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Introduction

The current knowledge on the fundamental interactions describing physics at the subatomic
scale is comprised in the Standard Model (SM) of strong and electroweak interactions. Grav-
itation, whose contribution to microscopic phenomena is negligible compared to the ones
from both strong and electroweak interactions, is not included in the SM since it still fails
to be described by quantum field theories. In the last decades Standard Model predictions
have been extensively tested, and even though several questions remain without answer, no
contradictory experimental result arises to date.

Before the start of the B Factories, BABAR in SLAC National Laboratory California, and
Belle at KEK, in Japan, the quark flavor sector described by electroweak interactions, from
which emerges the essential phenomenon of CP violation, was one of the least tested. The
first observation of CP violation in weak interactions was performed in 1964 in decays of
neutral K mesons. During the same decade, Andrei Sakharov [1] showed that CP violation
was one of the necessary conditions in order to explain why the Universe evolved from
its initial matter-antimatter symmetric state to the one that exists today. However, the
mechanism allowing for CP violation in the SM is not sufficient to explain the observed
asymmetry between matter and antimatter, which could indicate that the SM is an effective
model for a more fundamental theory.

The absence of results coming from direct searches of New Physics (NP) effects performed
in high-energy colliders, indicates that if such NP exist, corresponding effects would arise
beyond the electroweak scale. Some specific decay processes, referred to as penguin diagrams
and further described in Sec. 1.4, in which CP violation occurs and that are accessible at
low-energy colliders such as it is the case in the B factories, could allow to probe NP effects
via indirect searches.

In this context, the “radiative penguin” transition b — sy which proceeds via an
electroweak-interaction loop diagram is a promising process; it underlies the decays B —
X7, where X, is a hadronic final state.

In BY (B%) transitions with radiated photons, the SM predicts a right (left) helicity of
these photons. A hadronic correction of order O(|m,/my|*) needs to be taken into account,
introducing a small left (right) handed component. Measurement of the photon polariza-
tion would be a strong test of the SM, since non-SM processes such as supersymmetry can
introduce diagrams with different polarization.

As the polarization of the photon cannot be directly measured, different experimental
methods exist that give access to this information through other phenomena. In the present
thesis, in order to gather information on the photon helicity we exploit the mixing-induced
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CP asymmetry, S, in B® — K2p%y decays. This quantity is predicted by the SM to be small
in decay modes of the type B — fcpy gamma, where fcp is a CP eigenstate, like K2p°.
This is due to the correlation between the final-state photon helicity to the flavor of the
decaying B-meson, as explained above, and to the fact that different (thus non-interfering)
final states do not contribute to §. The analysis of this mode is described in Chapter 7.
Since deviations from the SM predictions would indicate contributions from NP processes,
the results obtained can be used to set constraints on parameters of NP models.

Decays to Ky can also display an interesting hadronic structure: they have contri-
butions from several kaonic resonances decaying to K7w. The decays of these resonances
themselves exhibits a resonant structure, with K*m, Kp, and (K7)im combinations, where
(K)§ corresponds to (Km) S-wave. Five kaonic resonances contribute to the K7r invariant
mass range below 1.8 GeV/c?, that is considered in the present analysis.

The structure of the K7 system is not well measured, and can be crucial for probing
the photon helicity. Indeed, it has been shown [2] that the photon polarization may be
measured in B — KTn 7% and B — Kot 7% decays. In these decays, interference
between K*7% and K**7~ processes or between K**7% and K*°r* can produce decay
distributions sensitive to the photon polarization. The overall decay rate does not depend
on the photon polarization, but the decay rate variation with 6, is related to the polarization,
where 6, is the angle between the Knm decay plane normal and the photon direction.

In the present thesis we measure the mg . and mg, spectra in BT — KTx~ 7t~ decays,
as described in Chapter 6, and extract information about the K77 resonant structure. An
amplitude analysis of these two spectra is then performed. The results are used, assuming
Isospin symmetry, to extract the mixing-induced CP parameters of the B — K2rTm—~
process from the analysis of B — K9p%y decays without an explicit amplitude analysis.

Belle has previously reported a time-dependent CP asymmetry measurement of B —
K29y decays [3]. Similar measurements with B® — K%7%y decays have been reported by
BABAR [4] and Belle [5]. At this time no evidence of NP has been observed: all time dependent
CP asymmetry measurements yield CP asymmetry parameters that is compatible with SM
predictions. More generally, radiative penguin B decays have been observed in exclusive
two-body final states, where X, is K™n~ or K°7% as well as in exclusive three-body final
states such as B — KTntn~y and B — Ko~ 7" [6].
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Chapter 1

Flavor physics and CP violation in the
Standard Model
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The Standard Model of particle physics is a quantum field theory describing the interactions
of all observed elementary particles. The SM is a gauge theory based on the gauge group
SU(3). ® SU(2), ® U(1)y, including the strong interaction symmetry group SU(3)., and
the electroweak interaction group SU(2), @ U(1)y.

In the SM framework, CP violation originates from the existence of an irreducible phase
that appears in the Lagrangian describing the charged current decays of quarks. This is
a consequence of the complex coupling constants between the flavor sector in the weak
interactions and of the mass terms for the quarks. In the SM, masses of particles are brought
by a dynamical mechanism, known as the Higgs mechanism [7]. Recent observations of a new
particle [8, 9], very likely to be the Higgs boson, bring strong indications for the existence
of such a mechanism.



Flavor physics and CP violation in the Standard Model

1.1 Weak interactions in the flavor sector

In the SM, the matter fields corresponding to the spin-1/2 particles are put in doublets of
SU(2)r, while the corresponding right-handed fields transform as singlets under SU(2).

¢ ub and di are the quarks fields, where the index ¢ label the family or generation and
the subscripts L and R denote left- and right-handed fields, respectively, such as

Y =P, Yr=Pry, (1.1)

where Pr, and Pg are the projection operators

(147s) . (1.2)

1 1
Pr=-(1-1), PR:§

2
The quarks acquire mass through their Yukawa couplings to the Higgs field ¢:

Lyukawa = —qujQ_"LeqS*ug% — Y;jQ_"Lgbdg% +h.c. (1.3)

where the Y, 4 are 3 x 3 complex matrices, the indices 7 and j label the generations, and € is
the antisymmetric tensor. In Eq. 1.3 the terms corresponding to leptons have been dropped
for simplicity, being analogous to those of the quarks.

Since the Higgs field has a vacuum expectation value, (¢) = (0,v/v/2), the Yukawa
couplings give rise to the 3 x 3 quarks mass matrices:

MP = (o/V2) Vi, My = (0/v2) Yy (1.4)

Since the matrices M couple the left-handed component of each quark Q% with the right-
handed projections of all flavors, they are non-diagonal in the flavor basis. The mass eigen-
states being the one that propagate in space and time, the matrices M must be diagonalized.
Any matrix M can be brought into a diagonal form by separate unitary transformations on
the left and right, respectively

M — Uy, MgiagU, | (1.5)

where Uy, and Ur are unitary and Mg, is real, diagonal and non-negative. For the quark
fields, this is done by changing from the flavor to the mass basis, the unitary transformation
being

ur, =Uiu . up =Upuly ,
dp =ULd}, , dp=ULdy , (1.6)
where u and d are three-component column vectors representing the up- and down-type

quarks in flavor space, respectively, and the primed fields represent the corresponding mass
eigenstates. In this case, the transformation matrices U are chosen such as

m, 0 O
U MU = 0 me 0 |,
0 0 Ty



1.2 Quark mixing and the CKM matrix

mq 0 0
U Mg = 0 ms 0 | . (1.7)
0 0 my

This change from flavor to the mass basis requires different transformations of the two parts

of each )1, doublet:
ur Uruy, U u,
( dy, ) ( Uld', L L{;TZ/Igd’L ’ (1.8)

When expressing the SM Lagrangian in terms of the primed mass-eigenstate fields, the quark
kinetic terms remain unchanged. The Z and ~ boson couplings are also unaffected. As a
consequence no flavor-changing neutral current (FCNC) processes are allowed at the tree
level (defined in Sec. 1.4) in the SM. On the other hand, in the part of the charged-current
Lagrangian describing the couplings of the W= bosons to the quarks, the transformation
leaves the couplings unchanged by U}, but not by L{ETZ/{EI:

iﬂL’}/udLW: == iUL’}/#‘/CKMCZ,LVI/—"_ (19)

V2 V2 o

where g is the SU(2),, coupling constant and W is the SU(2), gauge field. In this represen-

tation, quarks from different flavors are coupled through the complex matrix Vogwn = u}g*ug,
named after Cabbibo, Kobayashi and Maskawa [10, 11]. As a result, the SM predicts the
existence of flavor-changing charged currents at the tree level.

1.2 Quark mixing and the CKM matrix

In the general case of N quark families, the 2N? real parameters of the complex N x N
matrix Vokw, can be reduced using properties of the Voky matrix and the quarks fields.
Indeed, due to the unitarity conditions applying to the former, the number of parameters are
reduced to N2, and by another 2N —1 degrees of freedom when individual phase redefinitions
(qr; — ei‘z’?qu) for the 2N quark fields are considered. All this leaves (N — 1)(N — 2)/2
irreducible phases, and turns out to be 0 for N = 2 and 1 for N = 3. As Kobayashi and
Maskawa noticed, this irreducible phase in a three-generation model would be the origin of
all CP violation in the SM (see Section 1.3.2).

Although this mechanism allows for CP violation, it is not a necessary feature of the SM.
Thus, in the case where two quarks of the same charge had equal masses, or the value of
one of the mixing angles was equal to zero or /2, or even the value of the irreducible phase
itself was zero, the number of parameters could be reduced even further and CP violation
would no longer be manifest.

Since the Vo, matrix was formulated for the first time, several parametrizations have

been proposed. One of such parametrization is the so called ‘Standard parametrization”
proposed by Chau and Keung, and which is obtained as the product of three (complex)

7



Flavor physics and CP violation in the Standard Model

rotation matrices and a overall phase,

—id

C12C13 S512€13 S513€
_ i 19
Vexkm = —512C23 — C12523513€" C12C23 — S12523513€" $23C13 ) (1-10)
) i5
S12523 — C12C23513€" —C12523 — S12C23513€" C23C13

where ¢;; = cosb;;, s;; = sinf;; for i < j = 1,2,3, the 0,; are the rotation angles between
families, and 0 is the irreducible phase.

Thanks to many experimental results, it has been established that a hierarchy among
the matrix elements exists and that the matrix is dominated by its diagonal terms. In other
words, transitions among quarks from different flavor doublets are suppressed, compared to
the ones among quarks of the same generation. A useful parameterization that emphasizes
the hierarchical, nearly diagonal structure of the matrix, is due to Wolfenstein [12]:

Vud Vus Vub 1-— %AQ )\ )\314 (p — ’lT])
Vekm = | Vea Ves Voo | = —A 1— 22 N A +0 (XY,
Via Vis Vi NMA(1—-p—in) —-NA 1

(1.11)
which is based on a Taylor development where A is the expansion parameter, known to be
small from experimental data, i.e. A ~ |V,s| ~ 0.22, and A, p and n are all of order 1. In
the Wolfenstein parametrization 7 contains the CP violation information, i.e. CP violation
occurs when 7 # 0. To all orders in A, the exact Wolfenstein parameterization can be defined
as,

S12 = A, (1.12)
S93 = MNA, (1.13)
si367° = NA(p—in) . (1.14)

This definition is useful because it allows an elegant improvement of the accuracy of the
original Wolfenstein parameterization. In particular, up to the order O(\°%), one get

Vis=XA, V=X XA, Vu=XNA(p-in) , (1.15)
Vi = NA(1—7p—i7) (1.16)
%U/cd) = _)‘51427] ) %(V;fs) = _)‘4A77 ) (117>
where
p=p(L=X/2), =n(l-X/2). (1.18)

One of the major physics goal of the B Factories was to improve the experimental con-
straints on the elements of V. Relations among these elements can be derived from the

8



1.2 Quark mixing and the CKM matrix

A=(p,n)

C=(0,0) B=(1,0)

Figure 1.1: Pictorial representation, dubbed “Unitarity Triangle”, of the relation V4V +
VeaVy + ViaVy, = 0 derived from the unitarity of the CKM matrix. Each of the terms can
be viewed as a vector in the complex plane. Their sum being equal to zero then implies that
they have to form a (closed) triangle in the Argand plane. The base of the triangle has been
aligned with the horizontal (real) axis by dividing the equation by V.4V .

unitarity condition of the matrix VgKMVCKM = 1. Three of them are of particular interest
for the study of CP violation, as they more sensitive to the irreducible phase

VaaVas + VeaVey + ViaViy = 0, (1.19)
Vus u*b + ‘/cs‘/g{) + V;fs tz =0 ) (120)
VuaVp + VeaViy + ViaVyy = 0. (1.21)

Each term in these relations can be interpreted geometrically as a vector in the complex
plane. This way, each equation above can be visualized as a triangle in the Argand plane,
known as the unitarity triangles. The first two triangles are related to the CKM matrix
elements that governs the K° — K° and BY — BY systems, respectively. For each of those
triangles one side is much shorter than the other two, and so they almost collapse to a line.
This would give an intuitive understanding of why CP violation is small in the leading K
and B, decays. On the other hand, for the triangle corresponding to the relation given in
Eq. 1.21, the sides are of the same order of magnitude. It is in this third triangle, related to
the B)— Eg system, that the most exciting physics of CP violation lies. Indeed, the openness
of this triangle predicts large CP asymmetries in By decays, which are the ones accessible
at the B Factories!. Note that all the unitarity triangles are equal in area. Equation 1.21
can be written in another way. Once divided by V.4V, it becomes

ViaVap 14 ViaVi
VeV, VeV,

~0. (1.22)

In this convention one of the side of this triangle is aligned to the real axis of the Argand
plane. The resulting pictorial representation is a unitarity triangle whose apex is determined

1Belle collected a data sample of 124.4fb~! at the 7' (55), allowing to study the B properties.
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by the p and 7 parameters, or equivalently, the irreducible phase (see Figure 1.1). In this
representation, the lengths of the sides are given by

CB = 1, (1.23)
S ViaViy \/f 11 Vi

AB B = (1 =p)2 4+ =~ | — 1.24

— VudViy e A2\ 1| Vi
AC —2 = 2 =1 -— )= 1.25
while the angles are given by

thWé) < ] >

= arg| —— | =arctan | —— | , 1.26

’ ¢ (vcd g -7 (1.26)

= arg| ——— | =arctan | = | , 1.27

! s ( VeaV, p (1.27)

T = a+fB+7. (1.28)

A good way to test the SM is to overconstrain the unitarity triangle parameters by making
as many independent measurements of the sides and the angles of the triangle as possible. To
date, the experimental status seems to indicate that the Standard Model provides, up to the
available precision, a good description of CP violation in the quark flavor sector (Figure 1.2).

1.5\\\\‘\\\\‘\\\\&‘\xxx[\\\\\\\\
excluded area has CL > 0.95 | %

10 Amgé& Amg

0.5

AR

1= 0.0 A= PP -
@ ]

L ~s

-0.5 — —

-1.0 - €k -

r fi r Y sol.w/cos28<0 |

E FPCP 13 ; (excl.atCL>0.95) -

_1 -5 L | ‘ 111 ‘ | ‘ | ‘ I [ | | 1

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p

Figure 1.2: Pictorial representation of the current experimental constraints on the sides
and angles of the unitarity triangle, by the CKMfitter group [13] (right), updated with the
results available in spring 2013, and by the UTFit group [14] (left) updated with the results
available in winter 2013. The bands representing each experimental measurement or bound
are seen to be in very good agreement with each other, all of them overlapping around the
apex of the triangle drawn.
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1.3 Mixing and CP violation in the B meson system

1.3 Mixing and CP violation in the B meson system

This section treats the quantum mechanical properties of the neutral B-meson system, which
are model independent. These properties are related to CP violation observables, and use
features of the flavor and weak-interaction structure of the Standard Model. Three different
kinds of CP violation, resulting from different processes, are to be distinguished, as they
allow to extract different CP-violating quantities.

1.3.1 Mixing of neutral B mesons

A neutral meson state and its CP conjugate decay due to weak interactions. In order to
describe the neutral meson system it is important to distinguish between different represen-
tations. On one hand, the neutral meson can be described by two flavor eigenstates, each
with a definite quark content, which are useful for understanding particle production and
decay processes. On the other hand, the neutral meson can be described by the two eigen-
states of the Hamiltonian (mass eigenstates), with definite mass and lifetime, which are the
states that propagate in space and time. Mass eigenstates are not flavor eigenstates, and so
flavor eigenstates get mixed as they propagate. Since CP symmetry is broken in the SM,
the mass and CP eigenstates can differ.

The phenomenon of mixing, referring here to the process where a neutral meson turns into
its antiparticle via a process involving two charged currents, has been observed in kaons [15],
By and B, mesons [16-18], and also, D mesons [19-21].

Let us now consider an arbitrary combination of the neutral B-meson flavor eigenstates®:

a(t) |B°) +b(t) | B%) , (1.29)

which is governed by the time-dependent SchroAadinger equation

A (alt)\ o al) ) _ o al)

(i ) =i ) =er-m (50) 0
where M and I' are two 2 x 2 hermitian matrices known as mass and decay matrices, re-
spectively. The assumption of CPT invariance constrains the Hamiltonian and imposes to
the diagonal elements: M;; = Moy = M and I';; = I'yg = I'. The off-diagonal terms, M
and I'y9 are particularly important in the discussion of CP violation, since arg(Mis/T'15) = 0
would be implied in the case of CP conservation. The mass matrix of the Hamiltonian
describes the oscillation between flavor eigenstates, where the diagonal terms in M are dom-
inated by the flavor eigenstates masses, and the off-diagonal ones represent the transitions
via virtual intermediate states. The diagonal terms of the decay part of the Hamiltonian
describe the flavor eigenstates decays to different final states, i.e. B® — f and B® — f, while
the off-diagonal terms describe transitions via real intermediate states. Figure 1.3 shows the
Feynman diagrams representing the weak transitions between B® and B, also referred to as
B°B° mixing. Such transitions lead to the inclusion of the three up-type quarks in the loop,

2The flavor eigenstates of the neutral B meson are defined as B = bd and B® = db
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b T e d B—Vq9\NVW\%\+/WV\/\}—,qd d
q=_!6!i
B° w w B B q=u,c,t g=u,c,t B
q=u,c,t
d Ve Vi b d Voo WV, b

Figure 1.3: Diagrams describing the mixing phenomenon for neutral B mesons via a second-
order weak transition.

since all of them couple via a CKM factor that is proportional to A°. However, integration
of the internal degrees of freedom (the up-type quarks and the W) yields an expression that
weighs the contribution of each quark by the ratio of its mass to that of the weak boson [22].
Thus, the up and charm quarks contribution are suppressed, and an evaluation of the corre-
sponding CKM factors (see (??)) readily gives a phase of (ViqV;;)? ~ e 2. In other words,
the B° states that oscillate into B° pick up an extra —23 phase, called the mizing angle,
with respect to the B states that do not oscillate. This phase is measurable whenever both
flavors decay to a common state.

