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Abstract

We search for the decay BY — i using 121.4fb™" of data collected at T(55)
resonance by the Belle detector at the KEKB asymmetric energy ete~ collider lo-
cated at the High Energy Accelerator Research Organization, Japan. In the Standard
Model (SM), this decay is a neutral charmless decay which can occur through a va-
riety of processes such as Cabibbo suppressed b — u transition with a further color
suppression with respect to the charged modes. Contributions can also arise from
electroweak penguins. It has been studied theoriticaly in the framework of SCET,
PQCD and QCDF. The predictions of the branching ratio (BR) of the decay are
(8.0125+4T+00) x 1078, (15.64]2*33%521135)x 107 and (7.1£6.440.24+0.8) x 1075,
respectively. All of these predictions have large uncertainties, which are mostly due
to the QCD uncertainties. The present experimental upper limit on the BR for
B, — 1 is 1.5 x 1072 at 90% confidence level (CL). This analysis will be the first
attempt to search for this decay using the available dataset from the Belle experi-

ment with an expectation of reaching the SM sensitivity.
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Preface

This thesis reports the search for the decay B — ) at high energy e*e™ colli-
sions at T (5S) energy. In the Standard Model (SM), this decay is a neutral charmless
decay which can occur through a variety of processes such as Cabibbo suppressed
b — u transition with a further color suppression with respect to the charged modes.
Contributions can also arise from electroweak penguins. It has been studied theoriti-
caly in the framework of SCET, PQCD and QCDF. The predictions of the branching
ratio (BR) of the decay are (8.0735*5500) x 1076, (15.6%16+99+22+135) o 196 5
(7.1£6.4+£0.2+0.8) x 1078, respectively. All of these predictions have large uncer-
tainties, which are mostly due to the QCD uncertainties. The present experimental
upper limit on the BR for B, = ny is 1.5 x 1073 at 90% confidence level (CL). This
analysis will be the first attempt to search for this decay using the available dataset

from the Belle experiment with an expectation of reaching the SM sensitivity.

This thesis presents the results of the search for the decay BY — ) at high
energy e*e” collisions. The search is done using 121.4fb~! of data collected by the
Belle detector at T(55) energy. No significant signal yield is observed for the decay
B? — m and in the absence of any significant signal yield, we set the 90% CL UL on
its BF to be 56.53 x 1076, This is an improvement of about two orders of magnitude
from the previous measurement of UL by the L3 experiment. With a dedicated run
at T(55) resonance to collect an order of magnitude more statistics, the Belle II
experiment has the potential to make a discovery of the charmless 3% — nm decay.
LHCD has the limitation in the measurement of the BF for this decay since the
reconstruction of 7 and 7° candidates require detection of single energy clusters in
the calorimeter, which may be difficult at LHCb.

This thesis contains the following chapters:

Chapter 1 provides an introduction to the SM of particle physics, the dynam-
ics of electroweak and strong interaction and the associated gauge transformations.
It then provides a brief overview of Cabibhbo-Kobayashi-Maskawa (CKM) matrix,
GIM mechanism and FCNC processes. A brief introduction to renormalization and
effective field theory is then presented. Various analysis techniques namely, PQCD,

xiii
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xiv

SCET and the QCDFi are discussed briefly. This chapter concludes with a brief

discussion on the current status of the decay B — mm.

Chapter 2 provides a brief discussion on KEKB accelerator, the Belle detector,

data acquisition and the trigger system.

Chapter 3 provides a description of the analysis strategy, the Belle datasets,
Monte Carlo event generation procedure and the blind analysis technique used to
study the decay B? — nm. The skim, candidate and signal selection criteria for
these analyses are then discussed. Possible backgrounds are analyzed, and their

suppression studied and discussed in details in this chapter.

Chapter 4 presents the PDF parameterizations of signal and background for
B? — 77 analysis. It provides a brief discussion on the fit strategy for both the
analyses. Pesudo-experiments are then performed to test the stability of the fitters.

This chapter presents the results of these pseudo-experiments. The final fit results

are then presented.

Chapter 5 provides a brief discussion on systematic uncertainties. Various

sources of systematic uncertainties and their estimation procedure are discussed in

details in this chapter.

Chapter 6 summarizes the final results for B? — n7n analysis. The estimation
of 90% CL upper limit for the decay BY — #y) is presented in details in this chapter.
This chapter concludes with a brief discussion on the possible implications of the
results of this analysis.
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Chapter 1

Theoretical Framework and

Motivations

This chapter provides a brief introduction to the Standard Model (SM) of particle
physics, the dynamics of strong and electroweak interactions and the associated
gauge transformations. It then provides a brief overview of Cabibbo-Kobayashi-
Maskawa (CKM) matrix and flavor changing processes. A brief introduction to
cffective field theory (EFT) and various analysis techniques used in the study of
the rare decays are also presented. This thesis is devoted to the study of the rare
decay B® — nn. Precision measurements of the rare decays allow us to access new
particles produced virtually through loop processes, thus providing a way to search
for new physics and test the SM at higher energy scales. This chapter concludes

with a brief discussion on the present status of the studies of such rare process.

1.1 The Standard Model of Particle Physics

High Energy Physics tries to understand the fundamental building blocks of Nature
and their interactions. The most successful explanation comes through SM, which
is formulated using relativistic quantum field theory that describes and unifies the
three of the four known fundamental interactions namely, electromagnetic, weak

and strong interaction using Gauge symmetry. According to this model. the basic
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2 Chapter 1. Theoretical Framework and Motivations

building blocks of Nature are the quarks and the leptons (fermions) and they in-
teract with each other through three kind of forces: EM, weak and strong. The
interactions happen through the exchange of the Gauge bosons: the boson that
mediates the EM interaction is called photon which is massless whereas the weak
interaction is mediated by the massive bosons, W* and Z?; the strong interac-
tion is mediated by gluons. The Gauge symmetry of the SM is represented by
SU@3)e ® SU2), ® U(1)y group. The group SU(3)c represents the strong in-
teraction-and is formed by color charges. The group SU(2). represents the weak
interaction and is formed by the weak isospin which governs how quarks and leptons
behave during weak interaction. U (1)y group describes the EM interaction and is
formed by another quantum number called hypercharge.

Gauge invariance refers to continuous transformations under a group G, which
leaves the Lagrangian (or the system) invariant. The simplest of such transformation
is ¥ = ¢ = ey, where 1 is a fermion field and 3 is a constant (this is a
transformation belonging to the global U(1) group). The Lagrangian density of

massless fermion fields, given by:

L= 'QZ'I;’Y”a;Lw (11)
is invariant under this transformation (i.e., £’ = e~ 8L = L) since the observables
depend on ||2. For local U(1) symmetry (e.g., the electromagnetic field) when we

introduce a space-time dependence on ¥ (¥ — e"X@Ny) the Lagrangian is not
invariant anymore, but can be made invariant by replacing the derivative 3, by a

covariant derivative D, defined by:

D, = 8, — igAu(z) (1.2)
where g is a constant (coupling constant) and A, is a U(1) gauge ficld. This formal-
ism can be extended to more complicated groups like SU(2) and SU(3) (non-abelian
groups), by introducing the corresponding generators in the transformations and or-
ganizing the fermions in multiplets of gauge groups. The full covariant derivative
incorporating the electromagnetic, weak and strong interactions [3] can be written

a

.Y Tt A .
D, = 8, —igi5 Fu(x) - igo5 W, —igs = .G (1.3)

as:
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1.1. The Standard Model of Particle Physics 3

where, F,, 1V, and G, are the spin-1 gauge fields that represent the electromag-
netic, weak and strong interaction, respectively. 7¥’s (i=1,2,3) and A\%’s (a=1,...,8)
are the generators of SU(2) and SU(3) groups representing the weak and strong
force respectively. Y (which is just a number) is the U(1) hypercharge generator
and g¢'s are the coupling constants for various interactions. For SU(2) and SU(3)
symmetry, 1 transforms like 9 — ' = ¢ < 7/2 and o — o = =@ X/ 2 where ¢’s

and a’s denote the rotation parameters of SU(2) and SU(3) space.

The SM Lagrangian [4, 5] can be written as:

EgM = ‘CQCD + Lew + [:H + LYu (14)

The superscript (4) indicates that the Lagrangian has mass dimensions 4.

Lqcp is the quantum chromodynamics (QCD) Lagrangian [3-5] given as:

_ . .93 2 [P
CQCD = Z q,-z'y“ (6,‘ - ’1,-53- A a,,) q; — Z GFVGG" (1.5)
J

which describes the color interaction between quarks and gluons, with SU(3) sym-
metry. Here, g; is a color triplet quark field (the index j runs over the 6 flavors)

and wa’s are the strength tensors of 8 gluon fields 8,,’ expressed as:
Go =0,Gr - 0,Gl — g3f GGy

where, fo% is the structure constant corresponding to SU(3) interaction.

L.., represents the electroweak Lagrangian term [3-5] that describes the interac-

tions between fermions and vector bosons through the symmetry groups SU(2); &

U(1)y which can be written as:

o 1 P e v
szz:z/)'z'y“(a —'L YwF —’l—-?W) ‘—ZFqu“ —Zwﬁuwj”
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4 Chapter 1. Theoretical Framework and Motivations

1" represents the fermion wave functions and are represented in terins of SU(2) left
handed doublets (3) and right handed singlets (¥r) as:

e {0 ()09 60

Yr € {CR,[.LR,TR,QR} where, ¢ € {u’,d’, d, s’,t’,b’}.

Here, the quarks are represented with primed symbols since the electroweak eigen-
states don’t necessarily coincide with the mass eigenstates. F,, and W,’s are the
strength tensors of the photon field ?u and 3 weak boson fields W,, given as:

Fy, =0,F, - 9,F, and
Wﬂiu = 6’1Wui - 8,,WJ - gzz ik WuJ Wuk

where, £7* is the structure constant corresponding to the SU(2) interaction. The
first term of equation 1.6 is the fermion boson interaction term [5, 6] and is given
by:

g . e
Lingew = Lcc + Lnc = 722 (JL"+‘V: + 3t I/VJ) + (ej b Fu+ 954 2Z,) (1.7)

where, e = g1 is the electromagnetic coupling constant; g, = ﬁc%“_ is the weak

coupling constant corresponding to the Z boson with sin Ow = ——L— and cos Oy =

912+922

ﬁ, 6w being the Weinberg angle; j# = Zf:e fy“f and 52 = Zf: Ffr#gf —
g~ %) are the neutral currents carried by the photon (v) and Z boson, respectively
with gf = -’? — 2¢;sin® 6y, and gf, = I} where, ‘f’ represents the fermion states;
qr and [ }’ denote the charge and the third component of weak isospin respectively.
The terms:

t
it = (ﬁ',jy “dp + Ty sy + Ty MY, + Z LYy “lL) and j/' = (-7Lp+)
3

are the left handed (charged) currents carried by the physical bosons W*. The

physical bosons W# and Z can be written in terms of generators of weak interaction
as:

Wt = w,) FiW,2 7 — W3

u ‘_—\/5 u =W, .
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1.1. The Standard Model of Particle Physics 5

The Higgs term in the SM Lagrangian is required to account for the masses of

the fermions and the gauge bosons. The Higgs Lagrangian [3, 5] has the form:

Ly = (Du¢i)(D*¢) — V(¢) = (D,o7) (D ¢) — M?p'¢p — A (¢7¢)?

(1.8)
Here, the first term (D, ¢t)(D *¢) represents the dynamical Higgs term and V(¢) =
M?%¢t¢ — A (¢'¢)? denotes the Higgs potential. M and A are the parameters in the

Higgs potential. The field ¢ is a complex spinor (doublet) representing the Higgs
field, while the Higgs particle mass is given as my = v2A202 = v/—M?2, where v is

the vacuum expectation value of the field ¢.

The Yukawa term [3]| describes the interaction of Higgs field with the matter
fields. It is of the form:

Ly, = Y}‘ (Q’L@,d-’) u;%j + Y‘j (Q'de’) d’Rj + Yi,? (Q_’Lz(b) e’Rj + h.c{1.9)

’ D 7
L\/—) R] (L\/Q) RJ ,](L\/ﬁ) Rj
where, ¢ = ir$. The Yukawa matrices (couplings) Y**¢ are arbitrary 3 x 3

complex matrices for the three generations (7, j) of quarks; h.c. represents the Her-

mitian conjugate.

Thus, the SM Lagrangian ([.SM) represented by equation 1.4 can be written as:

L= —3 GG = L WAW™ = 2 FuF » + |(D,d1)(D )
M2¢f¢ - (¢f¢)2] + 4 (z‘lz)t + ePe + Glpq + ulPpu + de) (1.10)

l,i,;" (Q—,Lt&) u,Rj + },ij (Q'de’) d'Rj + Yz,ﬁ (Q_’de’) e’Rj + h.c.]
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6 Chapter 1. Theoretical Framework and Motivations

The Yukawa couplings give rise to lepton and quark masses. Thus., M =
oY2/V2, Mi = vY2/v/?2 and Mg, = vY;5/v/2. Therefore,

Ly = Gy Mg, + dyMidp, + &, MSen; + h.c.
= A (V' VE)ME (VR Vit ug; + du(VEVE MG (VETVE
+E (VEVEYME(VETVE)en; + h.c.
The matrices M*, M and M*® should be diagonalized using unitary matrices V¥,
V¢ and V' as:
Mg, = VEMOVE, Mg, = VEM*VEY and M5, = VEMVS
to obtain the proper mass terms. The mass eigenstates (u,d), g can thus be writ-

ten in terms of interaction eigenstates (u,d)} p as: (u,d)p; = (V) (u, d);, and
(u, d) g = (VE9)ii(x, d)'Rj. Therefore,

Lyy = Gri(M3)dingrj + dri(M})aiag@r; + €Li(M$)aisger; + h.c.| (1.11)

Unfortunately, when introducing a mass term in the Lagrangian, the SU(2) ®
U(1) symmetry is spontaneously broken to electromagnetic U(1)qep. This is called

spontaneous symmetry breaking (SSB) [4].

SU(3)c ® SU(2)L ® U(1)y =2 SU(3)e ® U(1)qep (1.12)

The SM Lagrangian after SSB, can be obtained by replacing the Yukawa term in

equation 1.10 by equation 1.11.

At present, only 3 generations of quarks and leptons have been observed. 4 or
more generations of quarks are considered to be unlikely as this will induce slight
modifications to various electroweak observables which are strongly disfavored by
experimental measurements [7]. Furthermore, the measured width of the Z boson

rules out a fourth quark generation with a ‘light’ neutrino (neutrino having mass
less than about 45 GeV/c?) [8-10].
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1.2. Flavor Changing Process: CKM matriz 7

During the last few decades, many experimental studies have been performed
in order to test the validity of the SM and so far no large discrepancies have been
found. Also the SM has so far been successful in explaining the vast amount of
existing experimental data. However, the SM provides poor explanations for the
flavor dependence of particle properties (mass, number of families, etc), hierarchical
structure of CKM matrix, matter-antimatter asymmetry [8, 11], existence of dark
matter (8, 12] and the presence of symmetries like conservation of baryon and lep-
ton numbers [8]. Further, it couldn’t account for the neutrino oscillations [8, 13].
Neutrinos are considered to be massless in the SM. However, the observation of neu-
trino mixing indicates that they are massive. Whether the SM is an approximation
of a more general theory, valid in some scales still needs to be ascertained. An-
swering these questions requires probing matter up to very small distances, which
requires high energies through particle colliders or either precision measurements

rare processes at the intensity frontier.

1.2 Flavor Changing Process: CKM matrix

The charged current term of the electroweak interaction Lagrangian (equation 1.7)

is given hy:
- _ 1—+5 _ 1-45
Lce = % (jL’“‘WJ)-F h.c., where j/'* = Zu;~," ( 5 ) d; +Z DyyH ( 5 ! ) e
i i
and the neutral current term (mediated by the Z boson) is given by:

. - ]_ — ’75 _ 1 ,\5
(Enc)z = 9347, where jf =) gif+" (T) f+) griv ( +2 / )f
d 7
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Chapter 1. Theoretical Framework and Motivations
Now,
dl
Zﬁ;’)‘”(l—’)'s)d} = ('L—LI ¢ Z') vH (1 — ~3%) | ¢
ij b
d
=Vekm (B EE)v* (1 — %) | s (1.13)
b
where,
o u d d
)l =Uv|ec and sl =Up | s
t t 174 b

Vekm = UIEUD is a unitary matrix known as CKM matrix represented in the
standard parametrization [14] as:

|2 Vs
Vekm = Vea Voo Vy
Vie Vis Vi
C12€13 i

812513 S13€”
5 .
C12823 — S12523523€" se3c1z | (1.14)

.
—893C12 — S12C23513€'°  C23C13

—812C23 — C12823513€¢

S$12C23 — C12523513€"

where, 612, 623, and 03 are the three Euler angles and § is the C P violating phase.

