ), K Real 2.708 £ 0.963 1242+ 1.342 | 3.928+1.152 | 1.519
K- (1410)(— K*(892), 7 ), K" Lmaginary ~6.338£0.619 T6.576 £ 0.797 | —5.483 £0.781 | 0.98
K*(892)K*(892) S wave Real 0.332 £ 0.036 0.323 +0.049 0.319 £0.044 | 0.06
K*(892) K*(892) S wave Imaginary 0.129 £ 0.046 0.165 £ 0.062 0.077 £0.046 | 1.133
¢(1020)p(770) S wave Real —0.242 £ 0.156 —0.495 £ 0.205 | —0.205 £ 0.074 | 1.333
¢(1020)p(770) S wave Imaginary 1.039 £ 0.087 0.892 £ 0.149 1.028 £0.078 | 0.813
¢(1020)p(770) D wave Real 0.055 £ 0.321 0.432£0.43 0.152£0.231 | 0.574
¢(1020)p(770) D wave Imaginary —1.451+£0.18 —1.049 £0.271 | —1.686 £ 0.228 | 1.794
(1020), (77, 7~)s P wave Real —2.191 £0.827 —-1.0+£1.102 | —2.487+£0.531 | 1.216
#(1020), (77, 7)s P wave Imaginary —5.724+£0.53 —5.675+£0.631 | —5.703 £0.667 | 0.031
(ntK™)p, (" KT)s P wave Real 85.3 + 6.765 83.6 +9.167 81.0 £8.329 | 0.206
(mtK™)p, (n" KT)g P wave Imaginary 10.1+10.3 13.4+13.4 10.5+8.422 | 0.181

Table 7.7: The comparison of decay parameters of flavour tagged D and D’ decays.

The column headed “D’ Decays” refers to the CP conjugate version of the listed D°

decay mode.

Dy decays in terms of statistical uncertainty.

The column headed “Pull” gives the difference between the Dy and

‘ DY Decay Mode

‘ Combined Flavour tagged Fit ‘ D Decays ‘

D’ Decays ‘ Pull

K1(1270)T(— K*(892),77), K~ 0.072 £ 0.008 0.074 £ 0.011 | 0.075+0.011 | 0.066
K (1270)~ (— 70*(892) ), K+ 0.009 + 0.003 0.009 £ 0.004 | 0.011 +0.005 | 0.293
K1(1270)F (— p(770), K1), K 0.042 £ 0.007 0.043 +£0.011 | 0.049 £0.011 | 0.377
K1 (1270) (= p(770), k), K 0.055 £ 0.007 0.063 +0.011 | 0.052+0.01 | 0.708
KT(1410)(— K*(892),77), K 0.041 £ 0.007 0.0324+0.009 | 0.048+0.01 | 1.129
K~ (1410)(— K*(892),77), K 0.049 £ 0.007 0.046 & 0.009 | 0.047 £ 0.009 | 0.091
K*(892)K*(892) S wave 0.062 £ 0.008 0.069 £ 0.012 | 0.057 £0.012 | 0.711
#(1020)p(770) S wave 0.399 + 0.023 0.379+£0.029 | 0.440.029 | 0.516
#(1020)p(770) D wave 0.037 & 0.008 0.022 £ 0.008 | 0.048 £0.012 | 1.893
#(1020), (7+, 77 )5 P wave 0.102 £ 0.01 0.09+0.014 | 0.107 £0.015 | 0.856
7K, 7K (VS) P wave 0.111 +£0.011 0.1134+0.017 | 0.107 £0.016 | 0.274
Sum 0.979 £ 0.027 0.939 +0.033 | 1.001 +0.033

x? per DOF 1.632 1.896 1.95

3770 x? per BIN 1.297 0.996 1.258

4170 x* per BIN 1.194 1.586 1.165

3 x? per BIN 1.48 1.294 1.379

2 x? per BIN 1.919 1.455 1.455

Table 7.8:

The comparison of the fit fractions on flavour tagged D° and D’ de-

cays. The column headed "D’ Decays” refers to the CP conjugate version of the

listed D° decay mode. The column headed “Pull” gives the difference between the

Dy and D, decays in terms of statistical uncertainty.
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Chapter 8

Conclusions

The decay DY — K2n"m~, which is a decay mode which when reconstructed in the
decay chain B* — DK*, has a high sensitivity to the CKM angle v was discussed
in Chapter [3. In particular the modelling of the 777~ S wave component was de-
scribed. The more common Breit-Wigner parametrization is not ideal in describing
the 777~ S wave which is dominated by broad overlapping resonance. A more phys-
ically realistic K-matrix model was implemented to describe this component of the
decay. The size of the systematic associated with the 777~ S wave component was
investigated. The scale of this systematic effect was found to be large compared to
the expected statistical precision of LHCb.

A model had been developed to describe the D° — KtK-ntn~ decay using
CLEO data. This model is in qualitative agreement with a previous analysis which
has been carried out on this decay, and the general features of the decay model
can be justified physically. The study described in this thesis is the first analysis
on this mode to distinguish between conjugate decays and consider higher orbital
angular momentum states between the decay particles. The errors on the measured
parameters are dominated by systematic effects. In order to reduce the systematic
errors improved precision on the measured masses and widths of the resonances, in
particular that of the K;(1270) resonance, would be required. In the future higher
statistical samples of D° — K+ K-nt7~ from B-factories or LHCb combined with
improved knowledge of particle widths and masses could allow for a more accurate
knowledge of this decay.

The amplitude model presented in this thesis has also been used to perform a

search for CP violation in the decay. No significant difference was found between
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the parameters of the D° and D decays and therefore no C'P violation is observable
at this level of precision in the decay.

The D* — K*K-7n"7~ decay is a candidate mode for making a v measurement
via Bt — DK™ decays. A study has been performed, using the amplitude model
determined in this thesis, to determine the precision with which v could be measured
via this decay channel. This study indicates that a good precision on v (11 deg) could

be obtained through such a measurement.



Appendix A
CP Tagged Background Models
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’ Decay Mode ‘ Modes not involving a K7, ‘ Modes involving a K,

K (1270)* (— K*(892),71), K~ 0.176 £+ 0.083 0.09840.037
K (1270)*(— p(770), K1), K~ 0.111 £ 0.090 0.093+0.057
K1 (1270)~(— p(770), K7), K+ 0.0661 + 0.068 0.164+0.088
K*(1410)(— K*(892),7"), K~ 0.111 £ 0.064 0.013£0.016
K—(1410)(— K*(892),77), K+ 0.043 + 0.031 0.044+0.024
K*(892) K*(892) 0.012 £ 0.022 0.015£0.016
»(1020)p(770) 0.194 + 0.150 0.119+0.061

#(1020), 7", 7w~ 0.162 + 0.102 0.135+0.036

Non Resonant 0.208 £ 0.091 0.424+0.069

Table A.1: The background fractions for the tagged flat background for the CP
tagged and ad-mixture background samples. The samples were sit separately for

modes involving K particles.

Table A.2:

Decay Mode ‘ Fit Fraction
K*(892)n T K~ 0.271 £ 0.0936

K (892)n K+ 0.233 & 0.083
K*(892)K*(892) 0.204 £ 0.083

K1 (1270)*(— p(770), K*), K~ | 0.072 4+ 0.0483
$(1020), 7t 7w 0.131 £ 0.048

Non Resonant 0.062 + 0.078

tagged and ad-mixture background samples.

The background fractions for the continuim background for the CP




Appendix B

Spin Factors

The spin factors used in this analysis are taken from [70] and the relevant spin
factors will be outlined briefly here.
The four body spin factors relevant to this thesis are listed in table B.1. The

following abreviations have been made in describing the spin factors:

prp”
_ 5
ZI(Q7pm2>a = QMPMa(p7m2)

Pr(p,m?) = g (B.1)

where pp is the four momentum of the resonance R, so that if resonance R decays
to particles A and B then pr = pa + pp and gg represents the difference of the four
momentua between the decay products of R: ¢qg = pa — pg. The ordering of the
particles is important; the momentum of the second daughter as listed in the decay
chain is always subtracted from that of the first. With reference to the resonance R

the following shorthand is used:

P'(R) = P"(pr,mp) (B.2)

Z\(R) = Zi(qr,prm?).