Diagonalizing the Hamiltonian, H, leads to the expression of the mass eigenstates of the
neutral B meson system, which consist in a superposition of the B® and B° flavor eigenstates,
such as

|BL) =p|B°) +¢|B°) , (1.31)
|Bu) =p|B°) —q|B°) , (1.32)

where the index L(H) refers to the lighter (heavier) mass eigenstate and the complex coef-
ficients p and ¢ are constrained by a normalization condition

I + g =1. (1.33)
The mass and width difference between the neutral B mesons are defined as follows,
AdeMH—ML, AFEPH—PL, (134)

so that Amyg is positive by definition. Finding the eigenstates of Eq. 1.30 the following
relations are derived

1 1
(Amd)2 1 (Ar)z = 4 (’MH‘Q 1 \F12\2> , (1.35)

AmdAF == 4§R (M12FT2) > (136)
and the ratio ¢/p is finally given by
Amd — %AF

q
== - 4 . 1.37
p 2 <M12 - %Fu) ( )
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1.3 Mixing and CP violation in the B meson system

For the By mesons, the difference in width, Al'p,, is expected to be small compared to
I'p,. Indeed, AT'p, value is produced by decay amplitudes of channels common to B° and
B, with corresponding branching fractions at the level of 1073, And since many channels
contribute with different signs, their sum is not expected to exceed the individual level, hence
ATg,/Tp, ~ O(107%). From the considerations above, one should note that ATz, < I'p,
is model-independent. Moreover, the By oscillation parameter x4 has been measured [23],

such as
. Amd

Ty =

d s,
which implies then, model-independently, Al'p, < Amgy. As a consequence, using Eqgs. 1.35
to 1.37, one gets

= 0.775 4 0.006 (1.38)

Tio| < [Mio| , andlg/p| ~1. (1.39)

Consider a state which is created at time ¢ = 0 as an initially pure B°(B°), denoted by
’thys) (|thys>). The time evolution of these states can be described by the eigenvalues of
the Hamiltonian and the ¢ and p parameters such as

q

| Bons(t)) = g+(t)\B°>+Y;g—(t)}§°>, (1.40)

Bousl®)) = 9:(0[B) + -] B) (1.41)
where

g+(t):e—§<MH+ML>te—5tcos(Ag“t) , (1.42)

g_(t) = e sMu+Mu)te=5t; gy (Ag‘“t> . (1.43)

Due to the close values of the neutral B meson lifetime, 7 = (1.530 £ 0.009) ps, and the
frequency of oscillation, Amg = (0.507 £ 0.005) ps~! [24], the amplitude for the mixing
process is rather large. Accordingly, the integrated probability of oscillation is sizeable [25]:

(TAmd)2
2(1 4 (tAmyg)?)

which confers mixing a prominent role. An immediate consequence are the large time-
dependent CP asymmetries that mixing produces, and that are discussed in the next section.

Xa = = 0.1878 £ 0.0024 , (1.44)

1.3.2 (P violation in the B mesons

As previously discussed, the phases in the Standard Model coupling constants is responsible
for all CP-violating effects. The possible manifestation of these effects may have a few
aspects:

e (P violation in decay, which occurs when the amplitude for a decay and its CP
conjugate process have different magnitudes;

13



Flavor physics and CP violation in the Standard Model

e (P violation in mixing, which occurs when the neutral mass eigenstates and the
CP eigenstates are not identical;

e (P violation in the interference between decays with and without mixing,
which occurs when the B and BY mesons can decay into the same common final state.

Before presenting in more details each type of CP violation in B decays, let us first introduce
some useful notations for the B transition amplitudes.

The B(B) meson decay amplitude to a final state f(f), denoted by Af(Zf), is written
as
Ap=(fHIB) A= (FHIB) (1.45)

There are two types of phases that may appear in Ay and (A?). The first type is referred
to as CP-odd phases, or weak phases. They are related to the weak-interaction part of
the Lagrangian, whose relevant terms are exactly the same for a process and for its CP-
conjugate except that the multiplicative constants become complex-conjugated [22], thus
breaking the CP symmetry of the terms they form part of. In contrast, the phases generated
by CP-invariant terms in the Lagrangian, such as those from QCD, are the same for the two
processes, and are known as CP-even phases, or strong phases.

1.3.2.1 (P violation in decay

Consider first a quantum-mechanical amplitude with CP-odd and CP-even phases ¢ and 9,
respectively. According to the remarks above, the amplitude transforms under CP as

Aei0t9) Ly feil6=0) (1.46)

However, phases are not directly observable, so even though these two amplitudes are differ-
ent, the rates for the processes they describe are the same. Since only relative phases have
physical meaning, more than one amplitude is needed for CP-violating asymmetries.

Consider now a process that is made of different contributions. The total amplitude is
then the sum of all of them

Ay = ZAjei‘sfei% , (1.47)
J
Ay = ey Aeibieion (1.48)
J

where A; is the modulus of the contributing amplitude, J; and ¢; their CP-even and CP-
odd phases, respectively. The phases g and &; are arbitrary, and their transformations
have no physical effect, since they are related to the quark flavor symmetries of the strong
interactions. When taking the module of the ratio between the two total amplitudes, one
obtains a convention-independent quantity

A > Ajetie

i
Ay > Ajetiets

(1.49)
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1.3 Mixing and CP violation in the B meson system

In the case where the CP symmetry is conserved, the weak phases ¢; are all equal. It is then
trivial to see that in the opposite case

#1 = CP violation . (1.50)

°F
Ay

This type of CP violation is also referred to as direct CP wiolation, and results from the
interference among various terms in the decay amplitude. In this case the difference in the
rates is

- |2 . .
Al = [Ag[" = =2 ) " |4l |A] sin (8 = 6;) sin (65 — &) - (1.51)
L

Thus, for such direct CP asymmetries to appear, two or more amplitudes must contribute
to the process with different CP-odd and CP-even phases. A common definition of the CP
asymmetry is

I'(B—f)-T(B—F)

ACP:F(]§—>T)+F(B—>f) ’ (1.52)

which applies to both cases of neutral or charged B mesons. Indeed, direct CP violation is
the only one possible for the charged modes. In the case of neutral modes, CP violation in
decays can occur among the other two types of CP violation effects as described below.

1.3.2.2 (P violation in mixing

Another type of CP violation comes from the fact that the neutral B mesons can oscillate
into its CP conjugate, as described in Sec.1.3.1. Indeed, since the mass and the CP eigen-
states are not identical in the case of neutral B mesons, an asymmetry arises between their
transition probabilities, B — B° and B — B°. One can express these differences using
the convention-free quantity |q/p|, since it is related to the matrix elements My — %Flg and
Mj, — iI't,, describing the B® — B® and B® — B transitions, respectively:

;

If CP was conserved, the relative phase between M, and I'15 would vanish. Then Eq. 1.53
implies

2 * 7 T
| M 5T

=|—— (1.53)
My — 5112

'%' #1 = CP violation . (1.54)

This type of CP violation is also known as indirect CP violation. It has been first observed
in 1964 [26] in the neutral kaon system. In the neutral By system, effects of CP violation
in mixing is expected to be small, O(10~*) [27], and very negligible with respect to the
sensitivity of the B factories, thus making |¢/p| ~ 1 a good approximation.
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1.3.2.3 (P violation in the interferences between decays with and without mix-
ing

Finally, another possibility for CP violation, also referred to as CP violation in mixing and

decay, is the one foreseen by Bigi, Carter, Sanda and others [28-30]. It occurs whenever

N(B° — f)#T(B° — f), (1.55)

where f is a final state accessible to both B? and B, a condition that is satisfied if f is a
CP eigenstate. It is of primary importance in the decays of neutral B mesons, in which CP
violation arises as a consequence of the interference between the amplitudes A(B° — fop)
and A(B° — B° — fcp). It has to be noticed that, before the start of the B Factories, LEP
had already put some constraints on the CP violation parameters in the B meson sector,
which have been significantly improved by the results obtained at the B Factories. Note
that CP violation in the mixing and in the decay of the K — K system [26, 31], had also
been observed before the start of the B Factories.

A quantity similar to the one used to measure purely direct CP violation, given in
Eq. 1.52, could be applied in order to measure the CP violation here. However, in this
case the flavor of neutral B mesons is not straightforward to determine since, precisely,
their flavors change over time. At the B Factories, the flavor determination is facilitated
by the fact that the B mesons are produced from the decay of the 7°(4S) resonance, i.e.
T(4S) — BB, therefore forming an entangled pair of mesons. Such states are predicted by
quantum mechanics by the famous “EPR paradox” [32, 33], where at instant ¢, the prob-
ability of one of the mesons to be a particle equals the probability for the other meson to
be an antiparticle. Thus, if it is possible to determine the flavor of one of the B mesons at
time t, the flavor of the other meson can be inferred to be the opposite at that exact same
instant, and evolves afterwards independently by means of mixing. This is experimentally
known as flavor tagging (see Figure 2.3). The flavor of a given B meson, B, is determined
from the observation of the other meson, Bi,,, decaying into a state that unambiguously
establishes its flavor. A sufficiently precise measurement of the time elapsed between the
two decays, At, is also required in order to account for the probability for a given B meson
state to oscillate (see Sec. 1.3.1).

With these considerations, the CP asymmetry as defined in Eq. 1.52 can be redefined in
a time-dependent way

r (Btag:BO (At) — fcp) - T (Btagzgo (At) — fCP)

Acr (A1) = 3 (Bag—p0 (At) = fep) + T (Byag—po (A) = fer)

(1.56)

In the case where no experimental biases are taken into account, such as the probability of
wrongly determining the flavor of the B,y meson (called mistagging), the amplitudes for the
processes B, _(At) — fcp and B, (At) — fop are given by

phys phys
<fCP |H’ thys(At>> - nCPAfOP <g+(At) + )‘fCng(At» ) (1'57)
7 o] p
(fop [H| Byy(At)) = ner’ Aser (9-(A0) + Aer g1 (A1) (1.58)

16



1.3 Mixing and CP violation in the B meson system

where ncp is the CP eigenvalue of the final state fcp, g.(At) and g_(At) are given by
Eqgs. 1.42 and 1.43, respectively, and where

A :7KPQAEP (1.59)
“~ p Af cP

is the convention free quantity carrying the CP violation information.
It is also useful to construct the expression of the time-dependent decay rate as a function
of the tag gae and the time difference At

—|At)/T

47

farae (AL) = [1 + Gag (Ssin (AmgAt) — C cos (AmgAt))] (1.60)

where giag = +1(—1) when the By, is identified as a B® (B®), and from which the asymmetry
from CP violation in mixing and decay is:

Acp (At) = Ssin (AmgAt) — C cos (AmgAt) (1.61)

where . L2
_ \s( fcp) 7 _ 1= ‘ fcp’ ' (1.62)

1+ ’)‘fcp|2 I+ |)\fCP‘2

The coefficient § is different from zero when CP violation in mixing and decay occurs,
whereas the coefficient C, in case it is non zero, is an indication of direct CP violation. When
taking into account experimental effects, Eq. 1.60 may be re-written in terms of the tagging
dilution factors (D) and AD/2 (see Section 7.1.1 for definitions and a detailed discussion),
accounting for the probability for a B meson to be mistagged

e—|At|/T

AD
Jaeas (AL) = 1+ qtagT + Gtag (D) (Ssin (AmgAt) — C cos (AmgAt))| , (1.63)

from which Acp (At) becomes now:
Acp (At) = (D) (S sin (AmgAt) — C cos (AmgAt)) . (1.64)

Looking at Eqgs. 1.61 and 1.62 it clearly appears that CP violation will occur in the case
where

Apop £ 1. (1.65)

Note that in both cases of CP violation in decay and of CP violation in mixing the previous
relation on Aj, is verified for [Az/Af| # 1 and |q/p| # 1, respectively. However, in the

present case, even if |Z?/Af| = |q/p| = 1, CP violation could still occur through

p‘fcpy =1, %()\fCP) #0. (1'66>
If there is only one SM contribution to the amplitudes A; and Z?, the expectations are that
S = —nepsin (26) and C = 0. Deviations from that imply the existence of unaccounted

amplitudes that, depending on the characteristics of the mode, could originate from theoret-
ical uncertainties in the Standard Model contributions, or could be an indication of physics

beyond the SM.
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ol
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d

Figure 1.4: Feynman diagrams for the amplitudes contributing to the B® — J/¢ K9 decay.
Left: tree level diagram. Right: Penguin diagram, where the contribution of the light, © and
¢, quarks have been neglected. The dotted line corresponds to the exchange of three gluons,
necessary to produce a ¢¢ pair.

1.4 Trees and Penguins

In a quantum field theory, on which is based the SM, in order to describe a given decay
process, one needs to include all the possible contributing amplitudes. Each amplitude
does not necessarily contribute at the same level, thus it is useful to apply a hierarchical
ranking. It often happens that only the two first-order contributions to the total amplitude
are sufficient to make theoretical predictions that are precise enough to be compared to
experimental results.

For instance, in the so-called “golden mode” B® — J/¥K?, in which the final state is
a CP eigenstate that makes it sensitive to CP violation in mixing and decay, not only one
amplitude is allowed. One of the contributing amplitudes, in which the W boson is emitted
and absorbed by the same quark line, is called a “loop” or, more often, a “penguin” diagram,
whereas the other, is said to be a “tree-level”, or simply “tree”, diagram (see Figure 1.4). In
the penguin diagram, the internal loop, which is formed by the W boson and a combination
of up-type quarks, is dominated by the top quark due to its large mass compared to up
and charmed quarks. In the hypothetical presence of new physics, new heavy particles
could traverse the loop and provide new CP-odd phases that could dramatically enhance (or
suppress) the amplitude [22, 34]. As shown in Figure 1.5 candidates for such particles are
for instance charged Higgs or squarks and gluinos from a super symmetric model.

In the considered example, the CKM factors in both amplitudes carry the same phases,
as can easily be seen thanks to the powers of A and phases that have been written next to the
CKM terms on the figure. However, as in many other decays, the penguin diagram is sup-
pressed compared to the tree diagram [35], which have SM couplings. Thus, SM contributions
in the loop dominates over possible effects from non-SM couplings and a clean interpretation
for the time-dependent asymmetry is obtained: Acp (At) = sin2fsin (AmgAt). The mea-
surement of CP violation in this channel constitutes one of the main achievements of the B
Factories. It plays the role of a benchmark with which to compare measurements of sin2(,
e.g. in b — ¢gs transitions, possibly affected by new physics.

In a general way, tree diagrams are usually cleaner in their theoretical interpretation
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Figure 1.5: Diagrams demonstrating the potential for new physics sensitivity in b — s
penguin diagrams. On the left, a charged Higgs, predicted by the MSSM, enters the loop
possibly carrying a complex coupling constant. On the right, the loop is formed by a gluino
and (anti)squarks, enhancing the SM amplitude. Supersymmetry has potentially large effects
on flavor observables, since squarks may change flavor while propagating, e.g, the loop on the
right could be produced by a gluino and a bottom squark that turns into a strange squark
in the middle of the loop [22].

than penguin diagrams. However, in some specific transition modes, the tree diagrams can
be suppressed compared to penguin diagrams, as it is the case for b — sy transitions.
Furthermore, since SM parameters are now well constrained, any deviations due to unknown
physics should be small compared to SM predictions. Such modes are therefore particularly
interesting in the indirect search for new physics at the electroweak scale, due to the absence
of a tree contribution which could overshadow effects from possible new physics. They are
also complementary to direct searches performed in high-energy colliders such as in hadronic

colliders like the LHC.
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The photon polarization in radiative
B decays and the K{(1270) resonance
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Study of FCNC processes, such as b — s7v transitions, can provide strong constraints on
NP. In the SM, the Glashow-Iliopoulos-Maini (GIM) mechanism [36] implies that FCNC
processes are forbidden at the tree level and only occurs through a loop or box diagrams,
where heavy virtual particles can propagate. Since the presence of such heavy particles
influences the predicted values of physical observables, the study of b — sy processes could
reveal the existence of yet unknown particles introduced by NP models.

The SM predicts that photons emitted in b — sv decays are left-handed, up to small
corrections of order mg/my, (see Sec. 2.1), while being right-handed in b — 5. In several
models beyond the SM the photon in b — sv acquires an appreciable right-handed component
due to the exchange of a heavy fermion in the electroweak loop process. The branching ratio
of inclusive B — X, process is currently experimentally known up to a quite high level of
precision (B(B = Xs7)exp. = (3.43£0.21+0.07) x 10~* [23]) and agrees reasonably well with
the SM predictions obtained at the next-to-next-to-leading order in QCD (B(B — X7)w. =
(3.15+0.23) x 10~* [37]). On the other hand, as detailed in Sec. 2.2, up to date, no evidence
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2.1 The photon polarization

exists for the helicity of the photons in exclusive decays. In some NP models [38-40], the
right-handed component may be comparable in magnitude to the left-handed component,
without affecting the SM prediction for the inclusive radiative decay rate, which motivates
independent measurements of the photon helicity in several exclusive radiative decay modes.

2.1 The photon polarization

In the SM, the quark level b — s vertex is given (without QCD corrections) by:

2

_ s € g * < v
U= gy VaVaFisiod (mPact miPr)b 21)

where ¢ = ¢, — qs with ¢, and ¢, the four-momenta of the b and s quarks, respectively, F3
is the loop function, whose expression can be found in [41], P, and Pg are the projection
operators as defined in Eq. 1.2, V;; and V};, are the leading CKM matrix elements appearing
in the loop diagram, and o, are the commutators of the Dirac v 4 x 4 matrices.

Once fixing the three momentum direction such as ¢* = (|q|,0,0,|q|) in the b quark rest
frame, and defining the right- and left-handed polarization vectors as

0
o = ¢% Ll (2.2)
0
it is possible to compute the helicity amplitude and to demonstrate that
5010, brey = Spio,q"brel” = 0. (2.3)

From Eq. 2.3 one can see that the first (second) term in Eq. 2.1 are non-zero only when
multiplying the b — sy vertex by the left (right)-handed polarization vector. This shows

v

ol
(7]

Figure 2.1: Feynman diagram of b — 3y transition in the SM. The loop being dominated
by the top quark, the weak couplings are given by ]V;]’Z| ~ 1 and |V ~ A2, In this transition,

since the b — 37 transition is a two-body back-to-back decay in the b rest frame, and due to
the helicity conservation the photon must be right-handed, while being left-handed in b — s7.
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The photon polarization in radiative B decays and the K;(1270) resonance

that the term proportional to m; in Eq. 2.1 describes b — sv;, transitions, while the term
proportional to mg describes b — svyg transitions. Therefore, due to the fact that the b quark
is much heavier than the s quark (i.e. mgs/my ~ 0.02), the SM predicts that photons emitted
in b — sy decays are predominantly left-handed. In a similar manner, photons emitted in
b — v decays are predominantly right-handed. Figure 2.1 shows the Feynman diagram of
the quark level b — 57 transition in the SM.