The symbols s;;’s and c;;’s denote the sines and cosines of these angles. 8,2 is the
Cabibbo angle.

In Wolfenstein parametrization [15], the CKM matrix can be written as:

A2 .
1-3 A AN(p —in)
Vekm = \ - _A2_2 Ax2 + O\ (1.15)
AN(1—p—iy) —AX 1
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1.2. Flavor Changing Process: CKM matriz 9

where A, ), p and 7 are the four parameters represented as sj3 = A, s23 = AA% and
s1ze”*® = AX3(p — in). Therefore,

513
p= cosd , 7=
S12823 $12523

S13 .
sind.

The n parameter is the complex phase parameter that is responsible for the CP
violation in the SM. O(\*) denotes terms of the order of \*.

The CKM matrix elements are measured by different experiments. The present
best value of them are given below (PDG).

0.974 0.225 0.003
Vekmw = [0.225 0973 0.041 ] , (1.16)
0.008 0.040 0.999

We observe non-zero off-diagonal elements in the CKM matrix. which indicates
that generation changing charged currents are possible in the SM. The same oper-

ation for neutral current interaction for the up-sector yields:

!

u u
(@ ¢ E)v (1 —4%) ] =(aet)r* (1 =+ WUu|ec| (17
t’

Unitarity of Uy ensures that U,B Uy = 1i.e., there is no generation changing neutral
currents in the up-sector. The same holds true for the down-sector (the neutral
current terms conserve flavor). Flavor Changing Neutral Current (FCNC) transi-
tions, such as b — s and b — d are thus forbidden at tree level in the SM. However,
FCNCs are possible at higher orders since, contributions from different quark loops
don’t cancel exactly due to their different masses. At one loop level. the FCNC
transitions can be summarized by a set of basic triple and quartic effective vertices
known as penguin diagrams (AF = 1. F being the flavor of the quarks) and box
diagrams (AF = 2), respectively (16, 17]. Penguin processes involve the emission of
a neutral boson, either a gluon, photon or Z boson [18]. They can thus be classi-
fied into: (i) radiative, in which an external photon is emitted (Figure 1.1(a)), (i)

electroweak, in which the emitted virtual photon or Z boson produce lepton pairs
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10 Chapter 1. Theoretical Framework and Motivations

(Figure 1.1(b)), (iii) annihilation penguin processes, in which the loop connects two
quarks of the B meson (Figure 1.1(c) and (d)) and (iv) gluonic penguins. in which
a gluon is emitted from the loop (Figure 1.1(e)). Figure 1.1(f) represents the box
diagram. Since, FCNC processes occur through box or penguin diagrams. they are
suppressed by a loop factor of g2/16w% = 1072, They are further suppressed due
to GIM mechanism [19]. Due to the large suppression in the SM, the FCNC de-
cays are ideal places to look for evidences of new physics. Precision measurements of
these rare FCNC processes represent a sensitive probe for new-physics, as many new
physics processes or extensions of the SM such as, super-symmetry with multi-Higgs
doublets, extra quark models, fourth generation models, extra-dimensions, etc., can
enhance or suppress FCNC decay rates [16]. This allows the indirect search for new
physics. Measurements of FCNCs are model independent tests of any new-physics
model that can contribute to change the overall properties (or observables) of the

decay.
1 Y
¥ b
vz — > AW
|
w W u.ct ¥
b . sid Y
u,c,t —_—
sid
(2) (c)
___b___>_— w ]
Yz
uct §
|
———— b s/d
sid
(d) (f)

FIGURE 1.1: Ezamples of FCNC processes.

(a) Radiative penguin processes e.g., b — sv,dv (b) electroweak penguins e. 0., b — sl*l=, dl+i-
(c) annihilation penguins and (d) b — 1717, B, — I*1~ (e) gluonic penguins e.g., b — sg,dg (f)
bozx diagrams e.g., b — sltl™,diYl orByqy — I¥1".

1.3 Renormalization and Effective Field Theory (EFT)

The basic principle of EFT [6, 17, 20-24] is that the dynamics of elementary particles

at low energy doesnot depend on the details of the dynamics at high energies. As a

TH-1959_ 11612114
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1.3. Renormalization and Effective Field Theory (EFT) 11

result, physics at low energy scales can be described using an effective Lagrangian
that contains only a few degrees of freedom, ignoring the additional degrees of
freedom present at higher energies. For example, we do not need to know about
the bottom quarks to describe the hydrogen atom. The process of integrating out
the (irrelevant) heavy degrees of freedom from ‘explicitly’ appearing in the theory is
called renormalization [6, 25]. The SM is also an EFT. In the absence of knowledge
about the full theory, the observables for any decay process can be calculated using
EFT. Information about physics beyond the SM can be obtained by comparing the
experimental and the EFT result for rare decays. In the framework of an EFT, the

Lagrangian can be written as an infinite expansion:

Ci(R)
- Ad,'—4

.l = Qs (1.18)
where, C;’s are dimensionless coefficients called the Wilson coefficients, which are
related to the couplings of the full theory; Q;’s are the operators having dimension
d;’s. built out of fields appearing in the theory; A is the characteristic energy scale
of theory and R is the cutoff scale chosen just below A. Since the mass dimension
of Lagrangian is 4, operators having mass dimension greater than 4 are numerically
suppressed by powers of fundamental scale (i.e.. A) of the theory. The higher the
dimension of the operator, the more it will be suppressed. Thus, the lower dimen-
sional operators are the important ones and the higher dimensional ones can be
neglected. Physics from distances smaller than R7! (i.e., contributions from scales
higher than R or the high energy interactions) is contained in the Wilson coeflicients
C; and that from distances greater than that (i.e., the low energy interactions) are
accounted for by the operators. This approach of expressing the Lagrangian in this
form is called operator product expansion (OPE) [6, 17, 18, 20-24]. The Wilson
coefficients and the local operators, both depend on the renormalization scale R and
renormalization scheme. The scale and scheme dependence of C,’s must be cancelled
by the similar dependence of operators making the physical observables independent
of them. R is typically chosen of the order of the decaying hadron O(nw), O(mne)
and O(1 — 2 GeV) for B, D and K mesous. Depending on the precision goal one

can truncate the series and thus, only a finite number of operators and couplings

need to be retained.
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12 Chapter 1. Theoretical Framework and Motivations

The similarity of FCNC processes, in decays and mixing, allows us to describe
all of them in terms of four fermion local operators. At tree level, the leading order
effective Lagrangian for the four fermion process can be written as:

e Gr ,_ G
£4ff = ‘\/—gJLyJ£+ = 75 ZCiQi (1.19)

V2 M

Gr being the Fermi constant.

For four-fermion interaction, since each fermion line has a mass dimension of 3/2,
so the operators involved in this case should have at least dimension 6. So, a M;?
scaling law for Wilson coefficients at leading order is needed. Thus, the non-local
product of two charged current interactions can be expanded into a series of local
operators, whose contributions are weighted by the cffective coupling constants. In
the SM, the dimension-6 operators can be classified in 6 categories. In the notation
of [17):

Current-Current (Figure 1.2(a))

Q1 = (Sarvucsr) (CoLy *bar) (1.20)
Q2 = (5[,’}'”0]_,) (EL’yubL) (121)

QCD-Penguins (Figure 1.2(b))

Qs = (5Lv.bL) Z (quy*qr) (1.22)
q=u,d,s,c,b
Qi = (SarVubpr) D (Gpr7"gar) (1.23)
q=u,d,s,c,b
Qs = (5.7v.bL) Z (GrY *qr) (1.24)
q=u,d,s,c,b
Q = (Sarvubsr) D, (BsrY"qar) (1.25)
qg=u,d,s,c,b
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1.3. Renormalization and Effective Field Theory (EFT) 13

Electroweak-Penguins (Figure 1.2(c))

Q0 = 3 (3L7ubL) > e (Gr7*qR) (1.26)
g=u,d,s,c,b
3 .
Qi = ) (5LaVubLs) Z eq (Trs7"qRa) (1.27)
g=u,d,s,c,b
3 —
Dsq = 2 (3LyubL) Z eq (Gry*aL) (1.28)
q=u,d,s,c,b
3
Dsg = 5 (5LaVubis) Z eq (GLsY"qLa) (1.29)
g=u,d,s,c,b

Magnetic-Penguins (Figure 1.2(d))

€

Q= Te5Me5ar0 barFlu (1.30)
Qs = TmuBarc T, bor G, (1.31)

AF = 2 (AS = 2 or AB = 2) Operators (Figure 1.2(e))

Q(AS =2) = (5.7,dL) (5.v"dL) (1.32)
Q(AB =2) = (bryudyL) (by*dy) (1.33)
Semi-Leptonic Operators (Figure 1.2(f))
e? -
Qy = 16”2(&7,1&) (Iv*0) (1.34)
Qo = 1222(5L7pbl,) (Iy #sl) (1.35)
Qs = Z""‘(smpr) (FLy *v) (1.36)
Qui = a‘;'r"(sm,tbL) (L #per) (1.37)

where, the subscripts L and R refer to the left and right-handed components of the
fermion field given by gr.r = (1 F vs5/2) g. e and g represent the electromagnetic
and strong coupling constants (g; and gs). €, is the electric charge of the relevant
quark and T% = X%, (a=1,...8) are the SU (3) color generators, a and 3 being the
color indices. The above set of operators is characteristic for any consideration of

the interplay of QCD and electroweak effects. Since the ratio a/a, (= 102) of the
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b
c
b
u,c,t
d b,s
w
u,c,t u,c,t
w
b,s d

(f)

Feynman diagram representations of box and penguin processes.

FIGURE 1.2:
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1.3. Renormalization and Effective Field Theory (EFT) 15

QED and QCD couplings is very small, electroweak penguins are expected to play

a minor role in comparison with QCD penguins.

The effective Hamiltonian arising from this set of operators is usually written

as:
G .
Heys = 75 2 VG R)Q: (1.38)

where the sum runs over all the operators and VéKM is the suitable CKM factor
(for e.g., VitVip for the b — s transitions). The decay amplitude of a process can be

written as:

AQM = F) = (FMteyy|M) = 22 37 VauCOR) (FIQURIM) — (139)

where, (F|Q;(R)|M ) is the hadronic matrix element of Q; between A and F eval-

uated at the renormalization scale R.

The Wilson coefficients can be computed by calculating the amplitude for simple
processes in both full and effective theories and then comparing them. Since the
Wilson coefficients are process independent, the values obtained by matching a
specific process can then be used for the calculation of amplitude of other processes.
At higher energies, C;’s can be computed using perturbation theory due to QCD
asymptotic freedom. Thus, the Wilson cocfficients (Ci’s) at an energy R, can be
evaluated by first computing them at a high energy scale (M), which can then be

evolved through renormalization group (RG) [22-24] equations:

d
[l.gﬁCk = ‘ykfc,- (140)

to low energy scale R. The Wilson coeficients (C,’s) at energy R, can thus be

written as:
Ci(R) = Una(R, My)Cy(My) (1.41)
where,
o(R) ,
Uri(R. My ) = Tg exp Mg,—)dg' (1.42)
J  Blg)
g(Mw')
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is the evolution function which allows to calculate C(R)’s once C(Ay-)’s is known.
C(Mw)’s are the Wilson coefficients at higher energy scale My-. T, is an ordering
criterion defined in [22, 25]. B(g) = R(dg/dR) = dg/d(In R) is the RG function
which governs the evolution of g. < is the anomalous dimension matrix of the
operator involved. Keeping the first two terms in the expansions of ~(g) and 3(y),

in powers of g, we get:

3 5
g

@ -5 9 _p5_9
Ale) = =hoigz — B Tormye

1(g) = 702 4 o) 2
4 1672’

Inserting these expanéions in equation 1.42, we obtain:

_ as(R) as(]\/.[vv) P Ozs(ﬁ/fu') ]
otk ) = [1+ 53] %] [ =GR e
where,
~(0) P 1
P=2_ J=p -2
2% A 25

The Wilson coefficients will, in general, depend on the masses of the particles, which

were integrated out.

The calculation of the operators (and hence the matrix elements) on the other
hand require non-perturbative calculations, since they involve long distance contri-
butions. These calculations are mostly done using lattice QCD and some model
dependent approaches such as QCD sum rules, hadronic sum rules, 1//N expansion
(where, N is the number of colors), chiral perturbation theory, large-Nc, ete. All
non-perturbative methods have some limitations and hence contribute to large un-
certainties in the matrix elements and decay amplitudes. The dominant theoretical

uncertainty mostly comes from QCD corrections.

Thus, the decay rate can be written as:

G |
AM = F) = =3 VéuUss(R, Mw)Ci(Mw) (F| Qi (R)| M) (1.44)
i,k

and its calculation involves three distinct steps:
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1.4. Two body Charmless hadronic B decays in EFT 17

e Determination of initial conditions of the Wilson coefficients at the electroweak

scale.

e Evolution of Wilson coefficients (C;) by means of RG equations down to R =
O(my).

e Evaluation of hadronic matrix elements of the effective operators at R =
@(my), including both perturbative and non-perturbative QCD corrections.

New physics effects may induce [6):

e corrections to the Wilson coefficients.

e new operators not present in the SM.

e new sources of mixing not expected in the SM.

Hence, comparison between the experimental and SM predictions can put con-

straints on them.

1.4 Two body Charmless hadronic B decays in EFT

The study of hadronic charmless B-meson decays can provide not only an interesting
avenue to understand CP violation and the flavor mixing of quark sector in the
SM but also a powerful means to probe different new physics scenarios beyond

the SM. With the operation of dedicated B-factory experiments, a huge amount of

experimental data on hadronic B-meson decays has been analyzed with appreciative

precision [26].

To consistently predict hadronic B decays, the theory needs to deal with the
short-distance contributions in a complete and systematic way, from the high-energy
scale down to a proper low-energy scale at which the perturbative calculations
still remain reliable, and to treat the long-distance contributions which contain
the non-perturbative strong interactions involved in these decays. The main task
is to reliably compute the hadronic matrix elements between the initial and final

hadronic states. In recent years, much progress has been made in our understanding
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of hadronic charmless B-meson decays, and several novel methods basced on the
factorization approach, such as the perturbative QCD method (PQCD) [27]. the

QCD factorization approach (QCDF) [28] and the soft-collinear effective theory .
(SCET) [29], have been proposed.

All the above frameworks of weak decays are based on the four-fermion operator
effective Hamiltonian derived via operator product expansion and renormalization
theory. In hadronic weak decays, short-distance QCD contributions are charac-
terized by the Wilson coefficient functions of four-quark operators and the long-
distance ones are in principle obtained by evaluating the hadronic matrix elements
of relevant four-quark operators. The Wilson coefficient functions are in general
calculated by perturbative QCD which is well developed, while the evaluation of

hadronic matrix elements remains a hard task as it involves non-perturbative effects

of QCD.

In the effective Hamiltonian approach, the decay amplitude of a hadronic B —
hihs decay becomes:

A(B = Ihwhy) = {hyho|H. 55| B) (1.45)

In the SM, the effective Hamiltonian for ¥ — s transitions (30, 31], excluding
semileptonic and radiative decays, can be written as:

GF 10
Hess =75 Z ValCr(R) QI (R)+Co(R) O (R)+ > C:(R)Qi( R)]+h.c. (1.46)

""“"’ i=3

The effective Hamiltonian for the b — d transition can be obtained by changing s
into d in the above equation.

1.5 The decay B? - m

Charmless hadronic B, decays constitute an interesting and almost unexplored sec-
tor of charmless B decays. In the SM [32], the decay B? — nm can occur through
a variety of processes such as CKM suppressed b — u [33] transition with a further
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[ PGCD | QCDF | SCET |
[ 803 9 o 00 | 1560 ¥ 55 55 5s | 7.1+£64+02+08 ]

TABLE 1.1: Predictions of the BF for the decay B® — nm (x1078). [2]

color-suppressed with respect to the charged modes [34] or one loop diagrams with
a heavy quark and virtual W#* boson. Contributions can also arise from electroweak
penguins. This decay mode can open a window on new physics beyond the SM.
In models such as two Higgs doublet model the W* boson [35] in the loop can
be replaced by a charged Higgs. Minimal Super-symmetric extensions of the SM
predict superpartners that could also affect the expected decay rates [36] . Figure
1.3 shows the leading order Feynman diagrams for the decay B? —» m.

]
wi

FIGURE 1.3: Leading order Feynman diagrams for B¢ — . [1]

It has been studied theoretically in the framework of SCET, PQCD and QCDF
[2]. The predictions of the BF of the decay are given in Table 1.1. The predictions
for BF for the B® — nn has large uncertainty, which is mostly due to the QCD

uncertainties.