In the case of pairs of non resonant particles m% is replaced by p?.
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’ Decay Chain ‘ Spin Factor ‘
D — APy, AlS] - VP, V — P3P, P P(Au)Z1(A)Y
D[S] = ViVo, Vi — PiPy, Vo — PPy | Zi(Vi)" Z1(Va),
D[P| = ViV, Vi — PiPs, Vo — PiPs | Capslbdndisdb,
D[D] — ViVi, Vi — PPy, Vo — PPy | Zi(Vi)ap, 21 (Va) s,
D—-VS VPP, S— PP p’éZ1(V)u
D — ViPi, Vi — V3P, Vo — PPy €aprslDY P PP,

Table B.1: The spin factors for the various four body decay topologies involved
in this analysis. Where S represents a scalar particle, P represents a pseudoscalar
particle, V' represents a vector particle and A an axial vector particle.Symbols within
square brackets represents the orbital angular momentum between decay products.
When no angular momentum is specified the lowest angular momentum consistent
with angular momentum and parity conservation is assumed.



Appendix C

All Considered Resonances

The following is a list of all D° — K™K ~nt7~ decay channels which were considered
when developing the final decay model.
In the case of final states that are not self conjugate the conjugate state was also

tested but is not included in the following list.

1) Cascade amplitudes containing a higher K* resonance.
K (1270)TK~, K1 (1270)" (K (1430)7 ™) K=, K, (1270) " (p°n ") K, K1 (1270) T (wK ) K~
K1(1400) (K7 M) K,
K5(1430) T (K97 M) K —, Ko(1430)* (7)) K,
K*(1680) T (K*97nt)K—, K*(1680)T (p°KT)K~.
2) Quasi-two-body amplitudes.
KOK S, P and D wave,
¢p° S, P and D wave,
ow S wave,
¢ f2(1270)° P and D wave.
3) Single-resonance amplitudes.
p{KTK " }g; p{ KTK~}p S, Pand D wave, p{ KK~} p P and D wave, K**{ K~ 7" }g;
K*{K 7"}p S, P and D wave, K**{K~7"}p P and D wave,
o{ntn}s; o{ntn}p S, P and D wave, ¢o{n*7n~}p P and D wave,
f0(980) {77 }s, fo(980)°{ KTK~}g,
f2(1270)°{ KT K~} g,
W{KTK™ }s.
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4) Non-resonant amplitudes.
(KK pstmtm s AR K bt bos AR K Yol n Y (KK do{ntn b
S, P and D wave,
(KK Ys{mm bos (KK Yodn b (KK bo{m e bs (KK Jp{ntn b
P and D wave,
{Ktn }o{K nt}p; {Ktn }p{K 7" }s; {KTn }p{K 7"}p S, P and D wave,
(K sl bos K bl K b (K b K bos (K bs{K
P and D wave.
Where {XY}spp represents a particle X and a particle Y with orbital angular

momentum in a S, P or D wave respectively.



Appendix D

Pull Study Plots for Fitted
Parameters
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Figure D.1: Pull distributions for fitted parameters in the Monte Carlo verification
study in which Monte Carlo truth information was used to describe particle’s four
momenta.
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Figure D.2: Pull distributions for fitted parameters in the Monte Carlo verification
study in which Monte Carlo reconstructed information was used to describe particle’s
four momenta.
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Figure D.3: Pull distributions for the fit fraction in the Monte Carlo verification
study in which Monte Carlo truth information was used to describe particle’s four

momenta.
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Figure D.4: Pull distributions for the fit fraction in the Monte Carlo verification
study in which Monte Carlo reconstructed information was used to describe particle’s
four momenta.
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