When considering cascade decays of the type B — K.y — Knmy, the weak B — K o5y
amplitudes involving left- and right-handed photons, denoted ¢, and cg, respectively, need to
include QCD corrections compare to the quark level transition described above. For b — sv
process, QCD corrections can typically be described using an effective Hamiltonian defined
as

Har = — 4j’fwsmbzc Ouln) + CLLOLp) (2.4)

where the C; and O; are, respectively, the short-distance Wilson coefficients and local long-
distance operators related to b — s, transitions, the primed operators being related to
b — sygr transitions. G is the Fermi constant, which is related to the coupling constant of
the weak interaction (g) and the mass of the W boson (Myy) such as Gr < ¢g*/M3,.

One can make an intuitive interpretation of Hog. The picture of a decaying hadrons with
masses of order O(my), is more properly described by effective point-like vertices which are
represented by the local operators ;. The Wilson coefficients C; can then be regarded as
coupling constants associated with these effective vertices. Thus Heg is simply a series of
effective vertices multiplied by effective coupling constants Cj.

The p dependence is the renormalization scale whose value can be chosen arbitrarily. It
serves to separate the physics contributions to a given decay amplitude into short-distance
contributions at scales higher than p and long-distance contributions corresponding to scales
lower than u. It is customary to choose u to be of the order of the mass of the decaying
hadron, in the present case m,.

The leading contribution to Heg comes here from the electro-magnetic operator, O,
describing the photon penguin diagram, and which is defined as

077 = bRFuV 5 (25)

e
1672
where F* denotes the electromagnetic field strength tensor, while the primed electro-
magnetic penguin operator Oz, is defined as

/

™ 167 2mb5RUuubLFW (2.6)

Note that when only considering the contribution of the dominant O, operator in Heg, and
making the Fourier transform —o*"F),, — 2i0,,¢", the effective hamiltonian is equivalent to
the first term in Eq. 2.1.

The other operators, with subleading contributions, are the current-current operators
O; and Oy, corresponding to diagrams where two quark lines exchange a W boson; the
QCD penguin operators Oz to Og, corresponding to the same diagrams with an additional
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2.1 The photon polarization

gluon exchange between the two quark lines; the chromomagnetic gluon penguin operator
Qg corresponding to loop diagrams where a gluon is emitted from the virtual up-type quark
line.

In the SM, primed operators related to b — sy transitions with ¢ < 6 are predicted to
have no contribution. Thus, only Oz, and Og contribute, but are negligible since C7, and
C§ Wilson coefficients are suppressed compared to C7, and Cs such as
i Gy my

=—=—~0.02. 2.7
077 Og my ( )

Since in Heg the O, operator is dominant at the leading order, it is possible to absorb
the subleading contribution from O;x7 into an effective C’?g coefficient such as the amplitude
of b — sv can be written

M(b — s7)10 = {f|Hai) = —%V;;vzb <0§?eﬁ<u> (F1Omy i) + CF () <f!0’w\i>) ,
(2.8)

where ¢ and f denotes the hadronic initial and final states, respectively, and (f|Oz,|i) are

the hadronic matrix elements of Oz, between i and f. The coefficient C’ég)eﬁ(,u) denotes
the leading logarithmic expression to C’;g . The matrix elements summarize the physics
contributions to the amplitude M(b — s7v) from scales lower than pu, often chosen as of the
order my,.

Theoretical calculations have shown that, even though the contribution of the subleading
operators was small, they can not be completely neglected. Indeed from Ref. [42] a signif-
icantly larger value of Cg)eﬁr compared to Cg) is obtained. The observed enhancement is
due to short-distance QCD corrections, which appear to be large for the b — sv process.

Recent developments were made in computing the perturbative QCD corrections to the
matrix element part [43, 44]. From these developments, it appeared that contributions of
higher order diagrams in the SM could possibly enhance opposite photon polarization (i.e.
right-handed photons in b — s7v). Many efforts to evaluate such effect have been made in
the case of B — K™y decays [43-46]. Calculations from Refs. [45, 46] indicate an opposite
photon helicity contamination up to 10%. However, these predictions appear to be strongly
model dependent and do not agree with each other. Some suggest much smaller values of
the contamination from opposite sign helicity photons. In some cases, right-handed photons
contribution is even found to be reduced by ~ 20% [47, 48] with respect to the leading
ms/my term. Thus, it clearly appears that further theoretical works are required to give a
more rigorous conclusion.

Several NP models introduce contributions to the b — sy process such as the proportion
of right-handed photons could be significantly enhanced. As previously emphasized, many
of such NP models allow for a large contribution of right-handed photons, which result is
a large coefficient to the right-handed electro-magnetic operator Oz, without affecting the
SM prediction of the inclusive B — X,y branching ratio.
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(<3

Y

Figure 2.2: One of the Feynman diagrams of b — 3y transition in MSSM. The loop is
formed by a gluino, the SUSY partner of a gluon, and (anti)squarks. In the SM the right-
handed contribution are suppressed by a factor mg/my due to the left-handed coupling of
W to quarks, while in MSSM this suppression can be reduced due to right-handed couplings
appearing in the loop: undiscovered heavy fermions f contributing to the penguin loop would
provide an enhancement of ms/my, to the helicity-flip amplitude.

Supersymmetric (SUSY) models are an example of NP models that bring extra source of
flavor violation. One such model is the Minimal Supersymmetric Standard Model (MSSM),
which is a minimal supersymmetric extension of the SM. The MSSM introduce superpartners
to each SM particle and two Higgs doublets. For instance, the superpartners to quarks are
called the squarks. Since there is no theoretical constraint on the mass of these hypothetical
new particles, the only constraints come from experiments. Until now, no evidence of such
superpartners was found in direct searches at existing high-energy collider experiments. As
a consequence, new particles from NP models, such as MSSM, are required to be very heavy
compared to SM particles. The masses and mixing parameters are generated through the
soft supersymmetric breaking mechanism [49].

Once the mechanism of the SUSY breaking specified, it is possible to express, the soft
breaking part' of the Lagrangian in MSSM. After the spontaneous symmetry breaking, it
appears that the squark mass can come from any combination of left- and right-handed
couplings. Since the squark mass matrices and the couplings are not diagonal in the quark
basis, the squark propagator can change flavor and chirality. In particular, the chirality can
be flipped on the squark propagator in the loop of b — s7, which can lead to a right-handed
photon emission. One Feynman diagram of such process in MSSM is shown in Fig 2.2.

In MSSM, the structure of the Lagrangian is similar to the one of the SM. The part of the MSSM
Lagrangian corresponding to the Yukawa couplings is called the soft breaking part, which consists of mass
terms for scalar fields (namely the left- and right-handed squark and slepton fields and the two Higgs fields),
Higgs mixing terms, trilinear scalar couplings and gaugino (the superpartners of gauge bosons) mass terms.
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2.2 Physical observables and experimental status

As the photon polarization is not directly measurable, several methods have been proposed
in order to measure it in b — sy processes. A few of them are briefly described in this
Section.

2.2.1 Mixing-induced CP asymmetry

One method to probe the photon helicity is to perform an indirect measurement via a time-
dependent CP asymmetry analysis in neutral B mesons. This strategy is the one adopted
in the present thesis.

In the case of the radiative decay of a neutral B meson to a hadronic CP eigenstate fcp,
BY(t) — fcpy, where the B meson state is identified (tagged) as a B° (rather than a BY) at
time ¢ = 0, the time-dependent CP asymmetry is given by [50]

L(B°(t) = fery) —T(B°(t) — fopy)

Acr )= T B0 > fomy) B = fer) (29)
—E&sin(2v) sin(ppr — ¢, — Pr) sin(AMt) (2.10)
S)0, sin(AM?) | (2.11)

where Sy, is the mixing-induced CP violation parameter, £ = CP(fcp) = £1 and

D(BY(t) = fopy) = M)’ + M),

T(BYt) = fery) = | Mo + | Mat)| (2.12)

with M and Mpg corresponding to the total amplitudes involving left- and right-handed
photons, respectively. In order to obtain Eq. 2.10, both direct CP violation (Cy..) and
the small width difference, compared to the mass difference between the B meson mass
eigenstates, are neglected.

In Eq. 2.10, sin(2¢)) parametrizes the relative amount of left- and right-handed photons

and is defined as 2 My Mg
sin(2v) = LR :
B0 = ML+ [ MaP

the phase ¢,/ is the one appearing in the B’B° mixing such as ¢, = 23 for B} mesons and is
almost zero for BY mesons; ¢, g are the relative CP-odd weak phases in the b — s process,

and are defined as S(Myn)
=sin~! (—\g LR ) .
OL.R Mo

In the SM, ¢y, g are predicted to be almost zero (O(A\*)). Since the right-handed amplitude
is suppressed in the SM, the time-dependent asymmetry is such as

AN (t) ~ 0 . (2.15)

(2.13)

(2.14)

From this method, it appears that, although an observation of Agp(t) # 0 would immedi-
ately indicate the existence of NP contributions, it is not possible to determine quantitatively
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the ratio Mp/ My, which is related to |C2f /C£H|. Indeed Acp(t) measures a combination of
Mpg/M; and the CP violating phases in b — sv as well as in BB mixing. Therefore in the
case of an experimental result that would measure a deviation of Acp(t) from its predicted
value in the SM, one can only fix the CP violating phases ¢y r as given by several NP

models in order to discriminate the one that describes the best the observed value of Acp(t).

Several exclusive radiative decay modes have been studied in time-dependent CP violation
analyses. Due to experimental constraints, such analyses appear to be very challenging in
hadronic colliders, and the best results to date come from the B Factories.

In the B — K27%y decay process, where the SM predicts S &~ —0.028 [50], both BABAR
and Belle have performed measurements of the mixing-induced CP asymmetry parameter
S, and reported Skoro, = —0.78 £ 0.59 £ 0.09 [4] and Sggqo, = —0.10 £ 0.31 £ 0.07 [5],
respectively. Moreover in the mass region of the K*(892), BABAR reported Sg+, = —0.08 £
0.31 & 0.05 [51], and Belle Sk, = —0.327035 £ 0.05 [5]. Note that in the B — K*Oy
decays, the LHCb collaboration have reported a precise measurement [52] of the direct CP
asymmetry, Acp = 0.008 + 0.017 £ 0.009, corresponding to the parameter C in the time-
dependent CP asymmetry. This result is in good agreement with the SM predictions and
consolidates one of the assumptions made in Eq. 2.10.

Belle has also performed a time-dependent CP asymmetry measurement of B® — K2p%y
decays, where the SM predicts S & 0.03 [53], and reported Sko,, = 0.11 & 0.3350:00 [3]-

2.2.2 Other methods

One other method, proposed by Gronau et al. [2, 54], allows a direct determination of the
photon polarization by studying the angular distribution in the B — K,y — K7y decay.
This method uses the angular correlations among the final hadronic decay products K7m in
order to extract the polarization )\, defined as

erl? = Jec]?

N\ = erl IO
T err A+ en]?

(2.16)
where ¢y, and cg are the amplitudes involving left- and right-handed photons, as described
in the previous Section. They are related to the Wilson coefficients such as
i i

Cp = gfres ;?e , cr, = gi(resoé(’?)e s (217)
where g™ are hadronic form factors at ¢*> = 0, which have been computed using several
models [55-60]. Since in the SM the photon in B decays is dominantly right-handed, it
implies |cy,|? < |cr|?, such that A\, ~ 1 holds for radiative B decays, while A, ~ —1 applies
to radiative B decays. The determination of )\, is done via the measure of an observable
called the up-down asymmetry A,q representing the asymmetry between the measured signal
rates with photons emitted above and below the K77 decay plane in the K . reference frame.

The LHCb collaboration recently reported the first measurement of the up-down asym-
metry in BY — KEnt7rT decays giving A,q = —0.085 4+ 0.019(stat) + 0.003(syst) [61]. This

26



2.3 Status of the K;(1270) resonance description

result is 4.60 away from zero, showing evidence for photon polarization in b — s+ transitions.
However, the current theoretical status do not allow to link directly A,q to A, in which case
a value for the photon polarization can be determined from this result.

Another angular analysis method is based on the angular distribution of the four-body
final state in the B — K*(— K~ 7"){*¢~ decay in the low T/~ invariant mass region [62].
Many observables involving different combinations of K* spin amplitudes, which are related
to the ¢, and cp amplitudes, and therefore to the C7, and 7, Wilson coefficients, can be
studied.

The latest experimental results were reported by the LHCb collaboration in the analysis
of B — K*ete™ [63] and by the LHCb [64] and CMS [65] collaborations in the analy-
sis of B — K*utp~. No enhancement of the emission of right-handed photons in b — sy
process have been observed, and all these results are in good agreement with SM predictions.

2.3 Status of the K;(1270) resonance description

In the present thesis, the mixing-induced CP asymmetry parameter SKg oy 18 determined
from the effective value of S (Skor+r-,), Which is extracted from a time-dependent analysis
of B® — Km* 7~ decays. Sku,,, is related to Skon+r-, by a dilution factor Dy, depend-
ing on the amplitudes of intermediate hadronic resonances appearing in the decays of the
kaonic resonances in the cascade B — K.y — Knry. From the five kaonic resonances in
the K7 invariant mass range below 1.8 GeV/c?, the dominant contribution is expected to
originate from the axial-vector resonance K;(1270) [24]. Therefore a good understanding of
the K;(1270) properties is useful in order to correctly model the K7 resonant structure.

In this section we give a brief overview of the status on the K;(1270) resonance descrip-
tion. For a more complete description, see [48].

2.3.1 Axial-vector K; resonances

The resonances K;(1270) and K(1400), close in mass, were disentangled for the first time
in 1977 at SLAC [66] and a few years later by the ACCMOR collaboration at CERN [67],
in experiments on the diffractive production of the 17 (K77) system in the Kp — Knmp
reaction. The fact that the relative ratios of the two dominant decay modes, K*m and Kp,
are different between the K;(1270) and the K;(1400) resonances, i.e. the K p(K*m) channel
of K;(1270)(K(1400)) is dominant, indicates that the two strange axial-vector resonances
are the mixtures of non mass eigenstates K;4 and K;p. Using conventions from [68], the
mass eigenstates can then be defined as

|K1(1270) ) = |Kja )sinfg, + |Kip ) cosfk, , (2.18)
|K1(1400) > = |K1A >COSQK1 — |KlB >Sin0K1 s (219)
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where O, is the mixing angle. In some theoretical predictions [68], two possible solutions
were found for the value of the mixing angle: 0y, ~ 33° or 57°.

The first experimental measurement of the mixing angle was performed at SLAC [66]
from the couplings to the K*m and Kp channels, and gave 0k, = (41 4+ 4)°. Results from
the partial wave analysis done by the ACCMOR collaboration yielded 0, = (64 £ 8)° and
O, = (5444)° for the low and high momentum transfer to the recoiling proton, respectively?.

Results from 7 decays in the K;(1270) or the K;(1400) resonances and a neutrino, from
experiments at LEP, indicate that the production of K;(1270) is favored with respect to
that of /1(1400) [69-71]. The mixing angle determined by CLEO [71] is consistent with the
predictions given by [68].

More recently, the Belle collaboration also reported the observation of the K;(1270) and
the K;(1400) resonances in radiative B decays [6]. They observed that the branching frac-
tion of the decay B — K;(1400)~ was very suppressed compared to that of B — K;(1270)~;
B(B* — K1(1270)") = (4.340.9(stat.) £0.9(syst.)) x 107°, while only an upper limit was
reported for K;(1400): B(B*T — K;(1400)") < 1.5x 107 at 90% CL. In this context, a de-
tailed study of the B — K;(1270)y and B — K;(1400)7 decays in the light-cone QCD sum
rules approach was performed [72]. The predicted branching fractions, B(Bt — K;(1270)"~)
and B(BT — K;(1400)"~) are in agreement with the Belle measurement.

In the present analysis, the values of the branching fractions of B — K,y decays is
important. Indeed in a preliminary stage of the analysis we rely on existing measurements
and theoretical estimations of these branching fractions to model the signal.

2.3.2 The K7 S-wave in K;(1270) decays

Some contradictions appear in the literature the branching fractions of the K7(1270) decay
modes. The PDG gives [24]:

o B(K1(1270) — Kp) = 0.42 £ 0.06 ;

o B(K(1270) — K;(1430)7) = 0.28 + 0.04 ;
o B(K;(1270) — K*1) = 0.16 £ 0.05 ;

o B(K1(1270) — Kw) = 0.11£0.02 ;

as well as a small contribution of the K fy(1370) channel. All these branching fractions are
extracted from the results from ACCMOR. Looking at the K{(1430)n channel, one can have
doubts about the PDG interpretation of the ACCMOR results. Indeed, in the original pa-
per [67], a reference is made to a strongly coupled peak in the “scalar + 7”7 channel around
the mass My, ~ 1270 MeV/c?, but there is no reference to the scalar being the K (1430)
resonance. In the ACCMOR paper, the scalar meson is parametrized with a mass M of
~ 1.25GeV/c? and a large width of ' ~ 600 MeV/c?, and can be treated as a continuum

2Note that different conventions were used to define the K mass eigenstates (see Eqs. 2.18 and 2.19) by
the two groups. Therefore, adopting conventions from [68] implies that Oy, = Hﬁ?CMOR =90° — H%AC.
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(KT)s_wave COMponent.

The Belle collaboration performed an analysis of B — J/i (¢') Knwm decays [73], and mea-
sured the branching fractions of BT — Jip K*ntn~ and BT — /K nT7n~. In both decay
modes, since the K7 final state originates from various K,es and as the K;(1270) turned
out to be dominant, a detailed study of K;(1270) — K7m was also done. The branching
fraction of the K(1430)r channel was measured to be B(K;(1270) — K;(1430)7) ~ 2%,
which is much smaller than the value given by the PDG. Note that in the Belle analysis the
K{(1430)m channel is described as a scalar resonance of mass Mz (1430) = (1425450) MeV/¢?
and width ['gs(1430) = (270 £80) MeV/ c? using a Relativistic Breit-Wigner line shape, which
is different from the scalar meson parametrization used in the ACCMOR analysis. However,
they did not observe any other “lower scalar + 7” component in the decay of K;(1270), the
“missing” branching fraction being mainly absorbed by an enhancement of the K p channel.

From the comments above, the presence of K;(1270) — (Km)jm decays, where (K7)
denotes a very wide scalar meson, should be considered when studying K;(1270) — Knrw
decays. Ome candidate is the K (800) [74], also referred to as k. Finally, one surprising
fact, as noticed by [67], is that there is no evidence for the presence of a k7 channel in the
K(1400) decay.