This decay was first searched by the L3 experiment at LEP. In the absence of

any significant signal vield, the L3 experiment did put an UL at 1.5 x 1073 at 90%

CL [37] on the branching ratio of BY — mm.

1.6 Chapter Summary

In this chapter, we have introduced the SM of particle physics and the associ-
ated gauge transformations. The CKM matrix, the GIM mechanism and FCNC

processes are then discussed. Renormalization theory, EFT and various analysis
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techniques are then introduced briefly. A brief summary and discussion on the cur- |
rent experimental and theory status of the decay BY — nn is also presented in this

chapter.
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Chapter 2

The Belle Experiment at KEKDB

The data used to search for the decay Bs — nm at T(55) resonance was collected
by the Belle detector, located at the KEKB accelerator, Japan. The Belle exper-
iment is a high energy ee” collider experiment designed and performed by an
international collaboration of more than 400 physicists and engineers from over 16
countries around the globe. The primary aim of the Belle experiment was to ob-
serve CP violation in the B meson decay [38] by tuning the collision energies at
various T resonances. Along with CP violation study Belle also provides excellent
environment to study rare decays, hadron spectroscopy, tau physics, charm physics,
exotic particles and two photon physics. In 2001, Belle discovered CP violation
in the B meson system. This result is in agreement with other experiments and
provides a confirmation of the Kobayashi-Maskawa mechanism for CP violation in

the Standard Model [39). This chapter describes the KEKB accelerator, the Belle

detector. data acquisition system and the trigger system.

2.1 KEKB Acclerator

KEK, the High Energy Accelerator Research Organization, is one of the world’s
leading accelerator science research laboratories, that produces high-energy particle
beams and synchrotron light sources to probe the fundamental properties of mat-
ter. The KEKB accelerator and the Belle detector demonstrated the violation of
CP asymmetry proposed by Dr. Makoto Kobayashi and Dr. Toshihide Maskawa.
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22 Chapter 2. The Belle Erperanent at KEKB

who received the 2008 Nobel Prize in Physics. The KEKB collider has been a
leader in the race to provide the world’s highest luminosity in the e*e™ collision.
The KEKB [40] is an asymmetric energy ete™ collider with e~ having cnergy of 8
GeV and e™ having energy of 3.5 GeV, located at the KEK laboratory in Tsukuba,
Japan. Figure 2.1 shows the schematic view of the KEKB acclerator. The acceler-
ator is composed of two side by side rings in which the beams are sent through a
linear accelerator (linac). The setup is put 11 m deep underground and the length
of the tunnel is 3 km. In the first stage of the linac, electrons are accelerated to an
energy of 4 GeV. Positrons are produced by hitting a thin tungsten mono crystal
target with some of these electrons, which radiates photons. These photons create
electron-positron pairs and the positrons are collected and accelerated to an energy
of 3.5GeV. The electron beam is then accelerated further, and both beams are di-
rectly injected into the rings at full energies: the high energy ring (H ER) contains
electrons at 8 GeV energy and the low energy ring (LER) contains positrons at 3.5
GeV. These beams are made to collide at the interaction point, called Tsukuba,

where they cross each other in the center of the Belle detector. The designed lumi-
nosity of KEKB was 1.0 x 1034¢em—2sec!.

Suparl:mumnng
cavities (HER

FIGURE 2.1: Schematic view of the KEKB accelerator.

TH-1959_ 11612114

]



2.1. KEKB Acclerator 23

The CM energy of the ete™ system is given by

Vs =VEner X ELer

The energies of the beams are tuned at different Y resonances. Since the energy
of the beams are asymmetric, the resonances are produced with a Lorentz boost
along the direction of the electron beam with respect to the laboratory frame. The
boost is given by

— Bypp-Eppp _
By = Eueg=Lier — (425

The boost is necessary to observe time dependent CP violation in B meson decay.

Y resonances are quasi bound states of bb with JF¢ values 17~. The masses of
the resonances fall in the range of (9 — 11) GeV. Figure 2.2 shows the production

cross section spectrum as a function of ete™ CM energy.

ﬁwwmﬁ"gé T LI B B
[T o i
L}
a-.20— I'I. 5~5' It ™
2 [ i x Ikﬂss}
T [ 3 50| &'ﬁlﬂ 2
5157 i J{ X 'r(s:ﬁ
I R BETES)
t ool 1} 105 109
o [ *' \ -#' ' Eem. (GOV)
° b !ii a :
Seli %, 4y i 4
Jf hod o MM‘*?-'-:
L T(1S) T(25) = T(39) T(4S) ]
]||||I|rg||||iI!'J_L,|,|§|||,I],_r-Jl]lI!!!l!lllllllll‘
9.44 1000 1033 10.53 10.62
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FIGURE 2.2: The hadronic cross-section for T resonances as a function of ete” CM
enerqgy.
Belle detector collected data for 11 years from 1999 to 2010. It had collected
more than 1 ab~! of data at different Y resonances. It had also collected 100 ab '
off resonance data [38]. Table 2.1 shows the collected data sets during the entire

duration of the Belle experiment.
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[ Resonance | Luminosity (fb~7) |

T(1S5) 6
T(25) 24
T(35) 3
T(483) 711
T(55) 121
Off resonance 100

TABLE 2.1: Data collected by Belle detector.

2.2 The Belle Detector

The Belle detector [41] is a general purpose 4w detector [41] which is used to detect
and identify the particles produced in e~ and e* collision. The detector is located
at the interaction point of the e~ and e* beam. The Belle detector consists of seven

sub-detectors. Each of them collect different information such as energy loss. mo-
mentum etc from the particles interaction. These informations are used to identify
and detect different particles. The details of each of the sub detectors are discussed

below.

The Belle detector is consists of the following seven sub-detectors:

o silicon vertex detector (SVD)

central drift chamber (CDC)

aerogel Cherenkov counter (ACQ)

o time of flight counter (TOF)

electromagnetic calorimeter (ECL)

]
s e

K9 and muon detector (KLM)

extreme forward calorimeter (EFC)

Figure 2.3 shows the schematic view of the Belle detector. In the following sub-
sections, the details of the beam Pipes, the coordinate system of the detector and
each of the seven sub-detectors are explained. J
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The Belle detector

~ Aerogel Cherenkov cnt.
b, n=1.015~1.030

3.5 GeV ¢*

Si vtx. det. u/ K; detection
3(4) lyr. DSSD 14/15 lyr. RPC+Fe

FIGURE 2.3: Belle detector.

2.2.1 Beam pipes and the interaction point (IP)

There are two beam pipes in the KEKB, the electron beam and the positron beam.

The electron beam has energy of 8.5 GeV and the circulating ring is called high

energy ring (HER). The positron beam has energy of 3 GeV and the circulating

ring is called low energy ring (LER). Both the beams are made to collide at the
interaction point (IP) where the Belle detector is sited. The pipes are cylindrical and
made of double walls of beryllium. The walls have radii of 20 mm and 23 mm which

is shown in Figure 2.4. Beryllium has low atomic number which reduces Coulomb
scattering, which is the main limiting factor on the z vertex position resolution.
A 2.5 mm gap separates the two walls. This gap is filled with Helium gas which
absorbs the heat. The nearest sub-detector is the Silicon Vertex Detector (SVD)
that measures the decay vertices. Cooling is necessary to improve the the vertex
resolution. Helium gas is circulated between the walls to dissipate the heat. The
beam pipes are wrapped by 20 pm thick gold foil to shield the low energy X ray

background.
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HER | l

Inner Be 120.0mm<R<20.5mm:

Quter Be 123.0mm<R<23.8mm

FIGURE 2.4: Schematic view of beam pipe.
2.2.2 Coordinate System of the Belle detector

The coordinate system that is used to describe the Belle detector is the following:
the IP acts as the origin of the system; the direction of the electron beam is used
as the positive z axis of the system; the z and y axis are horizontal and vertical to
the z axis. The radial distance,  is defined as r = 1/Z2 + 32 and the polar angle,
# and azimuthal angle, ¢ are defined with respect to the z and z axis, respectively.
The Belle detector is asymmetric along the z axis and can be divided into three
regions based on the polar angle coverage: barrel region, forward end cap and the

backward end cap region as mentioned in Table 2.2.

| Region | Polar angle coverage |
Barrel 34° < 0 < 127°
Forward endcap 17° < 0 < 34°
Backward region 150° < 8 < 127°

TABLE 2.2: Sub regions of the Belle detector.

2.2.3 Silicon Vertex Detector(SVD)

SVD is used for the precise measurement of the decay vertices of B meson, D meson
and 7 particles produced in e*e~ collisions. Precise vertex measurement is essential
for time dependent CP violation study. It is the closest Belle sub-detector to the

beam pipe. The vertex measurement precision of the SVD is 100 gan, which is
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FIGURE 2.5: Belle coordinate system.

required for CP violation study in B meson decays. In addition to vertex measure-

ment, it also plays important role in charged particle tracking, particularly for low

momentum charged particles.

SVD is cylindrical about the z axis. The SVD that is used during the period
1999 to 2003 consists of three layers of double sided silicon strip detectors (DSSD)
and called as SVD1. The polar angle coverage of SVD1 is 23° < § < 139°. Figure
9.6 shows the configuration of SVD1. SVDI1 was replaced by the upgraded version
in 2003, called SVD2 [42], which consists of four layers equipped with DSSD.
Figure 2.12 shows the configuration of SVD2. The polar angle coverage of SVD2
is 17° < 8 < 150°. SVD2 improved the z vertex resolution of the decays with low
momentum tracks by an amount of 20% with respect to the SVD1. DSSDs are
made of depleted p — n junctions. Charged particles passing through the junctions
create electron-hole pairs along their trajectory which drift to the n* and p* strips
of the DSSD. The n* and p* strips are placed perpendicular and parallel to the
beam direction, respectively. Since nt strips are perpendicular to the beam axis,
they measure the z coordinate whereas the p* strips which are parallel to the beam
axis measure the azimuthal angle, ¢. Each side of DSSD consists of 1280 sense

strips and 640 read out pads.
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SVD sideview
SVD endview N CcDC -

FIGURE 2.7: Schematic view of SVD2.
2.2.4 Central Drift Chamber(CDC)

The CDC is the second Belle sub-detector after SVD, which is a tracking detec-
tor. The purposes of CDC are the reconstruction of charged tracks and precise
measurement of momentum and position of charged particles. It also distinguishes
charged particles via the measurement of % It is cylindrical about the 2z axis and
asymmetric along the z direction. The 1e11é;th of CDC is 2400 mm and inner and
outer radius are 83 mm and 880 mm, respectively. It covers a angular region of
17° < 0 < 150°. Figure 2.8 shows the overview of CDC. The CDC drift chamber
has 50 layers (32 axial layers and 18 small angle stereo layers) of anode wires and
three cathode strip wires. The axial wires are placed parallel to the z axis while
the stereo wires are slanted approximately 450 mrd. To reduce multiple Coulomb
scattering, the chamber is filled with low Z gas, mixture of 50% He and 50% C5 Hg.
CDC has 5280 axial drift cells and 3120 stereo drift cells. The cathode strips are

divided into eight segments in ¢ direction and 64 segments in z direction to provide
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z coordinate information.

The Belle detector is placed in a 1.5T magnetic field. Due to the magnetic field

charged particles follow path of different curvature according to their momenta. An-

dE
dx

the expected %‘:; of different charged particles as a function of their momentum.

other purpose of CDC is to distinguish particles by measuring £=. Figure 2.9 shows

CDC is described in more details in [43].

Belle Central Drift Chamber
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FIGURE 2.9: %‘?‘— as a function of momentum.
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2.2.5 Aerogel Cherenkov Counter(ACC)

The sub-detector next to CDC is ACC. ACC distinguishes particles of similar
momenta which have different masses and hence different velocities. It distin-
guishes pions and kaons produced in B meson decays in the momentum range
of 1.2 < p < 3.5GeV/c. It works on the principle of Cherenkov light emission by
charged particle. A charged particle emits Cherenkov light when the velocity of the

particle, 8 satisfies the relation

B = —E—_

1
1/’,2_'_"-,'2 > n

where p and m are the momentum and mass of the particle and n is the refrac-
tive index of the medium. For a medium with fixed n there is momentum range

where kaons emit Cherenkov light while pions do not.

The ACC is composed of 960 counter modules segmented into 60 cells in the
¢ direction in the barrel part and 228 modules arranged in 5 concentric layers for
the forward endcap part of the detector. Figure 2.10 shows the configuration of the
ACC. The total polar angle coverage range of ACC is 17° < 6 < 127°. A typical
ACC module has five tiles of silica aerogel stacked in a thin aluminum box of size
12 emx12 emx12 cm. To get good k to 7 separation in the momentum range
(1.24 < p < 3.5) GeV, the refractive index of the aerogel in the barrel region were
chosen based on the polar angles and ranges between 1.010 to 1.028. The end cap
aerogels have refractive index of 1.030. Figure 2.11 shows the ACC module. ACC
correctly separates pions and kaons between 80% to 95% of the time. The ACC is
described in more details in [44].

2.2.6 Time of Flight(TOF) counter

TOF sub detector system provides the time that a particle needs to travel from the
interaction point to the TOF module. It is sited just outside the ACC. The TOF
system is sensitive to momenta p < 1.2 GeV and complementary to the ACC as it
provides information in distinguishing charged kaons and pions. TOF system has
an angular coverage of 33° < @ < 121°. It has 128 TOF counters and 64 trigger

TH-1959_ 11612114




2.2. The Belle Detector 31
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FIGURE 2.10: Schematic diagram of ACC.
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FiGURE 2.11: ACC module.

scintillation counters. The counters measure the elapsed time between a collision
at the interaction point and the time when the particle hits the counters. The
measured time information (T), in addition with the momentum information (p)
given by ACC, allows to compute the particle mass (m) and hence the particle

identity. The mass of the particle is given by

where L is the distance traveled by the particle from the IP to the TOF module.
The lay out of TOF counter is shown in Figure 2.12. TOF system is described in

more details in [45].
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FIGURE 2.12: Lay out of TOF module.
2.2.7 Electromagnetic Calorimeter(ECL)

ECL sits next to the TOF counter. The purpose of the ECL is to detect electrons
and photons coming from B meson decays with a good resolution in energy and
position. It measures the shower energies produced by the electrons and the pho-
tons. It consists of thallium doped CsI crystal counters. It has threc sections: the
forward end cap section, the barell section and the backward end cap section. The
forward end cap section covers 12.4° < 6 < 31.4° and consists of 1152 crystals.
The barrel section covers 32.2° < § < 128.7° and consists of 6624 crystals. The
backward endcap section covers 130.7° < # < 155.1° and consists of 960 crystals.
Figure 2.13 shows the overview of the ECL. The scintillating material should have
large photon yield, crystal transparency to its radiation, short decay constant and
high mechanical stability. The barrel section is 3 m long and has 1.05 m and 1.64 m
inner and outer radius, respectively. The length of the each crystals is 30 cm which
is equivalent to 16.2 radiation length. The shape of the crystals are like tower with
front face of (55 mm X 55 mm) and a rear face of (65 mmx65mm). The size of the

crystal is optimized on the basis of position and energy resolution.

When high energy photons and electrons interact with the crystals, electro-
magnetic showers are generated through subsequent bremsstrahlung and electron-
positron pair production processes followed by Coulomb scattering. The overall
energy and position resolution of ECL as a function of energy E can be expressed

as
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FIGURE 2.13: Schematic diagram of ECL.
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where F is in GeV. In the expression, the first term is the contribution of electronic
noise and the second and a part of the third term comes from the shower leakage
Auctuations. The third term also includes systematic effects such as the uncertainty
on the calibration of the light yield in the crystals. The ECL is described in more

details in [46].

2.2.8 Extreme Forward Calorimeter

The Extreme Forward Calorimeter (EFC) is used to detect and measure the elec-
tromagnetic showers produced in the extreme forward and backward directions.
The polar angle coverage of EFC, 17° < < 1507 is extended in the forward and
backward regions. It covers angular range from 6.4° < 6 < 11.5° in the forward
region and 163.3° < 0 < 171.2° in the backward region. Figure 2.14 shows the
schematic view of the EFC. The region around the beam pipe near the interaction
point has very high radiation level. So the EFC which is placed near the interaction
point should have the property of radiation hardness. BiysGez0,2(BGO) crystal
has the required property and used in the EFC. EFC works as a beam mask and
reduces back grounds for CDC. It also acts as a beam monitor for the Belle experi-

ment. EFC improves the sensitivity of the processes such as B* — 7% and provides
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tagging information for 4+ physics. It has excellent ¢ and -~ cnergy resolution of

(O‘L‘/_Elﬁl%GeV. The EFC is described in more details in [47].

s
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FIGURE 2.14: Scheamatic view of EFC.

2.2.9 K} and Muon detector(KLM)

KLM is the outermost sub-detector of the Belle detector. It sits after the ECL.
KLM. sub-detector isuged to identify K9s and muons in a wide momentum range
with high efficiency. Particles which reach the KLM have transverse momentum
(pr) > 0.6GeV. The life time of K9 and muons are comparetively large and losses
very small amount of energy in the previous sub-detectors. KLM consists of alter-
nate layers of glass resistive plate counters (RPC) [48]) and iron plates. Figure 2.15
shows the schematic diagram of KLLM. KLLM has 15 RPC layers and 14 iron layers.
KLM covers an angular range from 20° to 155°. The ECL provides only 0.8 interac-
tion lengths for K7 mesons, the 14 layers of iron plates add 3.9 interaction lenghts.
The iron plates shield most of the charged particles other than muons. Due to small
interaction cross section muons travel further without much transverse scattering
in the KLM which makes muon identification purest with efficiency above 90% and

less than 5% mis-identification.
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RPCs are made of parallel glass electrodes of a high bulk resistivity (> 10 x
10'ohm — em). The gap between the electrodes are filled with gas. The gas is
ionized when charged particles pass through it, which causes a discharge at the
electrodes which are picked up by the readout strips to measure its location. Figure
2.15 shows the schematic diagram of KLM and RPC module. The KLM detector

is described in more details in [49].
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FIGURE 2.15: Lay out of RPC.

2.3 The Trigger System

The purpose of the trigger in the Belle detector is to record the useful events of
physics interests and rejects the others produced during e*e  collisions. The trig-
ger plays an important role in the experiment. Useful events contain mainly the
hadronic events involving B mesons. During e*e™ collisions. a significant number
of events are produced which are not of interest for physics analysis in the Belle
Experiment. For example, interactions between the particle beams and the residual
gas, ete scattering, interactions with the material of the beam pipes, synchrotron
radiation, cosmic ray events etc. The trigger system rejects the uninteresting events
and selects the interesting ones. The Belle trigger system is described in more de-

tails in [50, 51]. The selected events are then forwarded to the data acquisition
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system (DAQ) with high efficiency within a very short decision time.
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FIGURE 2.16: Overview of L-1 trigger.

2.3.1 Lvel-1 Trigger

The Belle Level-1 (L1) trigger system consists of sub-trigger systems and the cen-
tral trigger system called the Global Decision Logic(GDL). Figure 2.16 shows the
overview of the L-1 hardware trigger system. The sub-triggers are categorized into
two types: track triggers and energy triggers. The track triggers use charged par-
ticles track information for triggering. CDC and TOF provide trigger signals from
charged particles. CDC provides r — ¢ and z trigger. r — ¢ trigger is used to identify
the tracks originating from the IP. It uses track direction, transverse momentum
and number of track information for triggering. z trigger uses z position informa-
tion to reject tracks from beam background due to high beam currents. Such tracks
come from beam-gas events, from interactions of material around the beam pipe or
from cosmic rays. TOF trigger system provides timing signals with a time jitter
less than 10ns and information on event multiplicity and topology. On the other
hand the energy triggers use total energy deposition and cluster counting of crystals
hits of ECL for trigger. KLM and EFC trigger systems provide additional trigger
information. KLM trigger is based on the number of muon hits. EFC triggers are
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used for tagging two-photon events and Bhabha events. Sub-triggers parallely pro-
cess event signals and provide trigger information to the GDL. GDL combines all
the information and distinguishes the signal and background events. The L1 trigger

system is described in more details in [50].

2.3.2 Level-3 Trigger

The Level-3(L3) trigger is a software trigger which reduces the event rate by about
50%. L3 implements a fast track-finding algorithm. It selects events with at least
one track with z impact parameter less than 5 cm and at least 3 GeV energy

deposition in ECL. It selects 99% of interesting physics events and rejects 50% —60%

of L1 events.
2.4 Data Acquisition(DAQ)

Belle Data Acquisition System
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FIGURE 2.17: Schematic view of the DAQ

The Data Acquisition system (DAQ) collects signal information from the various
sub-detectors, converts them to event by event data and store in the storage system.

Figure 2.17 shows the schematic view of the DAQ. The DAQ system has seven

TH-1959_11612114



38 Chapter 2. The Belle Frperunent at KEKB

sub-systems. The sub-systems work in parallel. each handling data from a sub-
detector. The parallel system increases the overall data acquisition rate and fulfill
the requirements so that it works at a speed of required 500 Hz with a dead time
fraction of less than 10%. The data collected from the systems are converted to
event by event data by an event builder. The output of the event builder is sent
to an on line computer farm, where another level of event filtering is done after the
fast event reconstruction. The data to be recorded are then sent to a mass storage

system located at the computer center via optical fibers at the rate of about 15
MB/sec.

2.5 Hybrid Avalanche Photo-Detector (HAPD)

For the Belle II experiment, there is a considerable upgradation of the Belle de-
tector including the proximity focusing Cherenkov detector that usage acrogel as a
radiator. A 144 channel HAPD (Hybrid Avalanche Photo-Detector) is one of the
candidate photo-detectors. As part of my hardware contribution to the Belle TT ex-

periment, I worked on testing the performance of the HAPD in a 1.5 Tesla magnetic
field.

Belle II experiment has the aim to search for the so called new physics in mea-
surements of rare B, D and + decays. To achieve this Belle II collaboration has
upgraded the KEK B collider, which will have very high luminosity to provide the
needed statistics. The new Belle I spectrometer will log all interesting events and
for that it should have extremely accurate vertex and tracking system, particle

identification system and energy measuring system.
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FIGURE 2.18: Schematic view of SuperKEKB collider (left) and Belle Il spectrometer
(right)
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2.6 Particle Identification (PID)

Particle identification is the process by which particles are identified on the basis of
the information that is left by them on the detector when they pass through it. It
is one of the fundamental requirements of all experiments in high energy physics.

This section will cover the basics of PID via Cherenkov radiation.

2.6.1 Cherenkov radiation

When a charged particle moves in a medium with speed greater than that of light
_in that medium - Cherenkov radiation (polarized electromagnetic radiation) at a
characteristics angle is emitted. Relation between that angle and a speed of particle
is given as cosf = 1 /Bn, where 8 is Cherenkov angle, 3 is speed of particle divided

by speed of light and n is the refractive index of the medium.

Molecules in close proximity of particle trajectory are momentarily polarized,

and after its passes those molecules return to their initial state by emitting photons,

which can interfere destructively or constructively, depending on the particle speed.
Constructive interference of photons caused by particles traversing the matter faster

than speed of light, is called Cherenkov radiation. Graphical representation is shown

in Figure 2.19.

FIGURE 2.19: Polarization of matter by charged particle traversing the matter. Left:

particles slower than electromagnetic waves induce symmetrically arranged dipoles around

their path - no net dipole moment and no Cherenkov radiation. Center and right: particles

faster than light break symmetry causing non-vanishing dipole moment - radiation of
Cherenkov photons at a characteristic angle 6.
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2.6.2 PID

Cherenkov angle depends on the momentum of the particle. Figure 2.20 shows that
Cherenkov angles for kaons and pions are well separated in a range of energies up

to 4 GeV/c in the same medium.

' F] s . L
Momentum (Gev/e) e ux& 02T mls ;e;,,,'d)

FIGURE 2.20: C’herenkgv angle as a function of particle momentumn for kaons and pions
in medium with n = 1.046 and n = 1.056.

2.7 Proximity-focusing Aerogel Ring Imaging Cherenkov

detector

PID system specifically designed for Belle II has to comply with physical and de-
tector requirements. Physical requirements are:
e separation between kaons and pions up to 4 GeV/c

e discrimination between pions, muons and electrons below 1 GeV I
And the detector requirements are-

e immunity to 1.5 T magnetic field

e high tolerance for neutron anq gamma radiation

e system has to fit in a 28 ¢m wide space

Type of system that fulfills all of the above criteria is called proximity-focusing
Ring Imaging Cherenkov (RICH) detector with aerogel as a radiator (ARICH).

Schematics are shown in Figure 2.21
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FIGURE 2.21: Schematics of prozimity-focusing ARICH detector.

2.8 Photon Detector

At first, there were three proposed photon detectors for proximity-focusing RICH de-
tector. These are Silicon Photo-Multipliers (SiPM) with light guides, Micro Channel
Plate Photo Multiplier Tubes (MCPPMT) and Hybrid Avalanche Photo-detector
(HAPD). But SiPM is found to be affected by neutron radiation and photo-cathode
of MCP PMT does not have the capacity to deal successfully with aging (long expo-
sures to photons). So, HAPD manufactured by Hamamatsu Photonics was chosen

for proximity-focusing RICH photon detector.

2.8.1 Hybrid avalanche photo diode

Photodiode consists of p-n junction and it is a very simple semiconductor photon
detector. At the junction of the p-n diode diffusion of charge carrier takes place
and creates a depleted region with weak electric field. When a particle like electron
passes through the depleted region (or near the edge) it generates electron-hole pair
in that region and the electric field of that region pushes electrons to the n-doped
layer, and holes to the p-doped layer. The movement of the charge generates a
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electric current but it is too small to be measured. The lack of internal amplifica-
tion (gain) makes photo diode applicable only when one expects more than 1000

photons, each producing an electron-hole pair.

AE pope §§£t! nype et
P-region ; i N-region
Conduction Band H X |
. ® PE 055090 0060 0
Nseoe ® ® @@gi@:eioe OOOOG?
5000 ® ® HORNCH
00001 | } Buitin vorage © 0% @0 i@-gie @99 50
O ©%0 i@ ~© O@
weebrd . 10 @O0 0 i0!00°202000
U o
{o \Depletion!

FIGURE 2.22: Silicon photodiode.

In our case the photon intensity is small, so to measure this kind of small signal
one can use reverse bias on photo diode. The reverse bias increase the internal
electric field which helps the electrons to receive enough kinetic energy for further
ionization. Photo diode with reverse bias is called an avalanche photo diode (APD).
Internal gain is limited by the breakdown voltage, which is defined as the voltage
at which multiplication by holes becomes considerable, and the multiplication is

no longer controlled, up to around factor 1000. This is still not enough for single
photon detection.

To achieve higher gain one can combine vacuum technology with semi conducting
photo detectors. Here the dynode and the anode structure of classical photomulti-
plier tubes are replaced by high electric field and avalanche photo diode, respectively
and we get Hybrid APD. When a photon hits the photo diode it generates photo
electron via photoelectric effect. Electron is then accelerated by high clectric field,
so when it hits avalanche photodiode at the bottom of Hybrid APD, it has enough
energy to generates several 1000 primary pairs via ionization. Average number of
generated pairs defines the so called bombardment gain. Next step in multiplica-
tion is the same as with APD. So the total gain of Hybrid APD is convolution of

bombardment gain and avalanche gain, which is enough for single photon detection
capabilities.
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2.8.2 Hamamatsu Hybrid Avalanche PhotoDetector (HAPD)

Hamamatsu HAPD that has become a part of proximity-focusing RICH de-
tector with aerogel radiator, is a square shaped HybridAPD. It consists of super
bialkali photo cathode, vacuum region with high electric field (typical bias is around
7 kV), and four APD chips, that are further pixelated in 6 x 6 pixels. Flawless pro-
duction of big APD chips is very difficult and expensive. Therefore, it is easier and
cheaper to make HAPD from four smaller APD chips, than form one 12 x 12 pixels

big APD. Major specifications are mentioned in Table 2.3

Multialkali
photocathode

\J
A
10KV g
15-25mm
¥

Pixel PD or APD

FIGURE 2.23: Schematic view (left) and picture (right) of HAPD.

package size (mm?) 7T3XT73
sensitive area (%) 64
number of pixels 144 (36X4 chips)
pixel size (mm?) 4.9X4.9
capacitance (pF) 80
single photon detection efficiency | 0.80
weight (g) 220
peak quantum efficiency (%) 30
bombardment gain 1500
avalanche gain 30

total gain 45X10°

TABLE 2.3: HAPD specifications.
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2.9 Properties of HAPD

2.9.1 Gain

Mean energy required to produce an electron-hole pair in silicon is approximately
W = 3.66 eV. Theoretically, primary photo electron with energy E could ionize
E /W secondary electron-hole pairs. From this, we can get linear connection between
bombardment gain and photo cathode voltage. Exponential growth of an avalanche
of secondary electron-hole pairs is a bit harder to get, but electrons that gain at
least 3.66 eV of energy on their mean free path can generate another pair and so

on. Therefore, avalanche gain has exponential dependence on reverse voltage.
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FIGURE 2.24: Linear 4

HAPD (left). Ang - ependence of bombardment gain on photocathode voltage for typical

onential dependence of avalanche gain on reverse bias voltage for
typical HAPD (right).

2.9.2 Pulse height spectrum

Response of HAPD to short light pulses with wavelength of 470 nm can be scen from
Figure 2.25. Excellent photon counting ability is evident as peaks corresponding to
different number of detecteq photons are finely separated.

2.9.3 Background contributjon

From the position of incident Cherenkov light on photon detector we can deter-
mine cherenkov angle and fi}] histogram it. On the right side of Figure 2.26. we

see that we do not get only one Gaussian peak per incident charged particle of
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FigurE 2.25: Pulse height spectrum where peaks corresponds to different number of
detected photons.

selected momentum, but also additional background. Background can be explained
by Cherenkov light that is reflected from APD surface and then produces photo
electron, by photo electron back scattering, Cherenkov light from window, and in--

ternally reflected Cherenkov light.

Cherenkov light reflected 00k
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v
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F1GURE 2.26: Sources of additional background peaks.

2.9.4 Quantum Efficiency (QE)

Quantum efficiency is the number of photoelectrons emitted from the photocath-
ode divided by the number of incident photons. Therefore, photocathodes with
higher QE will emit more photons and as a result. achieve better Cherekov angle
resolution. QE peak of 30% at 360 nm has been achieved for typical HAPD with
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"Super Bialkali” photocathode - it is important to note. that QFE peak coincides
with wavelengths of Cherenkov radiation. In comparison. photocathodes of classical

photomultiplier have highest QE with " Ultra Biakali” photocathodes up to 43%
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FIGURE 2.27: QFE for typical HAPD (Ieft,)_ QFE of ;Dh(){.()(:aHf(}d('.&' from classteal photo-
multiplier tubes for ’Bialkali’, ‘Super Bialkali’ and Ultra Bialkali™ technology.

2.9.5 Magnetic field immunity

Unlike classical photomultiplier tubes that can not operate in high magnetic fields
due to bending of electron trajectories, HAPD performance is improved by it. Mag-
netic field that is perpendicular to the entrance window of HAPD causes clectrons
to circulate along the magnetic field lines and consequently they fall where they
should. Therefore, magnetic field decreases distortion due to a non-uniform electric
field at the edge and eliminates photoelectron backscattering cross-talk.

2.9.6 Measurements of the leakage current of the HAPD chips
We measured the leakage current for each of the chips (A-D) by changing the bias

voltage. Figure 2.32 shows the variation of leakage currents. As we expected it
suddenly grows up after a certain voltage.
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FIiGURE 2.28: One dimensional scan of a row done on a testing HAPD.
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FIGURE 2.29: Electron trajectories in B=0 Tesla.
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FIGURE 2.30: Electron backscattering with B=0 Tesla (left) and B=1.5 Tesla (right).
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FIGURE 2.32: Leakage current of HAPD chips showing one of the chips is not working
properly.
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2.9.7 Performance of the HAPD in the Magnetic Field

We see the performance of the HAPD in the 1.5 Tesla magnetic field. Before putting
the HAPD in the magnetic field we aligned all the 144 channels at a certain threshold

value. Figure 2.33 shows the threshold scan before and after the alignment.
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FIGURE 2.33: Threshold scan before and after channel calibration.

After the alignment of the channels we put HAPD in the 1.5 Tesla magnetic
field. Figure 2.34 shows the response of the HAPD channels to the trigger. The

right plot has a very large dead time and the left one is without dead time.

Right plot of Figure 2.35 shows the number of HAPD with fraction of dead time

and the left one shows the fraction of dead time with HAPD serial number.

Figure 2.36 shows the statistics of the HAPD measured.

2.9.8 Conclusion

From the study of the performance of the HAPD in 1.5 Tesla magnetic field we can
conclude that some of the HAPD have very large dead time. We do not find any
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Fiaure 2.34: Threshold scan plot for HAPD having small and large dead time.
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FIGURE 2.35: Number of HAPD with fraction of dead time (right) and fraction of dead
time with HAPD serial number (left).
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FIGURE 2.36: Statistics of the HAPD measured.

meaningful behavior of the measured quantities.