2.3.3 Width of the K,(1270)

When the mass of one resonance at the peak is close to a decay threshold, such as in the
K1(1270) — Kp decay, different definitions of the resonance width are no longer equiva-
lent. One definition is the width at the peak, I'(Mpeax), that can be predicted using the
K-matrix formalism [75]. Another definition is the full width at half maximum, I'g, (M),
of the Breit-Wigner distribution. In the latter case, the width appears to be smaller than
in the former case. Indeed the ACCMOR collaboration measured the K;(1270) width to be
Lk, (1270) = 90 £ 8 MeV/c? [67], in which case it is assumed to correspond to the full width
at half maximum. On the other hand, the theoretical calculation of Ref. [67], using the K-
matrix couplings, gives a value of the width at the peak of the order I' g, (1270) = 200 MeV/ 2.
This prediction contains a sum over all possible intermediate states including x.

In the analysis of B — J/ip (¢')Knm decays, Belle also studied the parameters of the
K1(1270) resonance, by floating its mass and width in an additional fit to the BT —
Jip K*ntn~ data. The averaged mass given by the PDG is M, 1270y = (1272 £ 7) MeV/?,
which is very close to the one reported by the ACCMOR collaboration (Mg, 1270y = (1270 £
10) MeV/c?). Belle observed a smaller mass, M, 1270y = (1248.143.3(stat.)£1.4(syst.)) MeV/¢?,
and a larger width T'x, 1270y = (119.5 £ 5.2(stat.) £ 6.7(syst.)) MeV/c? compared to ACC-
MOR measurement. Note that since the total width depends on the contributions of the
decay modes, these results are correlated to the fact that in Belle analysis, the “scalar + 7"
channel is almost absent, increasing the proportion of K*m and Kp. However, the floated
width is much smaller than 200 MeV/c? as would be expected from the calculation using the
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K-matrix formalism.
As a conclusion, one should keep in mind that the measured values of the K;(1270)

width are smaller than the expected one obtained by theory, and should therefore consider,
if possible, not to fix this parameter in analyses involving K7(1270) — Knm decays.
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Overview

As previously discussed in Chapter 1, CP violation phenomena lead to particularly large
asymmetries in the case of the B® mesons (composed of a bottom antiquark and a light d
quark) decaying to states common to both B® and B°. In addition, for these mesons, the
period of these particle-antiparticle oscillations was comparable to their lifetimes [16, 76],
which mean that the interfering amplitudes are of the same order, and make the B system
the best choice to study CP violation. However, the same phenomenon also impeded the
experimental determination of the flavour (i.e. B® or B%) of the particle in decay, a sine qua
non to compare the decay rates of both flavours. The proposed solution involved using pairs
of B%-B° mesons produced in the quantum mechanical state of entanglement, one of them
decaying to the channel of interest, and the other one to a final state that uniquely determines
its flavour (a flavour eigenstate). The entanglement implies that, at the precise moment of
the decay of the latter, the former meson would be its antiparticle, and that its flavour at
decay time could be determined as well by evolving its known state in time (tagging). Thus,
measuring CP asymmetries between the B mesons requires simultaneous reconstruction of
the decay products of both B mesons and measurement of the time difference between their
decays (see Figure 2.3 and Section 7.1.1 for more details).

The lifetime of the B mesons (~ 1.5 ps) make impractical any such measurements using
symmetric eTe™ colliders, since the small distances travelled in the detector would be washed
out by the resolution of the instrument. Therefore, Pier Oddone had the idea of building an
asymmetric ee~ collider, in which the centre-of-mass, and hence any particles produced,
would move in the laboratory frame with a relativistic boost large enough to extend those
distances into the measurable range [77]. The BABAR and Belle experiments were built based
on this idea, associated to eTe™ asymmetric colliders (PEP-IT and KEKB, respectively) with
the centre-of-mass energy tuned to the 7°(4S) resonance, which decays almost uniquely to
BYBY and B B pairs with equal probabilities. The advantages over a hadronic collider are
substantial, a number of factors contributing to the much cleaner environment and hence to
better event reconstruction: the low multiplicity of the events (with an average of 11 charged
tracks per event), the relatively large signal-to-background ratio (0 55/ total hadronic = 0.28),
the possibility of reconstructing photons and 7 and a physics rate low enough (~ 10 Hz)
for the detector not be overwhelmed by data during its dead time [78]. Furthermore, the
precise knowledge of the kinematical state of the ete™ system allows for a complete recon-
struction of the event and naturally provides us with background discriminating variables
(Section 5.3). In addition, running at the 7°(4S) resonance and using the advantage of quan-
tum entanglement, greatly helps in the tagging process by forcing the two particles to remain
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a particle-antiparticle pair for as long as both exist. In a hadronic environment, such a state-
ment is no longer true and the tagging efficiencies fall dramatically for two reasons: first, the
higher track multiplicity is an obstacle to finding the particle whose charge uniquely tags
the flavour of Bi,g; second, determining the flavour of B, requires establishing the flavour
of Bi,g, evolving it back to the production point, and then forward to the B, decay vertex,
thus depending strongly on the accuracy in the inference of the production point.

These properties, together with a large data sample consisting of ~ 108 BB pairs, are the
necessary ingredients for BABAR’s main physics goals: precisely measuring the CP violating
time-dependent asymmetries and constraining the CKM matrix elements. Secondary physics
interests are rare B decays, such as the subject of this thesis, charm and 7 physics, and
QCD and two-photon physics. Other quantum electrodynamic processes, such as muon pair
production, are mostly filtered due to their large cross-sections, some of them being used for
calibration and luminosity measurement purposes. Specifically, the integrated luminosity is
calculated to great accuracy by examining the accumulated samples of ete™ — eTe™ (),
ete” — putp () and ete™ — 7, processes for which the cross-sections are extremely well
understood thanks to QED.
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Figure 2.3: In many processes of interest, By, decays to a channel that can be reached
by both a BY or a BY. Evaluation of the CP violating asymmetries requires knowing the
flavour of the B meson at its decay time. This is achieved by identifying the decay channel of
the other B meson, Bi,g, often only partially reconstructed. If B;,4 decays into a state that
uniquely determines the flavour of its parent particle, e.g. B — D* + X, then the knowledge
of the difference between the decay times of both B’s allows us to infer the flavour of Bjec.
The time elapsed between the two decays can be calculated from the distance Az measured
between the two B decay vertices along the beam direction, z.
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The constraints posed to the accelerator and detector configurations by the difficulties of
time-dependent analyses as well as the high luminosities needed to achieve the physic goals
are discussed in Chapters 3 and 4, respectively.
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Chapter 3

An asymmetric eTe” collider: PEP-II
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For the time-dependent CP violating asymmetries arising in neutral B mesons to be mea-
sured, an asymmetric collider is required. The boost of the B mesons in the laboratory
frame allows the distance between the decay vertices of the two mesons to be measured,
from which the time between the decays of the two particles can be inferred.

The asymmetry is achieved by injecting into the PEP-II storage rings 9.0 GeV e~ and
3.1GeV e™ beams which, upon collision, result in a boost of 5y = 0.56 along the e~ beam
direction in the laboratory frame for the centre-of-mass of the particles produced. The
centre-of-mass energy is tuned to the 7°(4S) mass, 10.58 GeV, for 90% of the running time,
the remaining 10% being set 40 MeV below the resonance peak. The first sample, known as
the On-Peak sample, contains the BB events, whereas the second one, called the Off-Peak
sample, is recorded for background characterization purposes. The light quark processes
ete™ — ¢g, ¢ = u,d, s, c which constitute the most prominent background to the BB events
are the only hadronic reactions allowed below the 7°(45) threshold.

The injection is carried out using the two mile long Stanford Linear Accelerator, which
diverts a fraction of the accelerated electrons to produce positrons in collision with a high-Z
stationary target. These are then directed back to the linear accelerator to be brought to
their nominal energy before entering the storage rings. Once there, the electrons and the
positrons, which circulate in bunches along physically separated rings, are collided in one
Interaction Region, in which the BABAR detector is located.
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An asymmetric ete™ collider: PEP-II

3.1 The LINAC and the storage ring

PEP-II is made of two storage rings of 2.2 Km of circumference in which the collision takes
place. Fig 3.1 shows an schematic view of the PEP-II collider and the LINAC accelerator.
The LINAC (LINear ACcelerator) constitutes the PEP-IT injection system. It is 3 Km long
and accelerates the particles up to their nominal energies. The LINAC is a facility also used
for other purposes, being able to produce beams with energies up to 50 GeV. The electrons
and positrons used by PEP-II only use part of the accelerator capabilities. These electrons
and positrons produced in the LINAC are accelerated until their nominal energies, and then
injected to PEP-II storage rings placed at the end of the linear accelerator. Once there, the
electrons and positrons, which circulate in bunches in separate rings, are made to collide at
the IP, around which the BABAR detector is located.
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Figure 3.1: The linear accelerator at SLAC and the PEP-II collider.

The High Energy Ring (HER) produces electron beams with 9.0 GeV of energy, while the
Low Energy Ring (LER), delivers positrons with an energy of 3.1 GeV, which upon collision,
result in a boost of gy ~ 0.56 along the e~ beam direction in the laboratory frame. This
boost allows the measurement of the Bie./Biae mesons time difference (see Sec. 7.1.2). The
parameters for these storage rings are summarized on Tab. 3.1.

3.2 The interaction region

The Interaction Region is heavily instrumented with magnets that focus the beams before the
collision, directs them so that there is no crossing angle between them, and finally separates
them before a given bunch of particles collides with a second bunch from the other beam
(see Figure 3.2). The quadrupole magnets labelled QD and QF, situated outside the BABAR
detector, focus the high and low energy beams. The dipoles labelled B1 are responsible for
bringing the beams together and separating them immediately afterwards. This is the reason
why they need to be close to the interaction point; in fact, within the detector volume.
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3.3 Machine backgrounds

Interaction Region

Centimeters

Meters sz

Figure 3.2: Schematic view of the Interaction Region. Observe the strong bending needed to
make the two beams collide head-on, that results in the most prominent machine background:
synchroton radiation.

3.3 Machine backgrounds

Accelerator backgrounds may degrade the detector performance and must thus be prevented,
since they may cause sustained radiation damage and prolonged dead times where the detec-
tor subsystems readout is inactive. The main origin of these backgrounds is the synchrotron
radiation around the IP, followed by the beam particles interaction with the residual gas
in the storage rings and the electromagnetic showers generated in beam-beam collisions. A
serious background can find it’s origin in synchrotron radiation in the nearby dipoles, the
Q1 quadrupoles and B1 dipoles. Beam orbits, vacuum-pipe apertures and synchrotron ra-
diations masks have been conceived in a way that leads the majority of these photons to a
distant dump and before they can enter the BABAR acceptance the remnants are submitted
to various scatters.

Eventually beam particles may escape the acceptance of the ring and hit the beam pipe,
thus causing electromagnetic showers that disseminate on the detector. Such events are
caused by beam-gas bremsstrahlung and Coulomb scattering of residual gas molecules. To
avoid this there are vacuum pumps that ensure the residual pressure to a minimal level and
collimators that remove beam tails generated by betatron oscillations and beam-gas interac-
tions. Aside from the DIRC, the main cause of radiation damage in the SVT and the major

39



An asymmetric ete™ collider: PEP-II

source of background in all detectors systems is beam-gas scattering. Radiative Bhabha
scattering leads to low energy electrons or positrons that hit aperture limitations within a
few meters of the IP and spray BABAR with electromagnetic showers. This background is

proportional to the instantaneous luminosity, hence being the prevailing background in the
DIRC.

3.4 The injection system

In 1999, when BABAR started, the electrons and positrons were injected in the storage rings
in bunches of 109 particles with a frequency between (1 — 30)Hz and a mean time spacing
of 4ns. In a normal operation the injection was made every (40 — 50) min. These periods of
injection (of ~ 5 min) generated intense backgrounds in BABAR. Also, the injection induced
dead time, as it was necessary to ramp down the high voltages of detector systems for pro-
tection purposes. The result was that data taking was periodically suspended. Moreover,
not only the recorded luminosity was not optimal, but the beam currents continuously de-
creased. From 2004 a system of continuous injection was settled, the trickle injection, where
a new injection is just performed if the instantaneous luminosity falls below a pre-established
threshold, and can be made continuously at a low rate. At first this was obtained for the
LER, with a gain in luminosity of 35% and afterwards applied in the HER, resulting in an
extra gain of 12%. The main disagreement of this new method consists in it’s difficulty
to limit the backgrounds created by the injection. But it was demonstrated through vari-
ous tests that these backgrounds could be kept to a manageable level and thus the trickle
injection has since it’s implementation become the default operation.

3.5 Performance

Within it’s first year of running, PEP-II achieved it’s design luminosity and accelerator
parameter objectives, having since never stopped improving them. Table 3.1 shows the
design objectives and the latest records achieved. The machine stopped running at the 7°(4.5)
peak in September 2007, having recorded a total of 432.9fb™" integrated luminosity. After
that, the data taking was performed at the 7°(25) and 7°(3S) resonances (which are located
at 10.023 GeV and 10.355 GeV [24], respectively), finishing with integrated luminosities of
20.3fb~! and 14.5fb™ !, respectively. The best instantaneous luminosity reached a value of
1.2 x 10** em 2571

Table 3.1: PEP-II design parameters, and best achieved.

Parameter Design | Best achieved
HER current (A) 0.75 2.07
LER current (A) 2.14 3.21
Luminosity (10 cm™2s71) | 3.0 12.07
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The BABAR Detector
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CP-violation study as described at the beginning of this chapter lead to an asymmetric col-
lider, and therefore, since a uniform acceptance in the centre-of-mass system is preferred, to
an asymmetric detector as well. The main physics goals as well as physics under study place
additional stringent constraints on the detector. In this section, we state the main resulting
requirements on the BABAR detector, describing each subsystem and its performance in the
next sections.

The detector must comply with the following requirements:

e A high reconstruction efficiency for charged tracks and photons of momenta above
60 MeV/c and 20 MeV/c, respectively.

e Good photon energy and angular resolutions, in order to reconstruct and discriminate
7% and 7 particles and for radiative decays.

e Very good momentum resolution of charged particles in the momentum range 60 MeV/c
to 4 GeV/c for signal-background separation.
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The BABAR Detector

e Excellent vertex resolution, to measure the typical distances associated to a time-
dependent analysis, Sycrgo < 250um.

e Excellent hadron and lepton identification capabilities, as these are crucial to the tag-
ging procedure. In particular, electrons and muons should be reliably identified, and
hadrons such as p, K, m should be distinguished.

e Dead times as short as possible, so that higher luminosities can be handled.

e Components resisting to radiation, in order for the efficiencies of the subsystems to
operate reliably under high background conditions over the lifetime of the experiment.

The final design of the detector, installed around the interaction point (IP) of the PEP-II
collider, was built to achieve these goals. It is a classic almost 47 acceptance detector, which
consists of five subsystems: the silicon vertex tracker (SVT), used to measure angles and
positions of charged particles coming from the displaced vertices of the B mesons and other
particles with similar lifetimes; the drift chamber (DCH), whose purpose is the measure-
ment of momentum of charged particles; the detector of internally reflected Cerenkov light
(DIRC), whose input for particle identification is essential (in particular K/ separation);
the electromagnetic calorimeter (EMC) made of Csl crystals, that allows to measure the
energies of photons and electrons; and the flux return (IFR), which serves as muon detector
and as a primitive hadronic calorimeter. The three subsystems are surrounded by a su-
perconducting solenoid, which generate in a uniform axial 1.5 T magnetic field necessary to
measure the transverse momentum from the curvature of the tracks. Figure 4.1 shows the
whole detector, specifying each subsystem.

To maximize the geometrical acceptance for the boosted 1°(4S) decays, the detector is
shifted relative to the IP by 37c¢m in the direction of the LER. The convention adopted
in BABAR for the coordinate system follows a standard spherical-polar coordinate system
centred on the IP, the z axis being parallel to the e~ beam direction, and ¢ and ¢ being the
usual polar and azimuthal angles, with a coverage extends to 350 mrad and 400 mrad in
the forward and backward directions, respectively. The cartesian axes form a right-handed
system with the z axis pointing outwards from the PEP-II ring and the y axis pointing
upwards.

4.1 The Silicon Vertex Tracker (SVT)

Physics requirements

The SVT [79] is located just outside the beam pipe, at around 3 cm from its centre, and
has been designed to provide a precise reconstruction of the decay vertices near the IP. This
is critical for the measurement of the time-difference between B and B decays, and that of
the flight distances of D mesons and 7 leptons. To achieve the necessary resolution in At, a
resolution of 80 pm must be attained in z for single-vertex measurements. In the xy plane,
distances of ~ 100 um must be resolved for the correct reconstruction of secondary vertices
such as those from D and 7 decays.
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4.1 The Silicon Vertex Tracker (SVT)
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Figure 4.1: Lateral (top) and front (bottom) view of the detector, with all the subsystems
clearly indicated.
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The BABAR Detector

The SVT is also provides precise reconstruction of trajectories of charged particles and
tracking of low momentum particles, since for p; < 120 MeV/c they are unlikely to reach the
drift chamber or produce enough hits in it. This is fundamental for the reconstruction of
the D* decay into a low momentum pion and a D meson, which is important in itself and
for tagging purposes.

Finally, the SVT also plays a role in particle identification through its own measurement
of ionization energy loss dF/dz, and by giving the best determination of the polar angle of
high momentum tracks, which is a necessary input to fully exploit the DIRC.

Design

Although maximum coverage is desirable, the B1 dipoles situated inside the detector (see
Fig. 3.2) and some support structures limit the SVT acceptance to the polar angles 20.1° <
0 < 150.2°, which still comprises 90% of the solid angle in the centre-of-mass system. Another
constraint on the SVT design is that it must be able to withstand the irradiation associated
with being so close to the beam pipe, while still keeping the amount of material as low as
possible to avoid multiple Coulomb scattering.

The SVT consists of five concentric layers (300 um thickness each) of double-sided silicon
strips (see Fig. 4.2), where the strips on opposite sides of each sensor are mutually orthogonal,
thus providing the two coordinates at the impact location in ¢ and z, respectively, for each
hit.

The first three layers are composed of 6 modules each, slightly tilted to provide complete
coverage. Layers 4 and 5, having 16 and 18 modules respectively, produce the overlap
between neighboring strips, in order to avoid dead zones in ¢, by alternating the radii at
which they are located. The three inner layers, having each 6 modules, give the position and
angle information for the measurement of the decay vertex position. In contrast the strips
in the two outermost layers are at a much larger radii and arch-shaped in order to reduce
the material a track goes through while providing complete coverage. The two innermost
layers are particularly important in determining the polar angle of a track, while the role of
the two outermost is to help in matching tracks to those found by the DCH. The third layer
provides extra information for low momentum tracks that may not reach the drift chamber.
Each of the five layers module contains from 4 to 8 silicon detectors and has its own readout
electronics. In total, the SVT has 340 silicon detectors covering a area of 0.96m?, with a
total of 150,000 readout channels.