2.10 Chapter summary

This chapter gives a brief introduction of the KEKB accelerator, the Belle detector,
trigger system used for signal selection and the DAQ used for data acquisition. It

also includes a section on my hardware contribution, namely to the construction of
the HAPD detector for Belle 11 experiment.
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Chapter 3

Signal selection and Event

reconstruction

This chapter provides the analysis procedure applied in searching for the decay
B? — mm at T(5S5) resonance. It describes the different steps of the analysis:
datasets used, event reconstruction, the blind analysis technique applied in the
analysis and the separation of signal from background events. We use different kine-
matic. likelihood based selection for different particles and event shape variables to
discriminate the signal from the background like events. First we use loose selection
criteria on the variables to reconstruct the events that ensures higher reconstruction
efficiency. The selection criteria are further optimized using signal significance as
the figure of merit (FOM) in the final stage of the analysis. Neural Network, a
multivariate analysis tool is used to suppress the dominating backgrounds. A best
candidate selection (BCS) criteria is also applied for the events having multiplicity
greater than one. Signal selection efficiency is computed based on the number of

events surviving all the selection criteria.

3.1 Analysis Strategy

We are using y — vy and 1 = ntw~7° decay modes to reconstruct our BY —
decay. The B? — 1 candidate events are reconstructed by first reconstructing (a)
both the #'s from 3 — 7 decay, followed by reconstruction of BY = 144144 (b) both
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the 5’s from 7 — 77~ 7 decay. followed by reconstruction of /30— 15,15, and (c)
one 7 from 7 — 7 decay while the other 7 from 7, — = 7 #" decav. followed by
reconstruction of By — 1.73-. These two modes cover 62.33% (39..41 A for n — vy

and 22.92 % n — nta~7° (PDGQG)) of the total decay width of .

We perform a blind analysis to avoid bias in selecting the criteria that separates

the signal from background. Signal and background MNonte ('arlo (MNC') events
are generated using the EvtGen event generator [52]. The senerated MO events
are passed through a GEANT based detector simulator. followed by event recon-
struction to generate a MC data sample that is equivalent to the real data sample
from the ete~ collision. The salient points of the adopted analysis strategy are the

followings:

: R— SRR . T xpectation of
e Perform a blind analysis, since the decay mode is rare. wit h an expecte

: : : analuvsis is a technique
very few signal events In the entire Belle dataset. Blind analysis is a t« q

1 3 e e lt’
in which signal and background MC samples are used to identify the ever

i \ - N e cignal sisnificance as the
selection criteria which are further optimized using signal signific ¢

: _ FE . AT s includin
FOM. Once the entire analysis is performed using the MC samples g

. . . i 3 1 ] he same
the signal extraction technique based on maximum likelihood fit, the se

: ; 1 sienal a d
methodology is applied to the real data sample to extract the final signal an
background yields. This is done to avoid experimenter’s bias in selecting the

selection criteria to select the signal over the background. This requires:

— Pre-identification of all the possible backgrounds.

— Generate MC samples for both signal and background to optimize the

selection criteria and to study the variables that discriminate the signa
from the backgrounds.
5 > o ] M 1 e €2 olect] "'..‘.'-'_.,
— Reconstruct BY — 7 signal candidates with loose pre-selection criteria
Run the same event reconstruction algorithm on the background MC
samples to understand the backgrounds.
— Use event shape variables as inputs to a Neural Network (NN) to reject
; e . .- ; A
the background or 1gimating from light quark (. d, s.c) production im ¢ "¢
collision since such backgrounds are the dominating source of background

in this analysis.

TH-1959_11612114



3.1.  Analysis Strategy 53

— Parameterize the signal and background probability density function (PDF)
using signal and background MC samples.

— Perform an unbinned maximum likelihood fit to extract the signal and

background yields from the remaining events.
— Estimate the statistical and systematic uncertainties.

— Calculate the BR if a significant signal yield is observed, otherwise esti-

mate 90% Confidence Level (CL) upper limit.

3.1.1 Data Samples

The search for the decay, B® — 7 is based on 121.4 fb1T(55) data sample
collected by the Belle detector, which corresponds to 14.2 x 10° B events. The
data used in this analysis was collected using SVD2. Data collected using SVD2 has

been reprocessed using improved track finding and photon reconstruction algorithm

[42).

3.1.2 Monte Carlo (MC) Samples

Both signal and background MC simulated events are generated to optimize the
signal selection criteria, estimate the signal reconstruction and selection efficiency,
study background sources and to parameterize the signal and background shapes.
Thus they play a vital role in optimizing and characterizing the physics processes.
MC production process involves two steps: event generation and modeling of de-
tector response. Events are generated according to various physics processes using
a decay table, which specifies the decay models, modes, branching fractions, etc
for all possible particles involved in the decay chain. The event generation is done
using the EvtGen [52] event generator package, designed for B meson decays based
on particle properties (mass, width, lifetime, charge, etc). The generated particles
are then passed through GEANT [53-55] to simulate the detector response, after
adding the background and data files are generated for analysis that match the real

data formats.
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3.1.2.1 Signal MC
We have generated 100,000 B, — nn signal MC events for cach of these three B

decay modes: B; = 7447y » Bs = 0yn3x and By, — 1jsz13. The decay models

used to generate the signal MC events are sununarized as follows:

Models used for n — vy

e N-Body Phase Space (PHSP) to generate Y(55) — B3V and T(55) —
B% B? events.

e Vector to Scalar Scalar (VSS) to generate YT(55) — BYBY cvents.
e Vector to Scalar Photon (VSPPWAVE) to generate BY* — 3] events.
e Photos Phase Space (PHOTOS PHSP) to generate BY — 1 events.

e Phase Space (PHSP) to generate n — v+ events.

Models used for n — nta~ 7"

e N-Body Phase Space (PHSP) to generate Y(5S) — B¢*BY* and T(55) -
B%* B? events.

e Vector to Scalar Scalar (VSS) to generate Y(55) — B?B? cvents.
e Vector to Scalar Photon (VSPPWAVE) to generate BJ* — BY%y events.
e Photos Phase Space (PHOTOS PHSP) to generate BY — 7 cvents.

e PHOTOS ETA-DALITZ to generate  — n+n~n® events.

PHSP to generate 7% — ~~ events.

3.1.2.2 Background M(C

The dominant source of background for the decay is the production of light quark-
antiquark pairs (¢ = u,d,s, ¢) in the ete— annihilation, identified as continuum
background. Generic B.«;(Bﬁ*)E‘g*)) (bsbs) and non- B,(B*B*n.Y(4.5)7) (nonbsbs)
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decays of T(5S) , and two photon process resulting from 7° decays also contribute
to the backgrounds. Dedicated MC samples for these processes are generated to
study the background. Six streams of the following background MC samples are

used in this analysis:

o uds (¢te™ — ui, dd, s5)
e charm (ete™ — ¢?)
e bsbs (ete™ — YT(58) = BM BM)

e nonbsbs (etfe™ = Y(5S) - B*B*m, T(45)Y)

Each stream corresponds to 121.4fb~! of data, i.e., the luminosity of the T(55) real

data sample used in this analysis.

3.1.3 Signal Selection and Event Reconstruction

3.1.3.1 Photon Selection

Photons are identified as energy deposition in the ECL that are not matched to a
charged track. Candidate photons are required to have a minimum energy (E,) of

100 MeV. The other selection criteria are described below:

e Daughter photons from 7° decays contribute to backgrounds. They are re-
jected on the basis of likelihood information (P2(y)) obtained using energy
and polar angle of the photons and the diphoton invariant mass. P2(v) de-
notes the maximum probability that a candidate photon can be combined with

another photon in the event to form a #° particle. We select photons only if

P%(y) < 0.5.

e Due to the long decay time of the Csl crystals, QED processes like Bhaba
scattering or cte~ — vy events can leave two perfectly back-to-back clusters
in the ECL and can very well mimic the  — v events. This off-time QED
background can be removed by requiring that the photons hit the ECL cluster
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within 9 to 11 micro-seconds of the collision. As the timminge information is not
simulated, a selection based on MC truth information is used to remove such

background from the simulated samples with an equal efficiency.

e To reject neutral hadrons like A mesons. neutrons. 7" ete. we use information
about the shower shapes since electromagnetic and hadronic showers have dif-
ferent shapes in both the transverse and longitudinal dircctions. Shower shapes
in the transverse direction can be evaluated by using the variable EF9/E25
which is the ratio of the energies summed in 3 x 3 array of crystals to that of
5 x 5 crystals in the transverse plane around the crystal with the largest en-
ergy deposit. Shower caused by hadrons grow wider than the electromagnetic
showers due to multiple showers caused by hadrons. For cach ECL cluster, we

require the ratio to be greater than 0.95 [56].

3.1.3.2 Selection of charged tracks

To select charged tracks we use three variables o7, 6z and py. where or and 0z
are the distance between the TP and the point of closest approach in the plane
perpendicular to the beam axis (r — ¢ plane) and along the beam direction (z
axis), respectively. We impose requirements on these variables to be |dr] < 0.3cm,
0z] < 3cm and pr > 0.1GeVe !, In addition to these variables we have also applied
kaon identification (K1D), ) and clectron iddentification

1D < 0.4, ulD < 0.95

muon identification (pef D
(el D) likelihoods. For 7+ and T

selection we require /X
and el <'0:9o. Here, KID, uID and eID are the likelihood of the track to be
coming from a kaon, muon and electron respectively. The likelihoods are calculated
on the basis of dE/dx measurement by CDC, the Cherenkov light vield in ACC and
the time of flight information from TOF by taking the product of the likelihood
functions for three discriminantg ie.

JC.;' = L;lEfrlx.L?C(J_E;FOF(i — 1(_ /L, e )
3.1.3.3 Selection of 7¥

?TOS are re(;()}lsfyl'll(!te(l from two gammas. To select ’H'U: we l‘("-(.{llil'(’ 11T7ALc ) T o <

149MeV and we also perform a mass constrained fit and require the XxZ2o = 50.
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Figure 3.1 shows the n” mass distributions and its parameterization. From the
o
parameterization, we have seen that the reconstructed 7° mass peaks at around 135

MeV with a width of about 5 MeV which agrees with the PDG value of 7° mass.

g 220E ET mean= 013514 = 0.00011
£ 2o 200E-| gigma = 0.00513 + 0.00014) * }
1pof- 10| cp = -0.2725 + 0.066
3 ~160 | traction = 0.682 + 0.020
160 (=]
] ~
40— §"w
P = S0
g bret
100f= ‘;IDCI
= -
80 58
3 2
= = o0

L | T L I L i I il 1 Vo i
b 012 0125 013 0135 0.4 [REL] 015 = 0z 0125 [N R 0135 [INE] 0.145 M
m,.(Gevic’) m_, (GeVieT)

@

FIGURE 3.1: @ mass distributions(left) and its parameterization(right).

3.1.3.4 Selection of 5

The 7 candidates are reconstructed by combining a pair of selected gammas having
an invariant mass, M., within 0.5 < my,, < 0.6 GeV/c? of the nominal 7 mass
for n — 7y mode. For n — atm~ 7" mode, the reconstruction is done by combing
the selected pions. To select the n candidate for this mode we require 527 MeV
< My, <568 MeV and we also perform a mass constrained fit and we keep only
those n candidates which have Xf}_”m w0 < 200. Figure 3.2 and 3.3 shows the n,, and
N3x 11ASS distributions and their parameterizations. From these parameterizations.
we have seen that for both 7., and 7., the reconstructed masses peak around the

nominal 7 mass with widths which agree with the PDG value of 7 mass.

3.1.3.5 Reconstruction of B! Meson

B meson candidates are formed by combining a pair of n mesons for B! — nm
decay. BY mesons are selected on the basis of the beam constrained mass (M,.) and

energy difference (AE), defined as:

-ﬂ"fbr = \/(Ebeam)g - (R‘Pmn)g
AE = Erﬁ%}ron - Ebenm
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EB:

gnal candidates

The s i i
selectiop Criteria to gelec

m energy, and P,..., i1s the reconstructed momentum of

O

Tecon 18 i _ = 1\ /
energy of the reconstructed BY?, all evaluated in the ete” CM

are required to satisfy 5.3 < M,. < 5.435 GeV /c? and

t signal events are given in Table 3.1, 3.2,

Selection Criteria

E, > 50 MeV
|__To veto < 0.5
| Photon TD 1= 011
| E9/E25 > 0.95
o . Wy 0.5< M, < 0.6 GeV
| Xy < 50
My, 5.3 < M. < 5.435 GeV /c?
L_AFE 06 < AE < 0.2 GeV

TABLF, 3.1:
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charged tracks |dr] < 0.3 cm, |dz] < 3.0 cm,
KID <04,pID < 0.95,eID < 0.95
w0 11TMeV < mqo < 149MeV
x2o < 50
] 527TMeV < m .0 < 568MeV
X121—nr1r1r° <200
BY 5.3 < My < 5.435GeV
~0.6 < AE < 0.2GeV

TABLE 3.2: Signal selection criteria for n = 77~ 7% mode.

3.2 Signal and Background MC Study

3.2.1 Signal Monte Carlo Analysis

We have processed 100,000 signal MC events for By — 74471y, Bs — 7Max73» and
B — 1,73z modes, respectively. The M. and AE distributions for the signal MC
samples after the application of the cuts are shown in Figure 3.4, 3.5 and 3.6. As
expected, for signal like events, the M, distribution peaks at around mean value of
5.4 GeV/c?, whereas AE peaks closer to zero for all the three cases.

0!
42 A 05 03 -04 -Qa -a2 ~av [] ar 02
M, {GoVi) AE{GoV)

[X) 32 534 E% £ a4

FIGURE 3.4: My, (left) and AE (right) distributions for signal MC for BY — Tiyy7y
mode.

3.2.2 Optimization of selection cuts

We optimize the selection cuts by using signal significance as the figure of merit

(FOM). The signal significance is defined as, \/S_T—E’ where S and B are the

number of expected signal and background events in this analysis. To find the
best value of the selection cut, we vary the value of the variable and find out the
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FIGURE 3.6: My (left) and AE (right) distributions for signal MC' for B) — 144N3x
mode.

value that maximizes the FOM. The distributions of FFOM are shown in Figure
3.7, 3.83.9. We use the optimized cut values in this analysis for these variables.

The candidates for 7., 73, and 7° are selected by requiring their fitted mass to be

around #+30 of their nominal mass. The fitted mass distributions for 77+, 73x and
7 are shown in Figure 3.1, 3.2, 3.3.

3.2.3 True and mis-reconstructed candidates

Since the reconstruction algorithm is not 100% perfect, it is important to estimate
the true efficiency for the selection of signal events and also the fraction of mis-

reconstructed signal events. The trye signal efficiency ¢¢rue 18 calculated as the

number of truely reconstructed signal events based on the truth ID of the events

and the fraction of mis-reconstructed signal events is calculated as the number of

mis-reconstructed events divided by the total number of signal events that have

passed all the selection cuts. These efficiencies and fractions are sumiarized in
Table 3.3. Figure 3.10, 3.11 and 3.12 show the M. and AF distributions for true

and mis-reconstructed event, respectively.
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FIGURE 3.9: X?,u for signal and background (left) and the FOM (right) distributions.
The straight line shows the value of the optimized cut.

3.2.4 Understanding the Peak

To understand the peaking characteristics of the mis-reconstructed events we have

simultaneously applied the M,, and AE signal region cuts. For By — 71,47, mode

and BY — n3a73x mode, the peak disappears once we apply the signal region cuts

which signifies that they are purely reconstructed. For the B{ — 7,,73x mode the

peak decreases significantly once we apply the signal region cut as well. Signal

region cuts are applied in Figure 3.13, 3.14 and 3.15.
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Decay mode €4y (%)  €true () frnre (0)

BY — 1y 0i3n 9.9 9.03 8.9
BY — 1313 8.3 7.8 12.9

TABLE 3.3: Total signal efficiency e€.,,, true signal efficiency €., ... mis-reconstructed
fraction f,,, ..
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FiGUre 3.10: My (left) and AE (right) distributions for true and msreconstructed
events for signal MC' for BY — 11yy1y~ mode.
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FIGURE 3.11: M), (left) and AFE (right) distributions for true and misreconstructed

events for signal MC' for BY — 1y m3x mode.

3.3 Background MC Study

To understand and identify the possible backgrounds in this analysis, we have also
processed various background MC samples using our reconstruction code. Belle has
collected data at T(55) resonance with five different experiment numbers. Ded-
icated background MC samples are generated by MC production team in Belle.
Each experiment has six streamg (0 to 5) of background MC data for different type
of backgrounds. Each stream of data corresponds to 121.4fb= " of data, i.e. the

luminosity of the Y (55) real data sample.
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FiGure 3.12: M. (left) and AE (right) distributions for true and misreconstruced
events for signal MC for B® — n3rn3x mode.
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FIGURE 3.13: M. (left) and AE (right) distributions for true and mis-reconstructed
events for signal MC for BY — 1yyny, mode.
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FIGURE 3.14: My, (left) and AE (right) distributions for true and mis-reconstructed
events for signal MC for BY = 1y4137 mode.

3.3.1 Continuum Background MC Study

Backgrounds arising from light quark continuum events, ete” = qd,q = u,d,s,c
are studied. We refer these type of backgrounds as continuum or udsc. We have
used data of stream 0 of all the five experiments to study continuum backgrounds.
We run the sanme event reconstruction algorithm and selection criteria as the signal
on the background MC samples to understand the backgrounds. The M,. and AFE

distributions for these types of backgrounds are shown in Figure 3.16, 3.17 and 3.18.
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FIGURE 3.15: M. (left) and AE (right) distributions for true and mis-reconstructed
events for signel MC for B? — n3.n3. mode.

From these studies we have seen that a significant amount of continuum background
events passed the selection criteria.
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FIGURE 3.16: My (left) and AE (right) distributions for continuum udsc background
MC for B} ~ 9,1y mode.
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FIGURE 3.17: M. (left Jand AE (right) distributions for udsc background for BY -
Ny+yM3n mode.

3.3.1.1 bsbs and nonbsbs Background MC Study

Generic B, (BS”Bi") and non-B, (B*Ber, Y (4S)7) decays of T(5S) also contribute
to the backgrounds. We refer these type of backgrounds as bsbs and nonbsbs bhack-
ground respectively. We have also studied the bsbs and nonbsbs background NC for
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FicUre 3.18: M, (left) and AE (right) distributions for udsc background for B —
N33z mode.

all the three decay modes: BY — 04414y, B = 73273z and B? — 7,4ms,. We have
used data of stream 0 of all the five experiments to study these type of backgrounds.
The Ay, and AE distributions for these types of backgrounds are shown in Figure
3.19. 3.20. 3.21, 3.22, 3.23 and 3.24. From these studies we see that the dominant
background for our analysis comes from light quark continuum events. Contribution
from bsbs and nonbsbs background is very small. The expected number of bsbs and

nonbsbs backgrounds after applying the signal region cuts are given in Table 3.4.
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FIGURE 3.19: My, (left) and AE (right) distributions for bsbs background for B »
ThTlyy mode.

Sub decay mode bsbs background nonbsbs background

BY = 14414y 0 0
B - HyyH3n 1 0
B.? = M3nn 1 0

TABLE 3.41: Ezpected number of bsbs and nonbsbs background events in the signal region.
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FIGURE 3.21: My (left) and AE (right) distributions for bsbs background for BY -
Ny T3 Mode.

3.3.2 Continuum Background Suppression Using Multivariate Analysis

The dominating background for the decay BY - nnis ete™ — ¢g continuum events
where g = u,d, 5,c. The combined mass of B?B? pair is less than that of the T(55)
resonance by only a few MeVs. So, the B? produced at T(55) resonance have very
low momentum and their decay products have a random direction, i.e., they have a
spherical topology. Since for continuum events, a smaller proportion of e*¢™ energy
goes towards particle production, these events have higher momentum and hence
are topologically quite distinct from Y (58) — B?B* events. Their decay products
are distributed mostly along the beam direction, i.e., they have jet like topologies.
So, we have used the event shape variables in an event classifier to discriminate
this type of background. We have used NeuroBayes in the Neural Network (NN)
framework for suppressing the continuum background. We have used modified Fox-
Wolfram moments and the absolute value of the cosine of the angle between the
thrust axis of the B, candidate and the rest of the event (cosf), where the thrust axis
is defined as the direction which maximizes the sum of the longitudinal momenta

of the particles in the decay as NN input variables.
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FIGURE 3.24: My, (left) and AE (right) distributions for nonbsbs background for B —
N3nM3n mode.

3.3.2.1

NeuroBayes(NN) input variables

e KSFW moments: To improve the discriminating performance the Fox-
Wolfram moments are modified to Kakuno Super Fox-Wolfram (KSFW) [57]
moments. KSFW moments are used to characterize the shape of the events

from e*e - collisions. The KSFW moments are defined as:
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where R{° and R{° are the modified Fox-Wolfram moments and the third term
is the sum of the tranverse momenta in an event. ~ is the coefficient and Ny is
the number of particles.

In the computation of R{°, particles are divided into three types: charged
particle(c), neutral particle(n) and missing particle(m). The missing particles
are constructed because the missing four vector is treated as a particle. ¢ is
computed as:

afHISO,C + alnHlso,n + aln, Hlsu,nl (3.2)
Ebeam - AFE

where the o's are the Fisher coefficients and Ej.,,, is the beam energy.

80 __
R}’ =

For odd value of {, Fox-Wolfram moments are defined as:

Hlso,n — Hlso,n — O (3.3)
Higo'c = Z Z Qinz |Pj:c|Pl((«'0391,jw) (3'4)
1 jx

where i means the daughter particle of sigal side B, j means that of other side
one, z gives the type of particles (z = ¢, n, m), Q; and Q;, are the charge of

the ith and jzth particles, 6, ;, means the angle between i and j.r.

For even value of ! Fox-Wolfram moments are defined as:

HP™" = Z Z |pjz| Pi(c0s0; j2) (3.5)
i jz
R{° is defined as:
R = 373~ BiQ;QulpslIpe Pr(cosbs) (3.6)
for odd value of |, n
R = 3" Bilpsllpx| Pi(cosbsx) (3.7)
i ok

for even value of [,

TH-1959_11612114

o




3.3. Background MC Study 69

Where 3 is free parameter corresponding to Fisher coefficient.

To improve the the signal-to-background separation, Fisher coefficients are
2

optimized in cach bin of missing mass square mm= as:
Nt Ny
5 2 2
mm* = (Ey — E E.)* - E |Pn| (3.8)
n=1 n=1

e 050, It is defined as the absolute value of the cosine of the angle between
the thrust axis of the decay products of the B candidate and the rest of the
event. The thrust axis is defined as the direction which maximizes the sum of

the longitudinal momenta of the particles in the decay.

We have used NeuroBayes as Neural Network (NN) to suppress the continuum
backgrounds. We used 17 different event shape variables as NN input.Figure
3.25. 3.26 and 3.27 show two of them and as expected they have discriminating
power to separate signal and background like events. Rest of the variables are

shown in Appendix B.

A = — Signal i — Signal
¢ ‘J’I Background c — Background
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FIGURE 3.25: Two of the 17 Neural Network (NN) input variables for By = Nty
mode .
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FIGURE 3.26: Two of the 17 Neural Network (NN) input variables, for BY — 1yy73x
mode.
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FIGURE 3.27: Two of the 17 Neural Network (NN) input variables, for 3! —» N3zTszn
mode.

3.3.2.2 NeuroBayes Training, Validation and Over training check

The basic aim of any classification problem is to distinguish between various types
of events based on a number of discriminating variables. In HEP experiments,
generally one wants to distinguish between signal and background. In general. the
task of a multivariate method is to map an n-dimensional input variable space into
a single scalar which contains all information including the correlations amongst
the input variables. The single variable then can be used as a discriminant instead
of using all input variables separately. To use a multivariate classifier, it has to be
trained first. For such training, one needs a large set of data for which the truth
is known. Using a dataset of signal and continuum background events where the
truth for every entry is known, the parameters of the classifier are determined in
such a way that the classifier output is as close to the known truth as possible. The

performance of a classifier is characterized by its efficiency E and purity P, defined
as:

E = NS‘eicc.tcd/Ns
P = NS‘fetec.',cd/NI‘m‘.ai

where, Nseigerea is the number of selected signal events, Ng is the total mumber of
Any classifier should ideally have high efficiency as well as high purity. We have
used NeuroBayes, a Belle standard neural network package. Figure 3.28, 3.29 ad

3.30 show the purity vs. efficiency plot and the purity vs. network output. For a

S. X 5 3 . ¥ x
ignal events and Ny, is the number of selected signal and background events.

well trained network, the purity as a function of NeuroBayes output should be on

the diagonal.
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FIGURE 3.28: Performance plots of NeuroBayes training for BY — nn analysis. Purity
vs. efficiency (left) and Purity vs. network output (right) for B = 0,41, mode.
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FIGURE 3.29: Performance plots of NeuroBayes training for BY — nn analysis. Purity
vs. efficiency (left) and Purity vs. network output (vight) for B — 1yyT3r mode.

signal purity

FI1GURE 3.30: Performance plots of NeuroBayes training for B — 1n analysis. Purity
vs. efficiency (left) and Purity vs. network output (right) for BY — N3tz mode.

Network output

P R B

We have divided the entire MC sample into 2 parts for both signal and back-
ground MC' analysis. We have used 2/3™ in training and 1/3™ for validation. The

neural network is trained by calling the NeuroBayes teacher which sets up the net-

work topology and performs the actual training. At the end of the training, the

trained network (called the expertise) is written to a file. The file contains all in-

formation needed to run an analysis e.g., the network parameters and all weights.

After the training. the NeuroBayes expert is used for analyzing the unknown events.
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FIGURE 3.31: Correlation matriz (left) and error vs. iteration plot (right) for B —

Ny Ty T0de.

The training job prints out analysis information such as linear correlation matrix
between the input variables and with the target, purity vs. efficiency plot, network

architecture, errors vs. iteration for training sample.
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FIGURE 3.32: Correlation matric (left) and error vs. iteration plot (right) for B —
NyyM3n mode.
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Ficure 3.33: Correlation matriz (Jeft) and error vs. iteration plot (right) for B? —
NanNan TOdeE.

We have used signal and continuum background MC sample in the NeuroBayes

classifier for the training and validation. For training, we have used 2/3"¢ of the
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available MO sample remaining after applying all the selection criteria. After train-
ing. we provide the remaining 1/37 sample (called test or validation) to the network
and it separates out the signal and background events on the basis of training. To
check whether over training has occurred or not, we have superimposed the results
for training and validation as shown in Figure 3.34 and 3.35. It shows the Neu-
roBayes outputs in the linear scale. We find acceptable consistency between the

training and validation samples which signifies that there is no over training.

NN Output distribution NN Output distribution
g 008 —— Sqgrarareg samoke g 009 — S TR ATl
§ = Sy i3t samele
2 o7 Backrowrd Ter g samcie 2 o008
‘E —— Gackground at serch ] -
fow ;

04 D 08 1
NeuroBayos Ouiput (NB)

FIGURE 3.34: Neural Network (NN} output NB for training and validation samples for
B — Ny nyy (left) and B — 14403« (Tight) mode.
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g 008 — Signal Taring samOle
13 ——— Sproturen
g oo — BeagardrERg T
'E - Backgreand test SEmON
z

FIGURE 3.35: Neural Network (NN) output NB for training and validation samples for
B — t3nni3n mode.

3.3.2.3 Modified NeuroBayes Output (NB')

It is very difficult to model the NeuroBayes output (N B) distribution with a simple
analytic function. Thus to improve the modeling, the modified NeuroBayes output

is calculated as:
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NB'_NBHH

NB’:log[NB —NB

where, NB,; = —0.6 and NB,,o, = 1. NB max is not really at 1. It is 0.991708 for
B? — 1,,m, mode, 0.982752 for B? — 1113 mode and 0.997368 for BY — 1373z
mode. So, when NB,,.. = NDB it becomes undefined. So we put N3, = L

Figure 3.36 and 3.37 show the N B’ distributions for signal and background MC
with an NB,,; at —0.6.
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FIGURE 3.36: Distributions of NB' for B® — nyany (left) and BY —> 1yynsx (right)
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FIGURE 3.37. Distributions of NB’ for BY — n3xnaxr mode.

3.4 Multiplicity of B? candidate per event

After we apply NB,,,, > —0.6, the average multiplicity of BY candidates are 1.06.1. 196

[ £ 0 p .
and 13810 By = npn.. BY ) nar and B® — Taanan modes, respectively which

are shown in Figure 3.38, 3.39.
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FIGURE 3.39: Multiplicity for Bg = N3xM3n.

3.5 Best Candidate Selection(BCS)

We require only one BY candidate per event. We select the best candidate by
minimizing the sum of the two chi-squares from two 7 mass constraint fits. The
multiplicity of the three modes are shown in Figure 3.40, 3.41 after performing the

best candidate selection.
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FIGURE 3.41: Multiplicity for B® — nannan.

3.6 Signal Selection Efficiency

The signal selection efficiency ¢ and its statistical uncertainty Ae are calculated as:

= Na — ex(l—e
€= 58 and Ae = i

where N is the totg] number of signal MC events processed and N is the number
of signal events lefy after applying all the selection criteria. We have generated
100,000 signal events for each of the three modes: B? — NyyTyys Be = ThyyTlsn
and By = satpy. After applying the selection criteria, the number of events left
are 9621 ,9488 and 814 fop B = 1 1yy, BY — 7yymas and B% = Naxtjza. mode,
respectively. Thus the signal selection efficiecny computed to be (9.62 + 0.09)%.
(9.48 + 0.09)% and (8.14 & 0.08)% for the three modes, respectively.
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3.7 Chapter Summary

This chapter describes the analysis strategy, data sets used in the analysis, signal
selection and event reconstruction, hackground MC study, optimization of selection
criteria. event multiplicity and best candidate selection criteria. Background MC
study shows that the dominating background for the decay B? — nn is ete™ —
¢G continnum events where ¢ = u,d,s,¢. Contributions from bsbs and nonbsbs
backgrounds are very small. NeuroBayes is used as a NN to suppress the continuum
backgrounds. Signal selection efficiency is calculated based on the number of signal

events survived all the selection criteria.

TH-1959_ 11612114



Chapter 4

Maximum Likelihood Fit Analysis

This chapter presents a brief introduction to the Maximum Likelihood (ML) fit
procecdure and the construction of the ML fit PDFs which are used to extract the
signal and the background yields in the real data sample. We have performed a 3
dimensional unbinned extended ML fit involving M., AE and NB’ to extract the

signal yield.

4.1 Maximum Likelihood (ML) Fit

To estimate the values of various parameters of a distribution, maximum likeli-
hood fit [58-62] method is used. Estimation means a precise and accurate proce-
dure where the result (for e.g., the values of the parameters of a distribution) that
may be imprecise, but the extent of imprecision is known [58]. For a data sam-
ple z1, T2, 23, ....., T, of n independent and identically distributed observations, the

likelihood L(&|xy, xa, x3, ....., &) is defined as:

L(E|xy, a2, g, oo Xn) = F(21, 22,23, oo, Tal€) = [ [F(@il€) (4.1)
i=1

where € denotes the vector of parameters of the unknown distribution. The likeli-

hood function represents the probability of observing the sequence of values 21, 22, T3, ..., Tn.

The ML estimator ¢, for a parameter &;. is that value of £; for which the likeli-

hood is maximum which can be found by solving the equation:
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dL
£~ o (1.2)
dg;
In practice, it is easier to maximize the logarithm of the likelihood function i.e.. to
solve the equation:

dinl) _ o (4.3)

where

lnL(fjlxl,ilIg,IE;;, ..... ,mn) = Zlnf(HKJ) (44)

The solution &; is known as the ML estimator for the parameter &;. The value of
the estimator §; will be different for different samples and will be described by a
probability distribution. The error (¢(;)) on the estimator distribution is given by

o*(&;) = /(fj - éj)zL(Ejh:)dxldmg....d:r,, (4.5)

When more than 1 parameter s involved, the error on the parameters can be

expressed as
az(fjk) = /(EJ - é,)({k - ék)L(Elx)dxlded‘]" (46)

Here, j and k run over the set of parameters

In general, the ML estimators aye consistent, unbiased and efficient for large
samples.

4.2 Extended Maximum Likelihood Fit

In the standard method of ML, the probability or probability density of = . f(1€)
is normalized to 1 i.e.,

/f(x|§)dx =1 (4.7)

In extendd ML case, this requirement is relaxed. Instead of the function f(r|§).

a function g(z|€) is used for which the normalization is not fixed. Increasing or
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decreasing ¢(.r|€) in some region of z increases or decreases the probability of events
occuring in that region and thus increases or decreases the total expected number

of events. N. which is given by the total integral of g(z|¢) i.e.,

/ o(ele)dz = N (48)

This is appropriate in experiments where the number of events is indeed unknown

a priori, and in such cases extended ML is an improvement over ML.