To be able to meet the resolution goals, the local and global alignment of the SVT is
crucial. On a daily base and each time the SV'T configuration changes, calibrations are
performed in absence of circulating beams. The local alignment, of the different modules
relative to each other, is only necessary after accesses to the detector. It is carried out by
fitting tracks from cosmic rays and ete™ — ptp~ events. Global alignment, of the SVT
with respect to the rest of the detector, is done at the beginning of each run, by minimizing
the differences between the SVT and DCH tracks in a small sample of events. Due to the
very small distance of the SVT components with respect to the beam pipe, this detector is
significantly affected by radiation. In order to protect the detector, designed to resist to a
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4.1 The Silicon Vertex Tracker (SVT)
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Figure 4.2: End (top) and side (bottom) views of the Silicon Vertex Tracker, in which the
five layer structure and the arch shape of the outer layers can be appreciated.
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maximum of 5Mrad of integrated radiation dose, from high backgrounds, a customized online
protection system, called SVTRAD was used. It permits BABAR to stop automatically the
beams when the instantaneous or integrated radiation doses go above predefined thresholds.

Performance

The average track efficiency reconstruction of the SVT as measured in data on ete™ — putpu~
events is 97%, after excluding the defective strips. The efficiency of low momentum tracking
in the SVT enables to perform demanding physics analyses such as BABAR’s result on D°— D°
mixing [19], in which extraordinarily large samples of D* mesons decaying to a charged pion
and a D meson are needed in order to tag the flavour of the neutral meson and detect the
minute oscillation.

The spatial resolution of the SVT hits can be evaluated by fitting high momentum tracks
without the hit in the layer under inspection and comparing the hit with the intersection
of the fitted track. The residuals are divided by the uncertainty on the track determination
to get the resolution. This is found to be better than 40um, implying a vertex resolution
better than 70um. The resolution on the ionization energy loss dE/dz measurements is
approximately 14%. A 20 separation between kaons and pions can be achieved up to a
momentum of 500 MeV/¢, and between kaons and protons below 1 GeV/c.

4.2 The Drift Chamber (DCH)

Physics requirements

The drift chamber [80, 81] is the main tracking system in the BABAR detector. The principal
purpose of the DCH is the efficient detection of charged particles and the measurement of
their angles and momenta (over a wide range of 0.12 < p; < 5.0 GeV/c¢) with high precision.
This allows, with momentum and spatial resolution of o, /p; < 0.3% and 140um, respec-
tively, to reconstruct exclusive B and D meson decays with low background. It provides
one of the main inputs to the Level-1 trigger and plays a key role in the extrapolation of
tracks into the DIRC, EMC and IFR. Thus, the solid angle coverage must be as complete
as possible whilst minimizing the amount of material that the particles have to traverse.

The reconstruction of decay and interaction vertices of long-lived particles outside the
SVT volume, like the KY (present in the final state of the decay channel studied in this
thesis, and in many other channels studied in time-dependent analyses), relies solely on the
DCH.

The vertexing of long-lived particles outside the SVT volume, such as K particles present
in the golden mode and in one of the channel studied in this thesis, as well as in many other
final states studied with time-dependent analyses, relies solely on the DCH. It requires the
drift chamber to measure longitudinal positions to better than 1 mm.

Finally, the DCH also bears the responsibility for particle identification using the mea-
surement of the ionization energy loss dE/dz, for which the DIRC is not effective, and for
tracks that fall outside the acceptance of the latter in the forward region. The achieved
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4.2 The Drift Chamber (DCH)

design resolution of about 7% allows to separate kaons from pions up to momentum of
700 MeV/c.

Design

The DCH is a 276 cm long cylinder located immediately outside the SVT, with inner and
outer radii of 23.6 and 80.9 cm, respectively. Figure 4.3 shows a longitudinal section of the
DCH, where the middle of the chamber in z is located asymmetrically with respect the IP to
increase the centre-of-mass acceptance, being offset by ~ 370 mm in the HER direction. It is
bounded in the radial direction by the support tube (the DIRC) at its inner (outer) radius.
It is formed from 40 layers of hexagonal drift cells (for a total of 7104 cells). The cells consist
of a sense wire in the centre, with a diameter of 20um and kept at 1930 V| surrounded by 6
field wires, of 80 and 120um diameters, that are grounded. The layers are grouped by four
into ten superlayers, with different stereo angles. The stereo angle is defined as the angle
between the cells wires and the z-axis, in a revolution plane around the z-axis. The stereo
angles of the superlayers alternate between axial (null stereo angle: A) and stereo (non-null
stereo angle: U,V) pairs, in the order AUVAUVAUVA. A mixture of helium and isobutane in
a ratio 4:1 fills the chamber, with additional small amounts of water vapor (0.3%) to extend
the lifetime of the device. Altogether, the whole volume of gas and the wires represent only
0.28% of a radiation length for tracks with normal incidence.

~—630 1015 | 1749 68
:55
Elec- -
tronics = : = 1 809 50
7 ; = x 48
| las5274 11358 Be —— 17,2 236 |_ i
e — | 44 — P et 0
469 0
t ’ Ste?eo
1-2001 4cm
8583A13 +Sense o Field e Guard x Clearing

1-2001
8583A14

Figure 4.3: Side view of the drift chamber (left) and cell layout in first four superlayers
(right). The angle in mrad of the stereo layers with the z axis is written on the right of each
layer.

Performance

Some of the molecules in the gas are ionized by the charged particles traversing the chamber.
The charges then start drifting due to the electric field, which is locally quasi-cylindrical
around each sense wire. Collisions with further gas molecules result in a gain of ~ 5 x 10
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Figure 4.4: On the left, DCH dE/dz measurements and the Bethe-Bloch predictions [82].
On the right, the resolution on p; as calculated from cosmic ray events that fall within the
acceptance of the SVT and the DCH [82].

The time taken for the charge to arrive at the wire translates into a distance from the wire.
That drift time, however, requires cell-by-cell calibration, which is performed by fitting high
momentum p*p~ and ete” tracks while omitting the cell being calibrated. The total charge
deposited, which is used to calculate dE/dz, also needs calibration.

The sample of tracks that goes through the DCH and the SVT, the two tracking devices,
allows the estimation of the track reconstruction efficiency. The proportion of tracks recon-
structed in the DCH over those observed in the SVT is of (96 &+ 1)%, once the fake SVT
tracks have been adjusted.

The dE/dz value for a given track is calculated as the truncated mean of the 80% lowest
measurements dE/dxz measurements for the track, since these follow a Landau distribution
whose mean diverges. Figure 4.4 shows the dE/dx measurements in the DCH as a function
of the momentum, and the corresponding Bethe-Bloch expectations [24]. A good separation
between pions and kaons is achieved below 0.7 GeV/c momentum, above which the DIRC has
the main responsibility for particle identification. This is also demonstrated in practice in
BABAR’s last measurement of B® — h™h~ (where h = K, ) [83], where the DCH is used to
provide particle identification of forward tracks falling outside the acceptance of the DIRC!.
The dE/dx resolution on electrons is 7.5%, almost at the design value (7%). The resolution
on p; is, as shown in Fig.4.4, very close to the design value too.

1Unlike in this example, most analyses in BABAR which require particle identification do not use the
information from each subdetector separately, and instead draw on a combination of information from the
DIRC and the DCH and SVT dF/dz measurements, as described in Sec. 5.2.3.
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4.3 The Detector of Internally Reflected Cerenkov Light (DIRC)

4.3 The Detector of Internally Reflected Cerenkov Light
(DIRC)

Physics requirements

As the BABARphysics program consists of measuring CP violating asymmetries in a variety
of channels, identifying particles is crucial. In neutral modes, it is necessary to define the
flavour of the other B in the event in order to measure these asymmetries. This definition is
obtained by correlating the charges of certain particles with the flavour of the parent meson.
Since these correlations are conditioned by the particle species, these must be identified (see
Sec. 7.1.1). Also, as similar channels, like B — K*7~ and B® — nt7~, have different
asymmetries it is essential to avoid contamination in the isolation of final states.

More specifically, above 700 MeV/c, the drift chamber is no longer able to distinguish
kaons from pions, which the DIRC aims to separate at 4o significance up to a momentum
of 4.2 GeV/c. For the muons, the DIRC must complement the IFR, whose effectiveness falls
for momenta below 750 MeV/c.

Finally, the DIRC must be small, not only due to it’s location - between the drift chamber
and inside the calorimeter - but also in order to minimize the size of this latter one (as the
calorimeter is the most expensive part of the detector), amounting to only a fraction of the
radiation length (see below).

Design

When a particle travels faster than the speed of light in the medium that surrounds it,
v/c = > 1/n, it emits Cerenkov photons at an angle cosfc = 1/nf3 with the direction of
the particle. Hence, provided that its trajectory is known accurately enough, a measurement
of the direction of these photons establishes the speed of the particle. Given the space
constraints sketched above, the instrumentation to detect them must lie outside the main
body of the detector. Internal reflection on a plane surface is used to preserve the angle of
these photons while directing them towards the photomultiplier tubes (see Fig. 4.5). Forward
moving photons are reflected in a mirror, allowing the DIRC instrumentation to occupy only
the less populated backward end of the detector.

The photons are confined by bars of quartz (n = 1.474) of 17mm thick and 35mm wide
but reaching 4.9m long. In a normally incident particle, they totalize 17% of a radiation
length.In the backward end of the detector, the photons go through a wedge-shaped quartz
piece and then into a water filled expansion region, known as the standoff box, after which
they meet the photomultiplier tubes. The role of the wedge is to reflect photons arriving at
large angles, thereby reducing the area of the standoff box that needs to be instrumented at
the cost of introducing ambiguities in the angle.

There are 10752 photomultiplier tubes, surrounded by "light catchers” that amplify the
detection area. Finally, the standoff box is magnetically shielded to avoid disturbances in
the tubes.
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Figure 4.5: Diagram illustrating the operating principles of the DIRC.

Performance

The angle and time resolution can be calibrated from dimuon events. The Cerenkov angle
resolution for a track turns out to be 2.5 mrad, giving over 40 separation at 3 GeV/c (see
Fig. 4.6). Figure 4.6 also shows the mass peak of the decay D° — K+7~ with and without
the kaon/pion separation provided by the DIRC.

4.4 The Electromagnetic Calorimeter (EMC)

Physics requirements

A number of CP eigenstates within BABAR’s physics goals contain 7%’s in the final state.
Many others involve n particles or photons directly, such as b — s7v, in which the spectrum is
quite hard. Some QED processes, such as ete™ — ete v or ete™ — 7 are also important
for calibration or luminosity measurement purposes. Therefore, BABAR must be able to
reconstruct photons over a wide range of energies, from 20 MeV up to 4 GeV.

The EMC is the only system being able to supply precise information on particle identi-
fication and must thus identify electrons accurately, as they are relevant in flavour tagging
and semi-leptonic B decays.
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Figure 4.6: Plots illustrating the DIRC capabilities for kaon-pion separation [82]. On the
left, the reconstructed D° mass with and without the PID information provided by the DIRC.
On the right, the separation of kaons and pions achieved by the DIRC in standard deviations.

Design

The EMC is formed from 6580 Thallium doped Caesium Iodide crystals arranged in a barrel
and a forward endcap . The material was chosen due to its high light yield and small Moliere
radius, which imply good energy and angular resolutions, respectively. The crystal size varies
from 16 radiation lengths in the backward direction to 17.5 radiation lengths in the forward
endcap, since these receive impacts from the more energetic Lorentz-boosted particles. The
crystals are tilted in such a way that they face the interaction point. Their exposed area is
~ 5cm? (c.f. their Moliere radius, 3.8 cm), so a typical electromagnetic shower will spread
over several crystals. Figure 4.7 shows a schematic view of the subdetector.

Performance

It is necessary to establish the relation between the light yield and the energy deposited in
the crystal as well as the between the cluster energy and the total energy of the incident
particle, in order to calibrate the electromagnetic calorimeter. From one crystal to another
there is a variation of the light yield dependence on the energy, that radiation damage may
change over time. It is calibrated for low energies using 6.13 MeV photons from a radioactive
source, and in the high energy range by using Bhabha scattering events, for which the polar
angle precisely determines the energy of the particle. The cluster energy must be calibrated
due to crystal leakage and absorption of energy by the material at the front of the crystals or
between them. This is applied during the offline reconstruction and is derived from samples
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Figure 4.7: Side view on the Electromagnetic Calorimeter.

of 7 and 7 mesons.
The photon energy and angular resolutions of the EMC are also extracted from the
calibrations, and are found to be parameterized, respectively (see Fig. 4.8), by

EE =BGy @ (4.1)
0p = 0¢p = ﬁ—l—d, (42)

where the first sum is in quadrature, and a = (2.3+£0.3)%, b = (1.85+0.12)%, ¢ = 3.87+0.07
and d = 0.00 £ 0.04.
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Figure 4.8: Photon energy (left) and angular (right) resolutions achieved by the electro-
magnetic calorimeter [82].
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Figure 4.9: Schematic view of the IFR, with the barrel on the left and the forward (FW)
and backward (BW) endcaps on the right.

4.5 The Instrumented Flux Return (IFR)

Physics requirements

The golden mode, J/i K2, involves muons, as the J/i is reconstructed in the channels eTe~
and ptp~. Their detection is also essential for semi-leptonic physics and for the tagging
algorithms. Particle identification information on muons is desirable for momenta from
about 1 GeV/ec.

Muons are heavier than electrons, making bremsstrahlung a far less effective energy loss
mechanism for them. Since they have relatively long lifetimes and do not participate in
nuclear interactions either, they are very penetrating particles. Therefore, the best choice is
to place a dedicated subdetector outside the rest of the instruments.

In BABAR, the outer part of the detector plays the role of the flux return for the solenoid,
at the same time as it provides a support structure. Interleaved between the steel plates of
the flux return, instruments can be placed to turn it into a muon detector and a primitive
hadron calorimeter, in charge of detecting neutral hadrons, mainly K. These feature in
a number of modes of interest, due to them having an opposite CP eigenvalue to the best
experimentally suited modes containing a K.

Design

The steel of the flux return, which is distributed in layers of increasing thickness from the
inner to the outer sides, serves the purpose of filtering the muons and absorbing the neutral
hadrons. Between the steel sheets, in the barrel and the endcaps, there are 19 and 18 gaps,
respectively, which host the instrumentation. These are shown in Figure 4.9, where the
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Figure 4.10: Resistive plate chamber design.

almost complete coverage of the detector is also apparent. The arrangement of these gaps,
and the thickness of each of the layers was carefully chosen after dedicated MC studies to
optimize the physics capabilities.

In these gaps, resistive plate chambers were installed. Two cylindrical RPCs were also
placed between the EMC and the magnet to detect particles leaving the EMC and link any
EMC clusters to IFR energy deposits.

The resistive plate chambers (see Fig. 4.10) consist of two graphite electrodes separated
by two 2 mm thick sheets of bakelite, and in between these, another 2 mm gap filled with
a mixture of gases: argon, freon and isobutane in the proportions 57:39:4. Readout strips
are located next to the graphite, separated from it only by a film of insulator. They are
placed orthogonally (hence the labels “X strip ” and “Y strip” in the figure), providing
three-dimensional positional information when combined with the distance of the RPC to
the interaction point. The apparatus works as a capacitor, with one of the graphite electrodes
grounded and the other one set to an 8 kV voltage. The passage of a charged particle or
a hadronic shower do not cause a discharge, but induce temporary changes in the charge
accumulated at each electrode, that are capacitatively read by the readout strips.

Performance

During BABAR’s first year of running, an 8% pion misidentification probability was found for
a 90% muon efficiency.

The calibration of the angular resolution and efficiency of the detection of neutral hadrons
was studied through the process ete™ — ¢y — KOK%y, and yielded efficiencies between 20
and 40%, and angular resolutions around 60 mrad for K? that did not interact in the EMC.
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4.6 The Trigger system

When the latter also provided information, the resolution was twice as good.

However, shortly after installation, the performance of the RPC was observed to degrade
quickly, with the muon efficiency dropping at an average rate of 1.2% per month and growing
numbers of plates being declared "dead” (efficiencies less than 10%). The RPCs in the
endcaps were replaced by new RPCs built with more stringent quality constraints, except
for the first five, in whose brass was placed to improve pion rejection. A different solution
was adopted for the barrel RPCs. These were substituted by limited streamer tubes.

Limited streamer tubes

The principle of operation of limited streamer tubes is similar to that of the RPCs. In the
case of BABAR, a conducting wire with a 100um diameter is placed in a long resistive cell
(the "tube”), with a section of 15 x 17mm?, the wire playing the role of the anode, and the
tube, of the cathode. The volume between them is filled with a gas that is ionized upon
the passage of a charged particle or the spread of a hadronic shower, altering the charge
distribution in the cylindrical capacitor. The signal can then be read either by external
strips attached to both sides, or from the wires directly. In BABAR, the latter method is used
to measure the ¢ coordinate, and the former, to read the z coordinate.

Their efficiency is monitored by using dimuon events and cosmic rays, finding an average
of 90%, without any noticeable degradation trend over time.

4.6 The Trigger system

The aim of the trigger is to reduce the potential number of events per second reconstructed
by the detector, which is essentially determined by the frequency of bunch crossing, to a
manageable level of events that can be recorded. Of course, the goal of the trigger is to
reject badly reconstructed events and background while retaining as much signal as possible.

In BABAR, that is achieved through a two-stage trigger, composed of the level-1 trigger
(L1T), implemented in hardware, and the level-3 trigger, which is carried out by software,
and after which all surviving events are recorded.

Level-1 trigger

The level-1 trigger consists of a global trigger (GLT) that combines the input from several
individual triggers linked to the different subsystems of the detector, and accepts events at
rates around 1 kHz, its limit being 2 kHz. The individual triggers feeding the global one
are the DCH trigger (DCT), the EMC trigger (EMT) and the IFR trigger (IFT). These
are continuously producing abstract data (primitives) describing the objects found by the
subdetectors they are associated to, and are passed to the GLT. The global trigger then tries
to match them to any of 24 trigger lines that represent events of interest, and if the timing
of the trigger signal coincides with one bunch crossing, the fast control and timing system
issues an accept signal. It is at this point that some classes of physics events, such as typical
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QED processes that are used only in calibration, are scaled down, making their acceptance
less likely.

The DCT produces its primitives by looking for sequential DCH hits in neighboring cells.
These are then joined if possible to construct either short tracks, that traverse only a few
superlayers, and long ones, that reach the end of the chamber. Axial superlayers are also
examined looking for segments consistent with tracks with transverse momenta greater than
800 MeV/c.

The EMT sums the energy deposited on 40 strips along the ¢ polar angle, and finds
a peak whose energy is compared to thresholds for different physics processes: minimum
ionizing particle cluster (£ > 120 MeV), intermediate energy cluster (£ > 307 MeV), high
energy electron or photon (£ > 768 MeV), minimum ionizing particle in forward endcap
(E > 100 MeV) and backward high energy cluster (E > 922 MeV).

The IFT primitives are just single clusters or back-to-back coincidences. These select
cosmic ray events for calibration purposes, and p*u~ events.

The different trigger subsystems are optimized to select high multiplicity, multi-hadronic
events, resulting in efficiencies over 99% for BB events for both the DCT and the EMT
individually, and over 99.9% when combined.

Level-3 trigger

The level-3 trigger must reduce by 2 10 the number of events accepted by the L1T. It is
implemented in software and run in computing farms, which allow the use of information
from all the subdetectors. Examples are the rejection events with tracks not originating from
the interaction point, as these are likely to be machine background, or events whose timing
does not match a bunch crossing.

Level-3 trigger lines may also be prescaled to reduce the rate of less interesting physics
events, such as Bhabha scatterings. Calculation of efficiencies requires accepting events that
do not satisfy any of the level-3 criteria. These are known as LI passthrough events.

4.7 Data acquisition

By data acquisition (DAQ) system we refer to the overall architecture by which the detector,
the triggers and the computing structure are governed. The diagram in Fig. 4.11 schemati-
cally depicts it. The front end electronics process and digitize the signals coming from the
detector and passes them to the level-1 trigger and the data flow buffers. If an accept signal
is issued by the fast control and timing, the event is passed to the level-3 trigger, which also
performs some basic data quality monitoring. Finally, if the event is accepted by the L3T,
it is written to disk, where it will be passed to the online prompt reconstruction software in
a matter of days. The DAQ is also responsible for recording the detector conditions, that
will be used in the production of simulated data to better reproduce the running conditions
(see Section 5.1.1).
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Figure 4.11: Schematic explanation of the interplay between the detector, the triggers and
the first stages of the reconstruction process, known globally as the data acquisition system.

4.8 Online prompt reconstruction

After a data sample, typically consisting of around an hour of experiment running, has been
logged on to disk, it goes through a prompt calibration processing, during which some of the
calibration methods mentioned earlier in the chapter are run, and part of the data quality
monitoring is performed. Following that, the data continue to event reconstruction, where
tracks and clusters are found, and particle identification information (PID) is calculated. An
event, by then essentially a collection of tracks, EMC clusters and IFR clusters, is stored in
a database that will be accessed by the analysts reconstruction code to form candidates for
events of a given decay channel (see Sec. 5.2). Once all these quantities have been calculated,
a more detailed data quality check is made.
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Analysis overview

The main goal of the study presented in this thesis is to extract the time dependent CP
asymmetry parameters, Sko,, and Cgo,,, from B® — K{p"y decays. However, due to the
large natural width of the p"(770), a non negligible amount of B® — K**(K%r*)r¥v events,
which do not contribute to Sgq,,,, are expected to lie under the p°(770) resonance. These
events will therefore dilute Sgq,,. We can define a dilution factor Dy, such as

D SKgﬂr+7r*7

Kbpy — — o

s Sk oy

where § KOntn—ry 18 the effective value of the mixing induced CP asymmetry measured for the

whole dataset. Since in the time-dependent analysis a small number of signal events is ex-
pected, it is difficult to discriminate B — K**(K7%)rTy from B® — K°p°(7T7%)~ decays.
Hence the dilution factor needs to be obtained by other means. To do that, the amplitudes
of the different resonant modes are extracted in the charged decay channel B* — K r~ 7,
which has more signal events and is related to B — K277~ by Isospin symmetry. Assum-
ing that the resonant amplitudes are the same in both modes, the dilution factor is calculated
from those of BT — K™n~7"~. Moreover, the branching fractions of the B — K,y decays
are not well measured. We also use the charged decay channel Bt — K7~ 7T~y to extract
the amplitudes of modes with different kaonic resonance.

The analysis work presented in this thesis is divided in two chapters:

Chapter 6 presents the analysis of Bt — K™n~ 7"~ decays. This analysis is done in four
steps. First the signal K7nm, K7 and n7 invariant mass spectra are extracted, using a
background-subtracted method, from a fit to three discriminating variables. In a second
step the relative contributions of each kaonic resonance are computed from the correspond-
ing amplitudes extracted from a fit to the mg,, spectrum. Then, using as input the K,
relative contributions extracted in the previous step, the amplitudes of the intermediate
states contributing to the Kn7 final state are extracted from a fit to the mg, invariant
mass spectrum. In a final step, the analytical expression of the dilution factor in terms of
the intermediate state amplitudes is presented in detail and the dilution factor value is then
given.

Chapter 7 presents the time-dependent analysis of BY — K +7~~ decays. This analysis al-
lows to extract the value of the effective CP asymmetry parameters, Sxoq+r—, and Cxo -+
The mixing-induced CP parameter of BY — KYp%y decays, S K9pry» 1 finally given, using the
value of D Koy extracted from the charged channel analysis.

Py
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Since both analyses are performed using common High Energy Physics analyses tools and
methods, these are first detailed in Chapter 5.

In the rest of the document, when specific decays are quoted, charged conjugation is al-
ways implied, unless explicitly specified.
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Chapter 5

Data samples and analysis techniques
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Data samples and analysis techniques

In this Chapter, we describe in detail some tools and methods commonly used in High
Energy Physics analyses, such as simulation of data (see Section 5.1), event reconstruction
(Section 5.2), signal and background discrimination (Section 5.3) and maximum likelihood
fits (Section 5.4).

5.1 Monte Carlo and data samples

5.1.1 Monte Carlo samples

Simulated data, usually referred to as Monte-Carlo (MC) data, are essential to understand
detector effects (e.g. mis-reconstruction of signal and reconstruction efficiencies), back-
grounds and systematic effects that could affect the analysis procedure. To simulate the
physics mechanisms that operate in ete™ collisions within BABAR’S energy regime, events
are first generated with the EvtGen package [84|, which gives an accurate representation
of phenomena such as mixing and interference (necessary for the correct modeling of CP-
violation) or the angular distributions of the decay products in non-trivial situations, such
as pseudoscalar-to-vector-vector decays. The vast majority of B decays are generated using
EvtGen, however, the remaining generic B decays to hadronic final states, for which there is
no specific model, and continuum events (e*e™ — ¢¢, ¢ = u,d,s,c) are produced via an
interface to JETSET [85].

Then, in order to account for the interaction of the generated-event decay products with
the detector as they propagate through it, the latter are simulated by a customized software
based on GEANT 4 [86], which requires a detailed model of the instrument, both in geometric
and material terms. Processes like rescattering or photon conversions, for instance, as well
as a detailed account of the energy that is lost and deposited by the particles in the different
parts of the detector (e.g. silicon strips in SVT, gas and wires in DCH and crystal in EMC)
are simulated at this stage.

In the following stage, each of these interactions (or hits) are used to simulate the data
read out by the electronics, trigger and DAQ system. Typical electronic noise and machine
backgrounds characterizing a certain period of running of the experiment are taken into
account. The latter are obtained by recording real events, at regular intervals, with a random
trigger, which are then aggregated to simulated events.

In a last stage, the simulated electronic output is processed with the same version of
BABAR reconstruction software that is used on real data.

The MC samples used to characterize signal and background, and to optimize the se-
lection in the charged and the time-dependent analyses are given in Tabs. 5.1 and 5.2,
respectively. Two different types of MC samples are used to study backgrounds from B-
meson decays (B backgrounds): generic BB MC and exclusive MC, whereas only exclusive
MC samples are used to study signal events. The exclusive signal MC samples with different
kaonic resonances decaying to Knm are combined according to cocktail weights, as described
in Secs. 6.1 and 7.2 for the charged and the time-dependent analysis, respectively. The
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generic BB MC corresponds, approximately, to an integrated luminosity of three times that
of the data sample. It comprises and is composed of a cocktail of ete™ — 1(4S) — BB
events, where the B mesons decay to all their known and predicted decay modes. The
relative abundances of different decay channels are set to the experimental branching frac-
tions [23, 24], when available, or to theoretical predictions.

Table 5.1: MC samples used to characterize signal and background events in the charged
analysis. In the decay process description, when “gen.” is quoted, it means the corresponding
particle is allowed to decay to any known possible final state.

Studied event

_ 6
category Decay process Nyg generated (x10°)
BT — K, (12707
K1 (1270)* — gen 7.886
BY — K,(1400) 7y
— -’(1(1400)+ —r gen 1.286
< + * .
z BT — K3(1430)7
3 K3(1430)* — gen 2.467
B — K*(1410)7
K*(1410)* — gen 1.365
BT — K*(1680)7y
K*(1680)+ s gen 0.650
BB~ — gen. 708.8
BB’ — gen. 718.3
0
Do 0.650
X4 — gen
+
Bro e 0.650
§= X, — gen
= 0 *0
g R 4.580
0 K*Y — gen
L]
g BT — K*ty 658
a K*t — gen :
BO N K'*O?7
n—y 0.650
K* — Kt~
BT — af 1%
ai — port 0.216
B+ — K*O,]T-Fﬂ-o,.y
K*O N K+7T_ 0.153
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Table 5.2: MC samples used to characterize signal and background events in the time-
dependent analysis. In the decay process description, when “gen.” is quoted, it means the
corresponding particle is allowed to decay to any known possible final state.

Smj:iltz(;;rvye " | Decay process Npp generated (x10°)
0 0
BO — ?1((112277(2)))007% son. 7.295
} BO - [f%((lli%%))g% gen. .
gf BO - [I((Q§<(11i:§%%))007—> gen. 2.053
BO - [.f(*((llill?)ooyﬁ gen. 3493
B" = lff( *((11%%%))07% on 10.806
BB~ — gen. 708.8
BOBO _ gen. 718.3
éo B? — ))227_) on 0.650
< BT — Xy 0.650
A Xsu — gen.
B" = [Ig ’:;L on 4.580
Bt — 2 :7_> o 4.658

5.1.2 On-Peak and Off-Peak data samples

The data sample used in both analyses presented in this thesis is the final BABAR dataset that
consist of 470.9+42.8 million BB pairs corresponding to an integrated luminosity of 429.0 fb™*
at the 7°(4S5), and is referred to as the On-Peak data sample. In addition, during dedicated
running periods, 44.8 fb™" of data were collected at 40 MeV below the 7°(4S) resonance. It is
referred to as the Off-Peak data sample. As previously mentioned this small data sample is
useful to characterize specific background, called continuum, where no BB pair is produced,
and that often constitutes the largest background (in term of number of events) in BABAR
analyses. Both the On- and Off-Peak data samples are divided in six sub-data samples, or
Runs. Each one corresponding to a period of continuous data taking, lasting typically some
ten months. The data sample is summarized in Tab. 5.3.
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Table 5.3: Run by run integrated luminosity and BB number of events in the data.

Sample | On Peak (fb~") | Npg (x10°) | o™ (x10°) || Off Peak (fb™")
Run 1 20.60 22.56 0.14 2.62

Run 2 62.07 68.42 0.41 7.03

Run 3 32.67 35.76 0.22 2.50

Run 4 100.78 111.39 0.67 10.23

Run 5 133.85 147.58 0.89 14.55

Run 6 79.03 85.18 0.51 7.89
Total 429.0 470.91 2.84 44.81

5.2 Reconstruction

The reconstruction of events is performed in two steps. First, the Offline Prompt Reconstruc-
tion is performed. During this step, the goal is to find tracks and to reconstruct calorimeter
clusters from hits in the DCH and the SVT, and crystals with energy deposits in the EMC,
respectively. Cerenkov photons and dE /dz information are also processed during this stage
and used to form “particle identification selectors”. In a second step, the reconstruction
process allows the reconstruction of objects that are not directly detected, but can be in-
ferred from the properties of their decay products. B and D mesons are good examples of
such composite objects. The corresponding candidates are obtained from the combination
of tracks and neutral objects, consistent with the desired meson. This allows the vertexing
of the B meson and the At measurement to be made.

5.2.1 Tracking algorithms

Charged tracks follow helicoidal trajectories due to the axial magnetic field in which the
inner parts of the detector are immersed. They can be described by five parameters that are
fitted using a Kalman filter technique [87]. The five parameters are defined at the point of
closest approach (POCA) to the z-axis:

e dj, the distance to the z-axis in the zy plane

29, the coordinate along the z-axis

¢, the azimuthal angle of the plane containing the POCA and the z-axis

A, the dip angle of the track with respect to the transverse (xy) plane. It is related to
the cylindrical polar angle  via § = w/2 — A

w, the (signed) curvature of the track, whose sign and magnitude are related, respec-
tively, to the charge of the associated particle and its transverse momentum, w o 1/p;.

67



Data samples and analysis techniques

The Kalman filter algorithm uses an iterative and recursive fit technique, where each
vertex is fitted independently. That way the changes in the parameters are propagated to
the neighboring vertices. This procedure results in a global fit, where corrections to account
for fine details can be done, thanks to the local character of each step of the algorithm. These
details correspond to the material distribution of the detector, the slight inhomogeneities of
the magnetic field or the energy loss of low momentum tracks.

The algorithm starts from the DCH hits found by the L3 trigger to form a primary track;
further hits are added if they are consistent with this primary track. Afterwards, a search
is made, using the remaining hits in the DCH, for tracks that may not be originated from
the beamspot (e.g. K9 that lived long enough to decay outside the SVT), or that may not
be energetic enough to traverse the whole chamber. Finally, SVT hits are examined and
added to the existing DCH tracks if consistent, and are otherwise searched to locate any
low momentum, SVT-only tracks. All the reconstructed tracks are further classified and
stored in lists according to different selection criteria. The pion candidates, in both analyses
presented in this thesis, are taken from the standard GoodTracksLoose list, with the quality
requirements:

e p, > 0.1GeV/e

p < 10.0GeV/c

e a minimum of 12 hits in the DCH

dop < 1.5 cm

|20] < 10 cm

Note that the K candidates, are formed from any two oppositely charged tracks that often
do not meet the GoodTracksLoose requirements above. The details on the K selection
requirements are given in Secs. 5.2.4 and 7.3.1.1.

5.2.2 Calorimeter algorithms

Particles flying through the EMC typically result in showers, spreading over several neigh-
boring crystals, and which form clusters of energy deposit. Such clusters may be due to the
interaction of more than one particle and hence present energy distributions with more than
one maximum, each of them being referred as a bump. The EMC reconstruction algorithm
purpose is to search and find these maxima, to extract the right shape of the clusters, and
to finally identify and correctly assign the energy of the flying particles.

In order to achieve these goals, the algorithm starts by looking for “seed” crystals with
energy deposits greater than 10 MeV. Then, clusters are formed adding surrounding crystals
containing above 1 MeV themselves, or adjacent crystals with an energy greater than 3 MeV.
Local bumps are found using standard methods [88]. For a given maximum, a weight (w;)
is assigned to each crystal depending on the ratio of the distance from the crystal to the
maximum, its deposited energy (£;) and the Moliere radius. The bump energy is then

68



5.2 Reconstruction

estimated from the weighted sum of the energy deposits over all the crystals in the cluster,
as Euump = Zj E;w;.

In a last step, tracks are projected onto the inner face of the EMC, and if they are
consistent with one of the considered bumps, they are linked to a single charged particle
in the following reconstruction routines. The remaining bumps are assumed to be neutral
objects.

5.2.3 Particle identification

In order to achieve the physics goals, it is crucial to correctly track and identify the charged,
long-lived particles in the BABAR detector. Such particles are: electrons, muons, pions, kaons
and protons. This reconstruction step is achieved by exploiting the different ways those
particles interact with each part of the detector. Information from all subdetectors (SVT,
DCH, DIRC, EMC and IFR) is used to construct a PDF (see Section 5.4) that represents the
likelihood of a particle to belong to a given species. Electrons and muons PDF's are obtained
from information collected in the Electromagnetic Calorimeter and the Instrumented Flux
Return, respectively. In the case of protons, their production is rare compared to other
particles in BABAR and is of no interest for the analyses presented in this thesis.

For the kaon-pion separation, the likelihood for kaon and pion hypotheses is constructed
as the product of the PDFs from the SVT, the DCH and the DIRC for the given particle
hypothesis, where the first two contribute with d¥/dz measurements and the last one, with
the angle (6,) with respect to the track at which Cerenkov photons are emitted in the quartz
bars of the DIRC.

For both the DCH and the SVT, the measured energy losses of each track are compared
with the Bethe-Bloch [24] expectations by forming the pulls (see Section 5.4), and are param-
eterized with a gaussian and a gaussian with asymmetric widths, respectively. In the case of
the DIRC, in which the relevant quantities suffer from long non-gaussian tails that prevent
the use of a similar method, a binned likelihood obtained from MC is used instead. This
likelihood depends on . and on the number of photons. The latter, being a function of the
momentum and type of the particle, helps to improve the identification of low momentum
tracks.

Once the likelihoods for the different particle hypotheses have been calculated, cuts on
their values are applied, and the track is entered into different lists according to the criteria
satisfied: SuperLoose, VeryLoose, Loose, Tight, VeryTight and SuperTight for pions,
and NotPion, VeryLoose, Loose, Tight and VeryTight in the case of kaons. For both
analyses described in this thesis, pions in the SuperLoose list are selected (see Secs. 6.2
and 7.3) and charged kaons in the Loose list are selected in the charged-mode analysis (see
Secs. 6.2). In the case of pions, the efficiency of such a requirement is above 95% in most of
the kinematical range, and the kaon misidentification rate is around 5—15% depending on the
momentum, while in the case of kaons, the efficiency is above 85% in most of the kinematical
range and the pion misidentification rate is around 2 — 7% [89]. Due to additional cuts on
background discriminating variables, we expect a negligible kaon and/or pion contaminations
in our samples.
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5.2.4 Vertexing

Candidates for composite particles are first formed from all the possible combinations of
tracks and neutral particles matching their decay products. These candidates are then
vertexed according to some kinematical criteria. For example, in the reconstruction of the
B — K2rTn~ decays, intermediate states like p° or K*(892), whose decays are governed
by the strong force, have such short lifetimes that their decay vertex can be assumed to match
the vertex of the B meson. In the present analyses, only the K? and the B candidates are
assumed to be long lived and are assigned to a decay vertex. Candidates for K mesons are
formed from all possible oppositely charged tracks in the event assumed to be pions, with
a total center-of-mass energy within 25MeV/c? of the K? mass [24]. This selection of K
candidates is referred as KsDefault list.

Using the TreeFitter package [90], the assumed decay vertices of K° and B candidates
are calculated with a geometric fit, in which daughter-tracks are required to emerge from a
common vertex. This procedure is performed through a global fit to the whole decay chain
by applying the Kalman filter technique. In order to estimate the interaction point, a fit
to all tracks in the event is performed. Its result is used as a starting point in the iterative
procedure for the B vertex reconstruction.

For the B vertexing, constraints may be applied in the fit to reduce detector resolution
effects. Hence a first vertexing fit is performed constraining the B candidate to have the
nominal B-meson mass [24], from which the event shape variables are calculated. A second
vertexing fit is made with no mass-constraint; the discriminant kinematical variables mgg
and AE are extracted from it (see Section 5.3).