The extended ML function L is formed by multiplying the classical likelihood

with a Poisson distribution [58]. Thus

—NJ\n

L(N,¢) = Hf(z.lé) (4.9)
When the data sample consists of events of many categories, the extended ML
fit can be used to extract the number of events in each category. The likelihood

function then can be written as

4 =N 2 211 i i
L(N.§) = ‘N—H(ZNJ @) I swon @10

i=1 =1

where

N=>YN (4.11)

i=1
with ¢ running over all possible event categories (1,2, ....., 1), Njs are the expected
number of events of each category and f(z|€)/’s are the PDFs for each category
evaluated at the I'"" event. In HEP, the data mostly consists of signal and background
events and an extended ML function is used to determine the number of signal and

background events through the extended ML fit.

Dropping the constant n! term, the log likelihood of an extended ML function

can be written as:

InlL = i]ln( ég(m,lf)l) - l-_.ZINg (412)
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For large statistics cases (i.e., when n is large) the likelihood function is Gaussian
and the log likelihood function is a parabola. The parameter uncertainties are

symmetric in such cases.

In our analysis, the estimation of the parameters of the PDI's are done in the
ROOT framework using RooFit package which minimizes the equivalent function,
the negative log likelihood(NLL). The NLL has the form

NLL(or —InL) = > No— > _In( D _g(r.1€)]) (4.13)
=1 i=1 =1

There are several algorthims to find the minimum of a function {63 65]. In HEP
community, minimization is mostly done through the MIGRAD algorithm [63] of
the MINUIT package. The analysis presented in the thesis is done with limited
statistics. For such cases the log likelihood function is not a perfect parabola and
hence, the parameter uncertaintjes are asymmetric. The MI GRAD algorithm fails
to provide accurate values of such uncertainties. To estimnate these asymmetric
uncertainties, the MINQS algorithm [63, 66] is used. The MINOS algorithm is
usually called after MIGRAD minimization.

Extended ML estimators have a bias for finite nn. which vanishes in the large
n limit. Unbinned extended ML fit is mostly done when the width of the peak is

unknown and when the number of data points n is very large.

4.3 Fit Procdure

We have performed a 3D unbinned extended ML fit with Afy, AE and NB’ to
extract the BY — g signal yield. The variables used in the fit should not have
high correlation among themselves. Before performing the fit. we have checked
the correlation among them for g the three decay modes: BY — ipyytae B =
ThyyMew a0d BY ~ "lanMar, the details of which are described below. The background
contribution from generic B, and non— B, decays are almost zero ( Table 3.4) in the
signal region for all the thyee decay modes. Since, these events are very few and
they don’t have a peaking structure, so they behave like continuum backgrounds,
So, they are included in the continuum background PDF.
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4.3.1 Results of correlation study

We have studied the correlation among the fit variables M., AE and NB' for all
the three decay modes: BY — 04474y, BY = 1473z and BY — n3.m3,. Figure 4.1,
4.2, 4.3. 4.4, 1.5 and 4.6 show the results of correlation studies and Table 4.1, 4.2
and 4.3 show the values of correlation factors among the fit variables, for all the
three decay modes, respectively. From these studies we have not seen any strong

correlation among the fit variables.

. TSI SN
Lkd RARL LA bl il bl B L b

.P' ..I Ll i |

Fr S S S R S S S

Fiaure 1.1: Correlation between My,

FIGURE 4.2:  Correlation between My. and AE and NB' for background for BS —
My Ty -
Fit variables My.vsAE | My.vsNB' | AEvsNB’
Signal MC(true) [ -0.0185148 | 0.0302077 | 0.059723
Signal MC(SCF) | 0.0888034 | 0.256729 0.108512
Continuum 0.0481498 [ -0.0523439 | 0.0469857
TABLE 1.1: Linear correlation factors between the fit variables in BY — 1,47y, mode.
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FIGURE 4.3: Correlation between M, and AE and N B’ for sigunal for B+ nomsx . ;

FIGURE 4.4: Correlation between M. and AE and N B’ for background for BY — NysNan

Fit variables | M, vsAFE | My vsNB' | AFEvsN D’

Signal MC(true) | 0.190619 | 0.133216 | 0.079158 "
Signal MC(SCF) | 0.210762 | 0.213054 | 0.099781
Continuum | 0.0492919 | -0.0330407 | 0.0154495 {

TABLE 4.2: Linear correlation factors between the fit variables in BY —» 1, nar mode.
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FIGURE 1.6: Correlation between My, and AE and NB' for background for B® — 13,03z

| Fit variables | My vsAE I My.vsNB’ | AEvsNB’ |
Signal MC(true) | 0.268571 | 0.175594 | 0.0841608
Signal MC(SCF) | 0.141682 | 0.0835296 0.13553

Continuum 0.0436491 | -0.0185844 | 0.0821277

TABLE 1.3: Linear correlation factors between the fit variables in B® — n3zn3= mode.

4.4 Signal and Background PDFs

4.4.1 Signal PDF

Signal MC samples are used to parameterize the signal PDFs. The M, distribution
for true signal is parameterized with Crystal Ball (CBall) function, the AE distri-
bution for true signal is parameterized with (Crystal Ball + Gaussian) function and
the NB’ distribution for true signal is parameterized with double Gaussian func-
tion for all the three decay modes: B? = Thyylyq B) — NyyMar and BY — N3xM3r-
The M, distribution for mis reconstructed signal is parameterized with Crystal
Ball (CBall) function and the NB’ distribution for mis-reconstructed signal is pa-
rameterized with double Gaussian function for all the three decay modes. The

AE distributions for mis-reconstructed signal of BE — Myyllyy and BE = NyyT3x
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The AFE distribu-
tions for mis-reconstructed signal of BY — 13,13, is paramecterized with Chebychev

Polynomial. (Details of the PDF's are described in Appendix A).

are parameterized with (Gaussian + Chebychev Polynomial).

The fit functions and fit parameters for signal MC arc summarized in Table 4.4,
4.5, 4.6 and the plots are shown in Figure 4.7. 4.8. 4.9. 4.10.1.11. 1.12. 1,13, 4.14,
4.15

( Variable I Function l Paramter l Value l Comment |
My, (true) Crystal Ball mean (p) 5.412385 £ 0.000077C eV /e floated
sigma (o) 0.004535 £ 0.000061¢ e\ /2 floated
n 7T4x20 floated
alpha (a) 555 £ 0.098 floated
My (mis recon.) Crystal Ball mean (pu) 5.4129 £ 0.0010G eV /e floated
sigma (o) 0.00975 £ 0.00085G 17/ 2 floated
n 9.4 = 8.1 floated
alpha (a) 0.453 = 0.084 floated
AE_(true) (Crystal Ball + Gaussian) mean (p1) —0.1019 £ 0.0141 floated
sigmal (o) 0.0662 £ 0.0071 floated
n 5.00 £ 0.21 Hoated
alpha (a) 1.30 4+ 0.10 floated
mean (u2) —0.05639 4+ 0.005:3 floated
sigma?2 (o2) (0.0360 = 0.004% floated
fraction (f) 0.58 = 0.15 floated
AFE (mis recon.) | (Gaussian + Chebychev ) mean () —0.1358 £+ 0.011 floated
sigma (o) 0.108 = 0.014 floated
Coefficient (e¢o) —0.601 £ 0.10 floated
fraction (f) 0.334 £+ 0.052 floated
NB’ (true) Double Gaussian mean () 0.62+0.12 floated
sigmal (a1) 1.733 £ 0.039 floated
mean (p2) 2.629 £ 0.073 floated
sigma2 (a3) 1.086 + 0.042 floated
fraction (f) 0.486 £ 0.043 floated
N B" (mis recon.) Double Gaussian mean (f17) 0.25 + 0.31 floated
sigmal (o) 1.60 + 0.11 floated
mean (u2) 2.34 £ 0.27 floated
sigmaZ2 (g2) 1.02 + 0.15 floated
fraction (f) 0.67 £ 0.13 floated

TABLE 4.4: signal MC parameterizations for BS — nyyny~ mode.
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reconstructed(right) events.

4.4.2 Background PDFs

For background MC'. the M,, distribution is parameterized with an Argus function
with fixed endpoint, the AE distribution is parameterized with a second order

Chebychev Polynomial and NB’ is parameterized with a Gaussian function for all
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| Variable | Function | Paramter | Valuc ~ ] Comment |
My (true) Crystal Ball mean (1) 5412472 = 0000095 U 7 floated
sigma (o) 0.005311 2 0.000075¢7 V2 floated
n 201 015 floated
alpha (a) 1116 = 0.055 Hoated
M. (mis recon.) Crystal Ball mean () 541259 1 0. 00D03RG e Vo7 floated
sigma (o) 0.00611 2 000030\ e floated
n 1.31 + 0.32 floated
alpha (a) 1.12 = O.1Ix floated
AE (true) (Crystal Ball + Gaussian) mean (p3) ~0.11994 4+ 0.0072 floated
sigmal (o)) 0.1036 + 0.0052 floated
n 1.22 + 0.3x floated
alpha (a) 0.95 + 0.11 floated
mean (j2) —0.05696 + 0.0012 tfloated
sigma2 (o2) 0.0327  0.0014 fHoated
fraction (f) 0.552 £ 0.025 lloated
AFE (mis recon.) (Gaussian + Chebychev) mean (1) 0.4000 £ 0.012 Hoated
sigma (o) 0.319 { 0.036 floated
mean (u2) -0.06111 £ 0.00:31 floated
sigma (o2) 0.0408 + 0.0032 floated
fraction (f) (0.442 £+ 0.033 floated
NB' (true) Double Gaussian mean (1) 1.08 £ 0.13 floated
sigmal (o) 1.885 + 0.039 floated
mean (u2) 3.29+0.15 floated
sigma2 (o2) 1.224 + 0.080 floated
fraction (f) 0.679 £+ 0.058 floated
NB' (mis recon.) Double Gaussian mean (1) 1.01 £ 0.30 floated
sigmal (o) 1.78 £ 0.14 floated
mean (ji2) 3.00 £+ 0.61 floated
sigma2 (o2) 1.21 t 0.17 Noated
fraction (f) 0.68 + 0.11 floated

TABLE 4.5: signal MC parameterizations for BY — 144713, mode.

the three decay modes: B? — Ty BY = 144 M3m and BY — 113:13. The functions
and fit parameters for background MC are summarized in Table 4.7, 4.8. 4.9 and
the plots are shown in Figure 4.16, 4.18, 4.20, 4.19, 4.21.

4.5 Fit Validation Using Toy MC

To validate the fit Procedure, we have performed Toy MC study. Pure tov events are
generated according to oyr fit PDFs by fixing all signal and background parameters.
We generate 3000 such events for allv the three cases: BY — Nyyllsy, B = Thyiisn
and By = nsatja,. For different values of signal yield, we obtain the return pull and
fit yield distributions, The pull is defined as: Pull = (Fit Yield - Actual Yield). We
then fit the signal pyJ mean with a linear polynomial to check the stability of the
fitter. The results of Toy MC study for all th(; three cases are desceribed bellow,
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FIGURE 1.11: BY — 9, m3, signal MC AE parameterizations for true(left) and mis-
reconstructed(right) events.

Events /(0.2)

FIGURE 4.12: BY — ny,m3. signal MC NB' parameterizations for true(left) and mis-
reconstructed(right) events.

4.5.1 Toy results

Figure 4.22, 4.23 and 4.24 show Toy MC results for signal yield 10 for BS = Ny Ty
B — NyyMar and BY — n3.m3. modes, respectively. Such Toy MC studies are
performed for different signal yields and Figure 4.25 and 4.26 show the results of
linearity test for BY — Ny Ty s BY = Nyyti3n and BY = N3x3x modes, respectively.
From this studies we find that fit is biased by about 4%, 10% and 6% for the three

modes, respectively. which may be considered as a source of systematic uncertainty.
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Variable [

Function

| Paramter

Value

| Comment |

Ty

My (true) Crystal Ball mean (p) 5412126 + 0.0000600; Vo7 floated
sigma (o) 0005353 % 0 000063V o< floated

n 197 =011 floated

alpha (a) 1,370 = 0013 floated

My, (mis recon.) Crystal Ball mean () 54153 £ 0.0022C7¢\ 7/ floated
sigma (o) 00050 4+ 0. 0016GC Vo floated

n I e Moated

alpha (a) 0.50 £ 0.19 floated

AE (true) (Crystal Ball + Gaussian) mean (p;) —0.10925 + 0.0057 floated
sigmal (o) 0.1036 = 0.0013 floated

n 0.59 £ 0.15 floated

alpha (a) 0.831 = 0.091 floated

mean (u2) —0.019697 £ 000070 floated

sigma2 (o2) 0.02613 £ 0.00081 floated

fraction (f) 0.834 &+ 0.091 floated

AFE (mis recon.) Chebychev Poly. Coefficient (cp) —0.8098 £ 0.070 floated
Coefficient (¢;) —0.1624 £ 0.076 floated

NB' (true) Double Gaussian mean () 0.84 £ 0.13 floated
sigmal (1) 1.903 = 0.039 floated

mean (ft2) 2.905 £ 0.097 Hoated

sigma?2 (oz) 1.283 + 0.052 floated

fraction (f) 0.497 4 0.051 floated

NB' (mis recon.) Double Gaussian mean (1) 0.45 + 0.30 floated
sigmal (o) 1.72 £ 0.12 floated

mean (uz) 2.83 £ 0,458 floated

sigma2 {(g2) 1.01 £ 0.27 floated

fraction (f) 0.81£0.13 floated

TABLE 4.6: signal MC parameterizations for B — nsznsn mode.

| Variable |  Function | Paramter | Value | Comment |
My, Argus Curvature (a,) —-22.10+ 1.6 floated
Endpoint ag 5.435 fixed
AE Chebychev Poly. | Coefficint (co) | —0.4090 + 0.037 floated
Coefficint (c;) 0.084 £ 0.035 floated
NB' Gaussian Mean () —1.1294 + 0.039 floated
Sigma (o) 1.729 + 0.027 floated

TABLE 4.7: Background MC parameterizations for BY — NyyTy~ mode.
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FIGURE 4.22: Pull(left) and signal yield(right) parameterizations for nsig=10. forB! >
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FIGURE 1.11: BY 5 m3am3x signal MC AE parameterizations for true(left) and mis-

reconstructed(right) events.
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FIGURE 4.16: BY — 1040y, background MC My, (left) and AE (1ight) paraincterizations.

FIGURE 4.17: Background MC N B’ parameterizations for BY — 1yyn-- (left) and BY —

Ny~ Nax (Tight ).
| Variable | Function | Paramter | Value | Comment |
M. Argus Curvature (a;) —24.95 £+ 1.6 floated
Endpoint aq 5.435 fixed
AE Chebychev Poly. | Coefficint (cp) | —0.5055 £ 0.036 floated
Coefficint ((:1) —0.0703 £ 0.038 floated
NB’ Gaussian Mean (p) —1.2170 + 0.036 floated
Sigma (o) 1.751 + 0.026 floated

TABLE 4.8: Background MC parameterizations for BY — 74,73, mode.

= 0.052 + 0.014 p= 10.019 { 0.066
o= 1.017 + 0.010 o= 4,691t 0.047

15

FIGURE 4,24 Pull(left) and signal yield(right) parameterizations for nsig—10, forB? —
N3nTlsm mode.
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FIGURE 1.19: Background MC N B' parameterizations for B — 1541y~ (left) and B —

Ty Mar (Tight).
| Variable | Function | Paramter | Value | Comment |
Ay, Argus Curvature (a;) —26.66 £ 1.3 floated
Endpojint ag 5.435 fixed

AF Chebychev Poly. | Coefficint (cp) | —0.7793 % 0.032 floated
Coefficint (¢;) | 0.110 4 0.033 floated

NB' Gaussian Mean (u) —~1.1490 + 0.039 floated
Sigma (o) 1.727 4+ 0.028 floated

TABLE 1.9: Background MC parameterizations for BY — n3zn3x mode.
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Fiaure 1.20: Result of linearity
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FIGURE 4.26: Result of linearity

4.6 GSIM Tegyt

To get more realiggj,. idea ah

: 8 ’I 2SU,
a GSIM test. Gsny MC samples, generated

test for BY — N3xNsn

out possible bias in the fitting strategy, we also perform

using EvtGen and passed through

GEANT for simy]at; s !
T s 1e . r L G A/
ld‘tmg detector response are used instead of Toy MC' samples. We

generate 3000

Sue = 0 . -
ch events for all the three cases: BY? — NyyNyvy, Bs — Thalsn and

0 i wE
B, — Nsafsn The évents are picked up independently and randomly according to
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Poisson distribution from GSIN MC samples. The results of GSIM test for all the
three cases are described below. For different values of signal yield, we obtain the
return pull and fit yield distributions. The pull is defined as: Pull = Fit Yield -
Actual Yield. We then fit the signal pull mean with a linear polynomial to check

the stability of the fitter.