5.3 Discriminating variables

The small branching fractions of the radiative B decay modes studied in this thesis!, namely
BT — Ktn rnTy and B® — K%rtn~~, compared to the large cross sections of some
undesired processes such as continuum background (ete™ — ¢, ¢ = u,d,s,c¢ where
oG ~ 3.2 X 0y), entails the use of background-rejecting variables. In both analyses,
three event species are distinguished in the data: signal events (BT — Ktn 7ty or
BY — K97t71~ ), continuum events (representing the dominant background) and several
B-backgrounds corresponding to B-meson decays that differ from the signal.

By exploiting the differences between the distributions of some variables in signal and
backgrounds, it is possible to achieve a statistical separation between them. Two approaches
may be used in order to take advantage of these differences. In the case where the background
peaks at a different point than signal for a certain variable, a cut on this variable may be
applied. The rejection of all events lying on one side of the cut value enriches the sample with
signal events. Another approach consists of accepting all events, and assigning each of them
a weight or probability of belonging to each species according to the value of the considered
discriminating variable. In both analyses presented in this thesis, a mixed strategy has been
followed: loose cuts are applied on the three discriminating variables, mgs, AE and the a

IB(B* — Ktn nty) = (2.76 £ 0.22) x 1075 and B (B® — K tn—7) = (1.95 + 0.22) x 10~ [24]
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combination of event shape variables, and their distributions are then used in the fit. These
three variables are described in detail in the following sections. Other variables, not present
in the fit, on which cuts are applied, are used in the event selection step of both analyses.
They are described in Secs. 6.2 and 7.3.

5.3.1 Kinematic variables

Taking advantage of the well know initial state, eTe™, at the B Factories, combined to the
fact the BB pair is produced via the decay of the 7(45) resonance, two kinematical variables
can be constructed in order to discriminate signal from continuum and B-background events.
Namely, these two variables are the energy difference AE (Sec. 5.3.1.1) and the energy-
substituted mass mgs (Sec. 5.3.1.2), which are usually largely uncorrelated [91].

5.3.1.1 The energy difference AFE

The energy difference, AFE, can be expressed in a Lorentz-invariant form as

AE = (2qpqo — 8)/2V/s , (5.1)

where gp and ¢y = g+ + .- = (Ep, po) are the Lorentz vectors representing the momentum
of the B-meson candidate and of the initial eTe™ system, and /s = 2E}, . denotes the CM
energy. In the CM frame, AFE can be expressed as

AE = Ef —/5/2 (5.2)

where E} is the reconstructed energy of the B candidate without applying any constraint.
Since AFE is by construction related to the mass hypotheses for each of the tracks, its
distribution will strongly depend on the nature of the final state particles. For instance, in
the case where a kaon is misidentified as a pion, its reconstructed energy, and consequently
that of the B candidate, will be smaller than expected, and the event will be shifted towards
negative values of AFE. On the other hand, the distribution for correctly reconstructed
signal events will peak at zero. This makes AE especially helpful in isolating backgrounds
from misreconstructed B decays. Moreover, since continuum events do not originate from
B decays, their distribution in this variable is expected to be linear in the whole dynamical
range, excluding acceptance effects and phase space.

The AFE distribution receives a sizable contribution from the beam energy spread, but is
generally dominated by detector energy resolution, especially in the case for modes involving
neutral particles. In modes with no neutral particles in the final state, the resolution for the
AF variable is ~ 15 MeV, while in the present analysis it is of the order of ~ 20 — 25 MeV.

5.3.1.2 The energy-substituted mass mgg

The other kinematic variable, the energy-substituted mass mgg can be expressed, in the
laboratory frame, as

mEs = \/(8/2 +po - PB)*/E5 — P% - (5.3)
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In the CM frame the three momentum of the ete™ system equals to zero, and mgg can be

expressed in this case as
mES = \/ Egeam - p*B? ’ (5'4)

where p3? is the CM momentum of the B candidate. Since the candidate is formed from a
number of tracks and neutral objects whose energies are not as accurately measured as are
the beam conditions, the B-candidate energy is here substituted by Ej . . This allows to
improve the mass resolution by using our knowledge of the initial kinematics. Due to the
annihilation of the electron and the positron, which creates a BB pair, and to the fact that
the masses of the particle and of the antiparticle are equal, we have

qp = q% = (90— q8)° = @ + qb — 20098 = 0= q3 — 2qoqs = $/2 = —EyEp + po - PB

2
= Mmp = \/W = \/<—8/2_£)0.p3) - pg% = MES.

Thus, for signal events, mgg yields the mass of the B meson and shows a clean peak. For
continuum events, composed of light quarks, the only way of reaching the B rest mass is
by artificially associating random tracks. As a consequence, the distribution of this kind
of events displays the slowly varying shape that one could expect from their combinatoric
nature.

In modes with no neutral particles in the final state, the resolution for the mgg variable
is ~ 3MeV/c?, and do not exceed 10 MeV/c? in the present analysis.

The parameterizations used for the distributions of AE and mgs, for signal and back-
grounds, are given in Secs. 6.5.3 and 7.6.3 for the charged and time-dependent analyses,
respectively. Plots of both variables for signal and backgrounds can be seen in Figs. 6.10
and 6.16 to 6.22 for the charged channel analysis and in Figs. 7.4 and 7.8 to 7.15 for the
time-dependent analysis, respectively.

5.3.2 Event-shape variables

Due to the underlying kinematics of the decay products in ete™ — 1(4S) — BB and
ete” — qq@, q = u,d,s,c processes, strong differences arise in the angular correlations
among the produced daughters in BB and continuum events.

In continuum events, a small amount of the initial energy is invested in the rest masses of
the quarks. As a result most of the available center-of-mass energy will be carried as kinetic
energy, which implies that the event will have a two-jet-like structure and will roughly follow
a (1 + cos?#) dependence, where 6 is the center-of-mass angle of a jet with respect to the
beam axis. This is as predicted by lowest order Feynman QED diagram for an ete™ — ff,
where f is a spin-1/2 fermion.

On the contrary, BB events are characterized by the decay of the spin-1 7(4S) resonance
into two spin-0 B mesons, resulting in a sin? § distribution, where @ is the angle between the
B direction and the z-axis. In addition, since the reaction is barely allowed kinematically,
the B mesons have in average very low momenta in CM frame, ~ 340 MeV/c, which is
smaller than the typical momenta of their daughters, ~ 1-2GeV/c. This implies that the
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decay products of a B meson will not follow its flight direction. Furthermore, the B-meson
being a pseudoscalar, it decays isotropically and the distributions of its daughters will be
approximately spherical in the 7°(4S) CM frame .

Taking advantage of the differences described above, some variables, called event-shape or
topological variables, are useful for the separation between these two event species. Since B-
background is coming from BB events, the event-shape variables will not allow to efficiently
separate it from signal events. In that case discrimination can only be obtained using the
kinematical variables mgg and AFE.

In the definitions below, some variables take advantage not only of the B candidate
daughters, but also of tracks coming from the other B meson in the event. Hence, it is
useful to distinguish between the reconstructed-B side of the event, and the Rest Of the
Event (ROE). The latter being defined as the ensemble of all the tracks and neutral objects
that do not make up the B candidate.

5.3.2.1 Angle between the B momentum and the beam axis

One of the event-shape variables is the cosine of the angle between the CM B candidate
direction and the z axis, g, . As described above, the distribution of this variable for
signal is a parabolic: sin®fp,_ = 1 — cos®fp, . For continuum events, in contrast, the
B candidates can only be formed from random combinations of tracks, which implies that
cosfp, . will have random values and will therefore follow (without taking into account any
acceptance effects) a flat distribution.

5.3.2.2 Thrust Axis variables

The thrust of an ensemble of particles is defined as the direction, t, in which the sum, T , of
the projections of the momenta of the particles is maximized:

[ = max —Zl}fzpf
r= ( > Ipi] ) >

where the index i runs over all the particles in the ensemble. For BB events, T takes almost
random values, as the events are mostly isotropic. For ¢q events, on the other hand, T
follows the direction of the formed jets, and is therefore strongly directional.

Several variables can be defined employing the thrust axis, such as the cosine of the angle
between the thrust axis of the B candidate and the z axis, cos 64, or the cosine of the angle
between the thrust axes of the B candidate and the rest of the event, cos QTEOE .

5.3.2.3 The ROE and momentum-weighted polynomials

Additional variables can be defined taking advantage of the differences in the angular dis-
tributions between BB (o sin?#) and continuum (o< 1 + cos?#) events. When the whole
allowed phase space of a multi-body decay is explored, the signal-side angular information
cannot be used without biasing the data sample. In that case, the fact that the other B
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in the event behaves statistically, but independently, in the same way is fully exploited to
separate between signal and continuum events. Indeed, the tracks from the ROE should
exhibit a very small correlation with the kinematical variables, since these are constructed
using only signal-side information. Possible correlations are at the first order, assumed to
be negligible.

In order to characterize the angular correlations of the ROE, we can define the momentum-
weighted Legendre polynomials as

ROE
RéE

L, = Z p; cosb; | (5.7)
R(z)E 1

Ly, = Z Pi; (3cos®6; — 1) , (5.8)

where p, and 6; are the momentum and the angle, with respect to the thrust axis of the B
candidate, of the i-th particle in the ROE. The expectation values of these variables in both
signal and background show that the Ly and Lo have the largest separation power. This is
due to the fact that the corresponding expectation values are non-zero and different for the
two species, while the expectation value of L; is zero for both species. The ratio of the two
polynomials, Lo/ Ly, also shows a good separation between signal and continuum.

Other variables, also based on information coming from the ROE, called Fox-Wolfram
moments, may help the separation between BB and continuum events. They are defined as
follows:

FW() = 3 by, [Pi(cos(0:)). (5.9)

13

where the summation is over all final state particles in the ROE, p; and p; are momenta of
the particles 7 and j, ;; is the angle between them and P;(z) are the Legendre polynomials of
order [. We can construct the ratio, Ry, between the 2-nd and 0-th Fox-Wolfram moments
of the ROE, which exhibits a large separation power. This quantity taking values in the
range [0, 1] is indicative of the collimation (“jettiness”) of an event topology. In the case of
a qq event, Ry expected values are closer to 1, which indicates a jet-like event. In contrast,
for BB events, values of R, are expected to be closer to 0, indication of a nearly isotropic
event.

5.3.3 Fisher discriminant

Since the event-shape variables described above exploit different aspects of the same physical
principle, some correlations might appear among them. This implies that it may be difficult
to find the best set of cuts among these variables during an optimization procedure.

As an alternative, a unique quantity defined as a linear combination of several discrimi-
nating variables x;, can take full advantage of all the variables under consideration and their
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correlations to maximize the separation power. The Fisher discriminant (F) [92] is designed
to do precisely that and is defined as

F = Z a;v; =alx (5.10)

where a” is a line vector. The a; coefficients are found by maximizing the separation between
the signal and background distributions. This is defined to be

(Fs - Fn)’

2 2
Og+ 03

D(a) = , (5.11)

F ; being the mean of the distribution of the species j, and 0]2- the variances, where the

index j denotes either signal or background. Writing these in terms of the means p; and
covariance matrices V; of the variables,

we get
T _ _ T
D(a) — a (/J’S . IJ’B)(IJ’S M’B) a 7 (513)
a’(Vg+ Vp)a
which can be maximized by differentiating and equating to zero, giving
a=(Vs+Vp) (s — pp). (5.14)

Thus, by using signal and background control samples, such as signal MC and off-resonance
data, the coefficients a can be calculated.

The Fisher discriminant is used in both analyses presented in this thesis. A study was first
performed for the charged channel, to find an optimal choice of background discriminating
variables. Due to the very similar final states (the only difference being the presence of a
K? instead of a charged kaon in the neutral channel analysis), the optimal set of variables,
consisting of six variables, is identical in both analyses. As a preliminary stage to the
optimization other additional event-shape variables were tried and rejected, due to strong
correlations among them, in favor of:

e absolute value of the cosine of the angle between the momentum of the B candidate
and the beam (z) axis in the CM frame, |cosfp,,,.|;

e cosine of the angle between the B thrust axis and the z axis, cos0;;
e cosine of the angle between the B thrust axis and the ROE, cos GjlfOE ;
e 0-th order Legendre polynomials moments of the ROE, Ly;

e ratio between the 2-nd and the 0-th order momentum-weighted Legendre polynomials
moments of the ROE, Ly/Ly;
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e ratio between the 2-nd and 0-th order Fox-Wolfram moments of the ROE, R,.

For this set of variables comparisons between the performance of the Fisher discriminant, a
Neural Network (NN) [93] and a Boosted Decision Tree (BDT) [94] were also made. It was
found that the BDT and the NN where slightly more performant: at 90% of signal efficiency,
the continuum rejection was of 73% and ~ 76% for the Fisher and both the NN and BDT,
respectively. However, due to the gaussian behavior of the Fisher discriminant distributions
compared to the more complicated ones of the BDT and the NN, we chose to keep the Fisher
discriminant, in order to use parametric descriptions for it in the fit.

The parameterizations used to describe this variable for signal and backgrounds are given
in Secs. 6.5.3 and 7.6.3 for the charged-mode and neutral-mode time-dependent analyses,
respectively. Plots of this variable for signal and backgrounds can be seen in Figs. 6.10
and 6.16 to 6.22 for the charged channel analysis and in Figs. 7.4 and 7.8 to 7.15 for the
time-dependent analysis, respectively.

5.4 The maximum likelihood fit

Often, in particle physics, one of the main goals is to extract parameters of interest for a
given event category (usually signal) in a data sample containing several event species (i.e.
signal and various backgrounds). Since it is almost never possible to completely separate
signal from other contributions by applying cuts, another method may be used. Therefore
taking advantage of the different behaviors between signal and background categories in
several discriminating variables, the maximum likelihood fitting method is used. In this case
it is even more interesting to apply loose cuts on the discriminating variables, since it allows
keep a reasonable large number of events in the MC samples in order to parametrize their
distributions more accurately.

Indeed, this powerful method enables to estimate the parameters that characterize the
distribution of certain variables in the data sample [93, 95]. The distribution represents the
values taken by a random variable  and can usually be described by a function P(z,a)
whose shape is characterized by a set of parameters a. In the case where this function
is normalized, it is said to be a Probability Density Function (PDF) for x. In order to
extract the best possible estimations for the values of the parameters a, given a set of NV
measurements of the random variable, the maximum likelihood method seeks the values of
a that maximize the likelthood function:

N

L(a)=]]P (zi.a). (5.15)

=1

In other words, the likelihood function represents the probability of drawing the N measure-
ments of x given a certain set of values for the parameters a. Consequently, optimizing this
probability should yield the parameter values that best describe the sample.

In a realistic analysis, the likelihood function can be quite complicated due to the presence
of several event species (“hypotheses”) with different distributions as well as several random
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variables to be described: .

P (i,a) = ZPJ (zi,yiza) (5.16)

j=1
where M is the number of hypotheses, x; and y; are two random variables in the i-th

experiment. In the case where there is no correlation among the variables x; and ;, the
PDF can be written as

(zi;a0) Ry (yi;ar) - (5.17)

”Mi

Otherwise, one needs to take them into account through multi-dimensional PDFs that de-
pend on the correlated variables.

In order to simplify the computation of the likelihood function during the optimization
procedure, the expression given in (?7?) is not usually applied as written. Instead, a mini-
mization of the negative logarithmic likelihood function (NLL) is performed

N
NLL=—-InL=-) InP(;a), (5.18)

i=1

where the sum of logarithms is far more manageable in terms of machine precision than the
original product. Two packages are used for the likelihood fitting in this thesis. The first one
is based on the Laura++ package [96] and the second is based on the RooFit package [97].
Both are interfaced to Minuit [98, 99] through ROOT [100].

5.4.1 Extended maximum likelihood fit

Usually, the number of events is also unknown, and needs to be incorporated in the likelihood
function. As a consequence, the previous definition needs to be modified in order to include
the probability, given by the Poisson distribution, of having N occurrences when v is the
expected value:

L(v,a) = c NV! HP(xi,a) = eN—!HUP (x;,a) . (5.19)

which, can be generalized for M hypotheses by

e Zk 1Mk

L(n,a) = H (an (x;,a > , (5.20)

=1

where n; is the number of events for the hypothesis j.

In both analyses presented in this thesis, the initial parameters a are extracted either
from MC simulation or Off-Peak data. It may happen that some of them need to be fixed
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in the minimization procedure, depending on the fit ability to extract them, which is tested
through validation tests, as described in Sec. 5.4.3. The minimum found in the fitting
procedure may or may not be global and therefore, we need to check the behavior of results
when performing several fits using random initial values of each parameter. If the minimum
stays stable, we consider it to be global. In some cases, the shape of the likelihood as a
fraction of a particular variable is also obtained as described in Sec. 6.6.2.

The variables used in the fit are the two kinematical variables (mgs and AFE) and the
Fisher discriminant in both analyses. In the time-dependent analysis, At (whose model is
described in Sec. 7.1) is used in addition.

5.4.2 FError estimations

In Minuit the statistical errors estimation is performed by default using the HESSE routine,
which calculates the matrix of second derivatives of the likelihood function with respect to
the parameters evaluated at the maximum and inverts it to get the error matrix:
0?log L
(V) =-S5
ij

— 5.21
aazaa] a:ao ( )

where a° are the values returned by the fit. Due to the assumptions that are made here, such

as infinite data sample and a gaussian behavior of the likelihood function in the parameter
space, the error estimations may result in an underestimate of the errors.

Another method to extract error estimations can also be used in Minuit: the MINOS
routine, which uses more resources than HESSE, allows to estimate the one standard deviation
(o) errors using the variation of the likelihood as a function of the parameter values. This
“scan” method consists of defining the errors o; by the points a? + o; in which the logarithm
of the likelihood drops by 1/2:

NLLppax + 3 (5.22)

NLL (af +0;) = NLL(a) +
+ 2 = NLLpyax + 3 - (5.23)

NLL (af — 0;) = NLL (a})

1
2
1
2

In the case where the likelihood function has gaussian behavior, the error is of the width of
the gaussian.

In the rest of the document, when reporting fit results the HESSE routine is used to
estimate the errors, unless otherwise specified.

5.4.3 Toy Monte Carlo

In order to test the robustness of the fit model, before extracting the parameter of interest in
the data, validation tests are performed by means of the “toy MC” studies, using generated
“toy samples” or pseudo experiments. These allow, using “pull” distributions, to estimate the
potential biases that can arise from the model. In order to get a realistic estimation of these
biases, each toy sample, must be statistically equivalent to the real data sample. In other
words, the different categories present in the fit model must have yields and characteristics
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corresponding to these expected in data. The pull of a free parameter a in the i-th pseudo
experiment is defined as:

fit true
a’”’ — at
0;
where alf " and azf " correspond to the fitted value of a parameter and its fit-error, respec-

tively. In case the parameter is unbiased, the corresponding pull distribution is a gaussian
of zero mean and unity width. Otherwise, the pull distribution gives the bias in units of the
statistical error.

Two types of toy studies are used in the present thesis: pure and embedded. Pure toys
consist in generating pseudo experiments using the fit model itself. They allow to determine
which PDF parameters can be varied in the fit, and are sensitive, for instance to biases due
to small number of events. Embedded toy studies use reconstructed MC events for signal
and certain backgrounds, embedded within generated samples for the other categories. They
are sensitive to reconstruction effects, such as correlations between variables. We ensure that
for each embedded category, a MC event does not appear twice, and thus the limitation of
these studies is the number of statistically independent MC samples that can be used to
construct the pull distribution. Significant biases observed in these studies could then be
corrected in the fit to data.

5.4.4 The (Plot technique

The  Plot technique corresponds to a background subtracting method fully described in
Ref. [101]. It takes place in the context of a unbinned extended maximum likelihood fit,
making use of the discriminating variables denoted y. We can express the log likelihood as:

£=%In (Z N,»fi<ye>) -Y N (5.25)

where N is the total number of events considered, Ny is the number of species populating
the data sample, N; is the number of events expected on the average for the i** species, y
represents the set of discriminating variables, which can be correlated with each other and
fi(ye) is the value of the Probability Density Function of y for the i species and for event
e. Let us define another variable x, whose distributions are unknown for a particular source
of events, and which is uncorrelated with y.

The aim of the ;Plot formalism is to unfold the true distribution, M,(z), of a the vari-
able x for events of the n'* species (any one of the Ny species), from the sole knowledge of
the PDFs of the discriminating variables f;. The advantage of the ;Plot technique is to allow
building histograms in x keeping all signal events while removing all background events, and
propagating the statistical uncertainties per bin in x. Therefore, this method is more pow-
erful than simpler methods consisting of placing cuts to enhance signal, mainly because this
reduces the number of signal events and does not completely filter out backgrounds events.
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When considering two sets of uncorrelated variables z and y, the total PDFs f;(z,y) all
factorize into products M;(z) f;(y). A fit having been performed to determine the yields N;
for all species, one can define, for all events, a weight (called ;Weight) defined by:

ZNi Vi fi(ye)
sPn(ye) = ]Nsl Akl 5 (526)
Zk:l Nkfk (ye>
where V,; is the covariance matrix, such as its inverse, V;jl, is related to the second deriva-
tives of —L: (1)
0°(—L
vVilie = 5.27
= = Sna (5.27)

These ;Weights can be used to build an estimate, denoted sM,, of the z-distribution of the
species labelled n (signal or background):

Na My (2)0z =) (Pulye) . (5.28)

eCox

where the sum runs over the events for which the x value lies in the bin centered on z and
of total width dz. The fact that the covariance matrix V,; explicitly enters the ¢Weight
definition implies that locally the ;Plot histogram can be negative, due to the fact that the
s Weights are not positive definite. Nevertheless, the ;Plot histogram reproduces, on average,
the true binned distribution of variable x:

(No NI () ) = NaM (2) (5.29)

The ¢Plot formalism implies some nice properties, such as that each z-distributions is prop-
erly normalized. The sum over the x-bins of N, Moz is equal to N,,. Moreover, in each bin,
the sum over all species of the expected numbers of events equals to the number of events
actually observed.

Some limitations of the Plot formalism need to mentioned. For instance, as already empha-
sized, in order to correctly reproduce the true N,M, (z) distribution, the variable x must be
uncorrelated with the discriminating variables y. Moreover, the procedure described above
is only valid in the case where the yields, N;, of all event categories present in the fit are
let free to vary. Otherwise, the (Plot formalism can to be extended, and corrections to

the <Nn SMn(x)> must be applied in order to reproduce the true N, M, (z) distribution, as

described in appendix B of Ref. [101]. One must then distinguish two cases: either the
x-distributions of the fixed categories are well known, using other sources of information, or
not. In the former case, the correction procedure is rather straight forward. However, this
is not often the case, and the x-distributions of the fixed categories are usually taken from
MC, and therefore cannot be fully trusted. The extended ;Plot can still be applied in this
last case, but the statistical price to pay can be prohibitive.
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6.9.2.2 Fixed parameters in the fit to mgs-AF-Fisher . . . . . . 155
6.9.2.3 Parameters of the resonances in the mg, fit model. . . . 155

6.9.2.4 Weights of the kaonic resonances used to construct the

total PDF . . . . ..o 157
6.9.2.5 Parameters of the kaonic-resonances used in the MC gen-

erator . . . . ... 158
6.9.2.6 The sPlot extraction procedure . . ... . ... ... .. 159
6.9.2.7 Parametrization of the SCF AF distribution . . . . . . . 159
6.9.2.8 Characterization of the signal event category . . . . . . . 160

The main purpose of the charged-channel analysis is to extract the dilution factor DKg o
assuming I[sospin asymmetry, as described in detail in Sec. 6.8. Its expression is related to
the amplitudes of the three resonant modes, and the interferences among them, contributing
to the K7 final state. Namely these modes are the K p°(770) and the K*°(892)r P-waves
as well as the (K)°r S-wave. Their amplitudes and the corresponding interferences among
them are extracted from a fit to the signal-TM! my, spectrum (see Sec. 6.7). The my,
fit model relies on the relative fractions of each kaonic resonance contributing to our signal.
Lacking better source of information, these are, in a preliminary stage of the analysis, taken
from existing measurements and from theoretical estimations as described in Sec. 6.1. In
order to extract these quantities from the data, we first perform a fit to the mg,, spectrum
(see Sec. 6.6), from which we extract the amplitudes of each of the considered kaonic res-
onance. Both the mg, and mg,, spectra for signal-TM events are extracted from a fit to
mgs, AE and the Fisher discriminant detailed in Sec. 6.5, using the Plot technique.

6.1 Signal Monte Carlo cocktail

Several different resonances may contribute to the K ™7~ 7" spectrum. We model our signal
with a cocktail of the exclusive MC samples listed in Tab. 5.1.

Each of the channels is weighted according to the branching fractions given below (Tab. 6.1,
6.2). The measured branching fractions in Tab. 6.1 are taken from Ref. [23]. The other ones
having not been measured, we take ansatz values estimated from theoretical papers. For the
mode B — K;(1400), Belle published the upper limit B(B — K;(1400)7) < 15.0 x 107;
we use 8.0 x 1075 which corresponds to typical values predicted by Ref. [102, 103]. Lacking
better information, and as done in the previous BABAR analysis [104], we take the same rate
for B(B — K*(1410)7). Finally, for B(B — K*(1680)y) we take, as suggested by theoretical
estimations (Ref. [102, 103]), a smaller branching fraction: 2.0 x 107®.  These branching
fractions are applied in the cocktail used to study the signal probability density functions

ldetailed in Sec. 6.3
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Table 6.1: Assumed branching fractions for the signal cocktail.

Signal mode | Assumed B(107%) | o5 (1079) Reference
B — K;(1270)~y 43.0 1.2 Measured [23]
B — K{(1400)y 8.0 0 Theoretical (estimation)
B — K*(1410)~ 8.0 0 Theoretical (estimation)
B — K;(1430)y 14.5 4.3 Measured [23]
B — K*(1680)~ 2.0 0 Theoretical (estimation)

Table 6.2: Assumed branching fractions for decays of kaonic resonances into our signal
mode.

Signal mode Assumed B(1072) | o5 (1072)
K(1270)F = Kt 32.85 1.6
Ky (1400) — Ko nt 42.19 13.4
K*(1410)* — K*rnt 40.52 0
K3(1430)F — Kot 13.92 1.45
K*(1680)" — Ktn—nt 23.76 3.07

Table 6.3: Assumed branching fractions for decays of B mesons into our signal mode and
their relatives weights. More accurate values for the relative weight are extracted from a fit
to the data, and used thereafter (see Sec. 6.6).

Assumed B ngp ~ || Relative

Signal mode (1079) (1079) || Weights oRW

BT — K (1270)F (K+tm— 77 )y 14.1 2.86 0.608 | 0.145
BT — K(1400)* (K+7r 7r+) 3.38 0 0.145 0
Bt — K*(1410) " (K 77 t)y 3.24 0 0.140 0
Bt — K3(1430)Y (K7~ 7% )y 2.02 0.08 0.087 | 0.011
BT — K*(1680) (K tr—nt)y 0.47 0 0.020 0
BT — Ktr 7t~y + c.c. 23.2 2.9 1.0 0.08

(PDFs) and in validation tests. More accurate values are then extracted from the fit to data
(see Sec. 6.6.2) and used thereafter.

Furthermore, to compute the weights we multiply the above numbers by the decay
branching fractions corresponding to all contributing resonant and non-resonant modes,
listed in Ref. [24]. Table 6.2 summarizes the overall branching fraction of each kaonic

resonance into our signal mode. Note that in the case of K*(1410) decays, the only mea-
sured decay branching fraction is B(K*(1410) — K7) = 6.6 x 1072, other branching frac-
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tions being reported as upper limits (B(K*(1410) — Kp) < 7 x 1072) or lower limits
(B(K*(1410) — K*m) > 40 x 1072). Therefore, we fix the B(K*(1410) — Kp) value to
its upper limit and take the fraction not accounted neither by Km nor by Kp intermediate
states as the B(K*(1410) — K*r) value. Table 6.3 summarizes the different weights applied
for the signal cocktail. Finally, we apply a global scale to the entire cocktail to make it
equivalent to the integrated luminosity of our On-Resonant data sample.

6.2 Event Selection

For candidate selection from MC and data samples, a skim is first applied, as described in
Sec. 6.2.1. In a second stage, several selection cuts are used (Sec. 6.2.2).

At the first order, the candidate selection for the present analysis relies on the selec-
tion criteria from the previous BABAR analysis [104] that considered several K7my modes.
Then we modify these criteria to optimize the sensitivity to BT — K*7 7t~ events. This
optimization procedure is described in Sec. 6.2.3. Some signal events, after event selec-
tion, contain multiple candidates. Section 6.2.4 describes the technique applied for multiple
candidate selection.

6.2.1 Skim

In order to reduce the data sample, a skim is applied before any other selection criteria. It
generally consists of loose requirements, which can be used by several different analyses. In
the present analysis, we use the BtoXGamma skim available in the BABAR code. It is applied
to both data and MC samples. This skim selects events passing the BGFMultiHadron [105]
filter that requires at least three tracks in the RecoGoodTracksLoose list, which are matching
the EMC clusters. The skim also requires a high-energy photon, consistent with a radiative
B decay, and that the CM energy of the highest-energy photon candidate in the event
falls between 1.5 and 3.5 GeV, corresponding to the range of the photon energy spectrum in
radiative B decays, as taken from semi-inclusive analyses of B — X,y decays (see Refs. [106,
107] and references therein).

6.2.2 Selection cuts

Some of the selection variables used in the present analysis have already been described in
Chapter 5. Additional selection variables, which are described below, are also used in order
to enrich the data sample in signal events.

6.2.2.1 High-energy photon selection

The high-energy photons, which are taken from the GoodPhotonLoose list, are further re-
quired to pass the following selection criteria:

e No dead or noisy crystals in the cluster;
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o —(.74 < cost), < 0.93, where 0, corresponds to the angle with respect to the beam of
the EMC cluster centroid in the lab frame (i.e. the polar angle);

e The three-dimensional distance between the centroid of the EMC cluster and the cen-
troid of the nearest cluster is greater than 25 cm. This isolation requirement suppresses
photons from 7% and 1 decays;

6.2.2.2 Vetos of ° and n

As in our signal mode we have a high energy photon, most of our photon background
originates from misreconstructed 7% and n-mesons. Indeed, these fake photons either come
from asymmetric decays of 7 and n (one of the photons takes most of the energy of the
decaying particle) or from merged decays (the decaying particle has a high momentum in the
CM frame therefore the two outgoing photons cannot be properly separated in the EMC).
To reduce these backgrounds, the photon candidate v; is associated with all other photons
72 in CalorNeutral list. Then we construct the 7% and 7 likelihood functions, defined as

p(mvwza E,, 0)

LR - )
P(Meyyny, By | K TEm=7) + p(1y, 4, B, |0)

(6.1)

where 6 is either 7¥ or 7, and p is a probability density function in terms of m.,.,, and the
energy of v, in the lab frame, E,,. The 7° () LR is between zero and one, and the larger
the value is, the more likely it is that 7 comes from the 7° (1) decay. Details on the LR
construction can be find elsewhere [108]. Figures 6.1 and 6.2 show the 7° and 7 likelihood
function distributions, respectively. We select the events satisfying:

o LR,0 < 0.86,
e LR, < 0.957.

The cut values where optimized using the procedure described in Sec. 6.2.3. The cut on
LR o, if applied before any other cuts, retains ~ 93% of signal events, while it rejects
~ 83% of continuum events and ~ 63% of B-background events. The cut on LR,, if applied
before any other cuts, retains ~ 95% of signal events, while it rejects ~ 87% of continuum
events and ~ 10% of B-background events.

Vetoes are also applied on photon candidates invariant mass, M., +.-), When one pho-
ton converts to an (e*e”) pair by interacting with the detector. Here we select the events
satisfying:

® 1My, (ete) — Mago| > 25 MeV/?,

® [Ny (e+e—) — M| > 50 MeV/ 2.
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Figure 6.1: Normalized distributions of 7¥ Likelihood ratio for signal MC events (red area),
Off-Peak data (green), generic B¥B~ backgrounds (blue) and generic B°B° backgrounds
(violet). The vertical dashed line shows the corresponding selection cut. All other selection
cuts have been applied.
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Figure 6.2: Normalized distributions of 7 Likelihood ratio for signal MC events (red area),
Off-Peak data (green), generic B*B~ backgrounds (blue) and generic B°B° backgrounds
(violet). The vertical dashed line shows the corresponding selection cut. All other selection
cuts have been applied.

6.2.2.3 Photon-merged 7 consistency

To discriminate between merged 7’-mesons and photons, we use a standard BABAR algo-
rithm [109]. The latter calculates the likelihood for the EMC deposit to be a 7 or a « by
evaluating, for a given hypothesis h = 7° or h = ~, the expression:

Ml% — E2(S _ Sv)

b=

where S is the second moment of the energy deposit and M7 is the invariant mass of the
energy deposit under the hypothesis h. We select the events satisfying £, < 0.00031. This
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cut, if applied before any other cuts, retains ~ 97% of signal events, while it rejects ~ 9%
of continuum events and ~ 4% of B-background events.

6.2.2.4 Invariant mass of the K 7 7" system

In the present analysis, we do not expect the K7~ resonance mass region above 1.8 GeV/¢?
to contain a large fraction of signal events, while we expect a significant number of back-
ground events, as shown in Fig. 6.3. Therefore, we restrict the K7~ 7" resonance mass to
the region my,, < 1.8 GeV/c2.
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Figure 6.3: Normalized distributions of mpyr for signal MC events (red area), Off-Peak
data (green), generic BYB~ backgrounds (blue) and generic B’°B° backgrounds (violet). The
vertical dashed line shows the corresponding selection cut. All other selection cuts have been
applied.

6.2.2.5 Kinematic variables

Three kinematic cuts are applied. The first one, a basic sanity check, selects events with
total energy less than 20 GeV. In addition, we require mgs and AF to be:

e mps > 5.20 GeV/c?;
o |AF| <0.2GeV.

Figure 6.4 shows the discriminating power of these last two variables.

6.2.2.6 Kaon PID

The K* candidates are required to satisfy the LooseKMKaon selector. The K track is also
required to satisfy the GoodTracksLoose.

6.2.2.7 Pion PID

Both of the 7 candidates are required to satisfy the SuperLooseKMPion selector. The 7+
track are also required to satisfy the GoodTracksLoose.
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Figure 6.4: Normalized distributions of the two kinematical variables entering into the fit
model, mgg (left) and AE (right) for signal MC events (red area), Off-Peak data (green),
generic BYB~ backgrounds (blue) and generic B’B? backgrounds (violet). Note that in
the case of mgg, the Off-Peak distribution is shifted towards lower values of ~ 0.02 GeV/ c?
compared to the other contributions. This is due to the fact that the corresponding data are
taken at a CM energy about 40 MeV below the 7°(4S5) resonance peak mass. The vertical
dashed lines show the selection cut applied. All other selection cuts have been applied.
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Figure 6.5: Normalized distributions of Fisher discriminant for signal MC events (red area),
Off-Peak data (green), generic B¥B~ backgrounds (blue) and generic B°B° backgrounds
(violet). The vertical dashed line shows the corresponding selection cut. All other selection
cuts have been applied.

6.2.2.8 Event shape variable: Fisher discriminant

As described in Sec. 5.3.3 a unique variable, combining the information from six event shape
variables, is used in the present analysis. Figure 6.5 shows the distributions of the Fisher
discriminant for K7t 7~y signal MC and different backgrounds ( Off-Peak data, BtB~ and
B°B° generic MC). Figure 6.6 gives the linear correlations among the six event shape variables
used to build the Fisher discriminant. We observe no strong correlations for the signal event
category. Since the Fisher discriminant is used in the maximum likelihood fit, the applied
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cut value is not optimized using the optimization procedure described in Sec. 6.2.3. We
select candidates with a Fisher discriminant output value greater than —0.095. This cut is
chosen in order to retain, if applied before any other cut, ~ 90% of signal events. This allows
to reject ~ 60% of continuum events and ~ 10% of B-background events.

6.2.2.9 Vertex selection

As described in Sec. 5.2.4, the B candidates are formed by fitting the vertex of all the final
state particles, using tracks or cluster information in case of charged particles or the photon,
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Figure 6.6: Linear correlations between the variables used in the Fisher discriminant, for
signal and continuum background events in (a) and (b), respectively.

Normalized

HE S I I SR N B I I BN
0 01 02 03 04 05 06 07 08 09 1
vertex_probability

Figure 6.7: Normalized distributions of vertex probability for tracks from the B candidates
decay for signal MC events (red area), Off-Peak data (green), generic BYB~ backgrounds
(blue) and generic B’B® backgrounds (violet). The vertical dashed line shows the corre-
sponding selection cut. All other selection cuts have been applied.
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respectively. The fit on the decay products of the reconstructed B is performed with a beam
spot constraint, where the B candidate trajectory is reconstructed using information from
the assumed beam position and the B decay vertex. Although the high-energy photon is
included in the fit in order to get higher constraints on the B candidate kinematics, it will
not contribute to the vertex information (unless the photon has converted).

In order to reduce combinatoric backgrounds, a cut on the vertex probability, which
results from the vertex fit, is applied. Figure 6.7, in a logarithmic y-axis scale, shows that
the discriminating point is near zero. From the optimization procedure, described below, we
select candidates with a vertex probability greater than 0.0199.

6.2.3 Cut Optimization

The cut optimization was done using the BumpHunter algorithm [110] of the
StatPatternRecognition package. The optimization consists in maximizing the figure of
merit (FOM) defined as S/v/S + B, where S is the yield of truth-matched (TM) signal MC
and B is the total yield of backgrounds. Note that both S and B are normalized to the
luminosity in the data. The signal yield is esti