4.6.1 GSIM test results

Figure 4.27. 4.28 and 4.29 show GSIM test results for signal yield 20 for B) —
Myt BY — Maman and BY — 1313, modes, respectively. Such GSIM tests are
performed for different signal yields and 4.30 and 4.31 show the results of GSIM
linearity test for BY — 0,47, BY = 1473, and BY — nsx73; modes, respectively.
From our studies we find that fit is biased by about 6%, 5% and 9% for the three
modes., respectively. Since the GSIM test is a better test to understand the stability

of the fit, we plan to use these fit bias values as a source of systematic uncertainty.

p= 2031024
H o= 7.49 £0.17

u= 0.019 +0.043 40

o= 1356 1 0.031

Events /(0.5)
B n B B

=

wn

4 3 5
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o — 0
Ficure 1.27: Pull(left) and signal yield(right) parameterizations for nsig=20, for B —
Yy Ty TROAE.
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FiGUre 1.31: Result of GSIM linearity test for B = n3a0sq.

4.7 Real Data fit PDF

From the Toy MC study and GSIM test, the fitter seems to be stable. The total PDF
for both signal and background is constructed by taking the product of individual
1D PDFs. Then the final PDF is formed by adding the signal and background
PDFs. All the signal parameters are kept fixed to the MC values. All background
paramecters except the Argus endpoint are floated. The signal and background yields
are also floated.

4.7.1 Fit Results for 121.4fb7! real data sample

The Y(5S5) dataset is unblinded with this fit strategy to extract the signal and
background yields. Figure 4.32, 4.33 and 4.34 show the real data fits for BY —
Ny B = MyyMsn and BY — 1313, mode, respectively. The fit yields (3.9+3.2),
(7.7£4.4) and (0.24£5.9) signal events and (882 =+ 30), (797 £ 28) and (1244 %
36) background events for the three modes, respectively. Table4.10 presents the

summary of the real data fit results.

Sub Decay mode By = fiyyyy By = fiyytsn By = Maatian
Signal Yield(1n) 3.9+3.2  7.7+44 0.2+5.9
Background Yield — 882+ 30 797 + 28 1244 + 36

TaBLE 4.10: Summary of the real data fit.
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The expected number of Signal and Background events from MO study are
presented in Table 4.11.

Sub Decay mode BY — ppatiy BY = namise BY 5 1annisn
Expected no. of signal 2.7 1.62 ().82
Expected no. of background 985 909 1132

TABLE 4.11: Summary of the MC data fit.
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FIGURE 4.32: Re

; al Data Fit Results for BY — 1yanyy mode. The points with the error

7S are the real data points and the blue, purple and green lines represent the total PDF,
signal PDF and background PDF, respectively.
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4.8 Chapter summary

This chapter presents a brief introduction to the ML fit procedure and the PDF
parameterizations of the fit variables of signal and background components for B —
TyThyys BY = TyyMi3x and BY — 1)3.7m3= mode, respectively. Unblinded results from
the 121.4fb™! of T(55) data also presented. The observation in the real data sample

is consistent with the MC prediction.
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Chapter 5

Systematic Uncertainties

This chapter provides the different sources of the systematic uncertainties and their
impact on the final results of this analysis. Systematic errors affect all the data in
the same way i.c.. systematically. Repeated measurements share the same system-
atic ceffect and are therefore correlated to each other. Thus, these errors can not
be reduced by performing repeated measurements. Typical sources of systematics
are improper calibration of the detector, poor knowledge of experimental set up,
acceptance and sensitivity of detector components, uncertainties in theoretical and

experimental inputs etc.

There are two types of systematic uncertainties: additive and multiplicative sys-
tematic uncertainties. Multiplicative systematics do not affect the signal yield and
signal significance of the decay but affect its branching fraction. These systemat-
ics arise from the uncertainty in signal reconstruction efficiency, the number of B,
mesons and from the fraction fpo-go. i€ the fraction of bb events that hadronize
to B} Br events. Additive systematics reduce the signal significance of the observed
peak and changes the branching fraction of the decay. Additive systematics arise
from the fit procedure, which includes the uncertainty due to the PDF modeling
and fit bias, respectively. The different sources of systematic uncertainties that may
affect the decay mode studied in this analysis are discussed in this chapter.
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5.0.1 Fit bias

From our fit bias studies, documented in Section 4.6, we have obtained an average fit
bias of (0.0740.02), (=0.05+0.02) and (0.10+0.02) for B — 1-tp-. B = 11~ 115a

and BY — 73,73, modes, respectively.

5.0.2 PDF Modeling

The systematic uncertainty due to PDF modeling is evaluated by changing cach
fixed parameter of PDF by +1¢ and repeating the fit. Deviation in signal vield
from the original fit are added in quadrature to obtain the systematic uncertainty.
The PDF modeling unecrtainties are computed to be £0.4, £0.91 and +0.02 events

for B} — 1,,my, B® = 11,013, and B = 03713 modes, respectively.

5.0.3 MC statistics

The statistical error in the signal efficiency contributes to the svstematic uncertainty.

The uncertainty due to MC statistics is computed as:

Ae = /cx(lb—e)

where N is the total number of signal MC events processed. We have generated
100,000 signal events for each of the three modes: BS — 1147y, B — Ty 7isa
and B} — Man73x. The signal efficiencies (¢ £ A¢) for BY — tyyihs, B = 1y lisn
and BY - 373z modes are computed to be (9.62 £ 0.09)%, (9.48 £ 0.09)% and

) Ae
(8.14£0.08)% for , Tespectively. Thus, the uncertainty due to MC statistics ( ——6—)

15 computed to be 0.93%, 0.94% and 0.98% for BY = thyytiyys BY = thyyiise and

5.0.4 Uncertainty on the pion Identification Efficiency (K/m Systemat-
ics)

This uncertainty has been studied using the PID table provided by Belle PID joint
group. PID performance depends on the laboratory momentum (p = | 7’]) and
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polar angle (#). In the table, the ratio of PID efficiency in data and MC are
provided as a function of ‘p” and *cos(8)’. After incorporating the PID table in
our reconstruction code. we have obtained 7 ID efficiencies as (94.76 + 0.02)% and
(95.11 £0.02)% per pion in BY — .13, mode and B? — 73:13, mode, respectively
and the corresponding systematic uncertainties are 2.8% and 4.0% in B? = 7,73z

mode and 39 -5 o4 mode, respectively.

5.0.5 Uncertainty due to the Tracking efficiency

The uncertainty on the tracking efficiency was evaluated using partially recon-
structed D* decays. Its value is estimated to be (-0.13 % 0.30 & 0.10)% for any
charged track of momentum > 200 MeV/c. Since, the value is much smaller than
the statistical uncertainty associated with it, therefore, the total systematic uncer-
tainty is taken as the quadratic sum of the actual value and its uncertainties. Thus,
the recommended systematic uncertainty is 0.35% per track (of momentum > 200
MeV/c) [67).

5.0.6 Branching fraction of

The branching fractions of n — 44 and n — wtn~a° are (39.41 + 0.20)% and
(22.92 & 0.28)% (PDG) respectively. Thus multiplicative systematic uncertainties
of 0.20% and 0.28% are assigned for n — vy and 7 = atn—7° modes, respectively.

5.0.7 1.7 —= 79 selection efficiency

Systematic crrors arise due to 79 and 7 detection efficiencies. A 3.0% systematic
error due to 7 detection is determined from a comparison of the data and MC
ratios for a large sample of 5 — g+r-n® and n — 3n° decays. Since 7 = 7Y
decays is similar to 7° decay, we also assign a 3.0% systematic error for n — v

reconstruction [68].
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5.0.8 The number of B? mesons

YiHS) T (5S)

The total number of B? mesons are calculated as. N(B) = 2x L, ;""" x o5 x [,
where L;‘(,ss) is the integrated luminosity and ab,—)" "is the bb production cross

section at T(55) resonance and f; is the fraction of bb events that hadronize from

B:B* events. Thus the systematic uncertainty on the nmumber of /3! mesons is the
Y(55) T(55)

quadratic sum of the uncertainties in L;,, ', 0,; and f,. The uncertainties are
1.3% on L;(tss)’ 4.7% on 0_;1_!';(58) and 17.4% on fs, respectively  [69 T1].

5.0.9 Fraction f BO~ B0

The value of fgo. go., the fraction of bb events that hadronize to BB cvents is
(87.0£1.7)% [70, 71]. Thus, a systematic uncertainty of 2.0% is assigned due to

fB(a]o 3—9' .

5.0.10 Calibration factors

To extract the signal and background yields in the real data sample, we are using
PDFs which are established based on MC samples and hence to take into account
any difference in data versus MC, we are using the control sample to measure this
systematic uncertainty. As MC does not resemble the data exactly, therefore, we
calibrate the M., AE and N B’ mean and sigma of B® — 7y signal using B —
as control sample. The details of the B® — nn analyis is discussed in Belle Note
1402 (72, 73). They use the same final state particles and decay modes to reconstruct
B® = 1 as we use to reconstruct B® — 7 signal. Using the observed signals in
the B® — 717 study, the mean and sigma correction factors for Afy., AE and NB’
are estimated using the mean and sigma values from signal MC and the observed
signal yield. The details of the fit parameters obtained from both signal MC' and
from the observed signal yields are presented in Table 5.1.

The M. mean value for MC and real data matches very well, indicating that no
correction is required for M, but the AE mean value is shifted by about 3 MeV to
take into account the difference in data and MC in the control sample. To estimate
the uncertainties associated with M,, sigma, AE sigma, N B’ mean and N B’ sigma,
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| Parameter | MC fit value (GeV/c*) | Real Data fit value (GeV/c®) |

Mp. mean 5.2796645 x 0.0000051 5.2800 + 0.003
My sigma 0.0031030 = 0.0000041 0.0050 £ 0.0005
AFE mean -0.022587 & 0.00017 —0.01901 + 0.0003
AFE sigma 0.08397 + 0.001804 0.0859825 =+ 0.002002
N B’ mean 3.8781 + 0.04365 3.1533 + 0.05830
N B’ sigma 2.3830 £ 0.058330 2.82905 + 0.092195

TABLE 5.1: Corrections of My., AE and NB' mean and sigma for B — 1 signal.

we will vary their values by +3c¢ in the final fitter and the maximum deviation in

the yield will be considered as a source of systematic uncertainty.

5.0.11

Final Systematic Uncertainties

Table 5.2 and 5.3 summarize all the additive and multiplicative systamatic uncer-

tainties considered in this analysis.

Sub decay mode | B? — 1,47y, | B? = yyMsx | B? = 13:73: | Combined
Fit bias —0.058 £ 0.005 | 0.015 £ 0.005 | 0.038 & 0.005 | 0.059 £ 0.008
PDF Modeling 04 0.91 0.02 0.99

TABLE 5.2: Summary of additive systematic uncertainties.
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Chapter 5.

Systematic Uncertainties

Sub decay mode B? = 11yy1yy | B2 = 0447132 | BY — naxnzx | Combined
7,70 = 7 selection efficiency 6.0 6.0 6.0 6.0
B(n = 1) 0.28 0.20 - 0.34
B(p = =mt7r— =% - 0.28 0.39 0.48
N B’ requirement - - - 10.6
Pion Identification - 2.8 4.0 4.8
Tracking efficiency - 0.7 1.4 1.0
MC statistics 0.93 0.94 0.98 1.6
Calibration factors - - - 3.1
Lint - - - 1.3
#1069 - - - L7
Fraction fpgo. go. - - - 174

5.1 Chapter summary

TABLE 5.3: Summary of multiplicative systematic uncertainties.

In this chapter we summarize the different sources of systematic uncertainties that
might affect the measurement of the branching ratio for the decay B? — 7nm. The
values of different systematic uncertainties are estimated and listed for the decay.
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Chapter 6

Results and Conclusions

This chapter presents the final results of the analysis for the decay B, — nn. The
estimation of signal significance and the Bayesian Upper Limit on the branching I

fraction of the decay at 90% confidence level are discussed in this chapter.

6.1 Signal Significance

We have performed a 3D unbinned extended maximum likelihood fit to extract the
signal yield for the decay B? — g, Signal significance for the observation is cal-
culated by assuming a null or background only hypothesis [58, 59]. It is calculated
as S = s1gn(Nygna) * \/ -2 x ln(L—fl?;), where Nyignat is the yield of By — 7 signal
obtained from the likelihood fit, L, is the likelihood value when the signal yield is
constrained to () and L,,,, is the maximum value of the likelihood fit. To incorporate

the additive systematic uncertainties, the plain likelihood curve is convolved with a

Gaussian of width equal to the additive systematic uncertainties i.e., 0 = Ggad.syst.

1 Convolution of two functions f and g over an infinite range is defined as:
+oo
hir) = fe)xgx) = [ flz~y)gv)dy (6.1)
g —00

Figure 6.1. 6.2 and 6.3 show the profile and plain likelihood plots for the Bl —
Yyythys BY = 1 iian and B — g3 00 modes, respectively. To calculate the final
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108 Chapter 6. Results and Conclusions

signal significance and the upper limit on the branching fraction. we have combined
the individual likelihoods for the three n sub-decay modes. Figure 6.1 shows the
combined profile and plain likelihood plots. The signal significance for the decay

B} — mm is computed to be 1.044.

Fusi ldoh
Entnos an
Meaan rap
RS A 500
=
3 8
..IE £
3 2
_E -
G =
@
13
E | 1 1 L 1 1 1 1 A
[ ] 18 o F) £ 21 - 0 ™ 3 ] () s T T
Signal Yield Signal Yield
E st _corm
B Entries. 4
- Maan 15.0
- RS
o -
g uf -
2 T
s . J
Skt K 0
= ik =
&7 Y =
o ¥
1
s
2 L L 1 5
o 4 e o ) ) ..Ig . 1% 03 ) s 70 B e 36 o

() [ 5
Signal Yield Signal Yield

FIGURE 6.1: Profile and plain likelihood curves for the decay BY — Nyynys. Blue (1ed)
curves denotes the likelihood curves before (after) convolution.

6.2 Calculation of Upper Limit

Since we have not seen significant signal yield for the decay BY — 71, we estimate
the 90% CL UL on the BF of the decay using Bayesian technique (59]. We have
done this by incorporating the systematics by convolving the plain likelihood curve

with a Gaussian of width equal to total additive systematics uncertainties. Then
we modify the likelihood curve

and integrate the curve from 0 till we obtain 90% of
the total integral under t}q

likelihood curve to obtain the 90% CL upper limit of

Niignat and hence the B The UL of the BF for the decay BY — mn is computed
as:

9(}(%,. C;‘L UL ()f N-,;;gn(d

90% CL UL of B(B, — nm) = e x Npo x f
B BY= 7o
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IFIGURE 6.2: Profile and plain likelihood curves for the decay BY » NyyM3x- Blue (red)
curves denotes the likelihood curves before (after) convolution.

where, (90% CL UL of Nggnar) is the 90% CL UL of the signal yield of BY = m
signal and e is the signal selection efficiency of BY — 1 signal. Figure 6.5 shows the
likelihood vs BF for BY — 5y with the blue line showing the UL at 90% CL. Thus,
the 90% CL UL of B® — nn BF is estimated to be 56.53 x 10~°. The B — nn

results are presented in Table 6.1

Parameter Value
Lint (121.4 £ 1.6) fb~!
€ (average) (9.08 £ 0.08)%
J o~ go- (87.0+£1.1%
o (0.340 + 0.016) nb
N po (14.2 £ 2.6) x 10°
90% CL UL of-B(Bg — 1) 56.53 x 106

TABLE 6.1: BY — nn results
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6.3 Summary and Conclusions

This thesis presents the results of the search for the decay BY — nn at high energy
ete” collisions. The scarch is done using 121.~1fb_l of data collected by the Belle
detector at Y(55) energy. No significant signal yield is observed for the decay
BY — 57 and in the absence of any significant signal yield, we set the 90% CL UL
on its BF to be 6.3 107", This is an improvement of about two orders of magnitude
from the previous measurement of UL by the L3 experiment. With a dedicated run
at T(55) resonance to collect an order of magnitude more statistics, the Belle II
experiment has the potential to make a discovery of this charmless B? — 1 decay.
LHCD has the limitation on the measurement of the branching fraction for this
decay since the reconstruction of 5 and #° candidates require detection of single

cnergy clusters in the calorimeter, which may be difficult at LHCD.
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Appendix A

Details of Probability Distribution

Functions

In this section we present the functional form of some of the functions which we

have used to model the signal and background PDFs.

A.1 Crystal Ball Function

The CBall function is a Gaussian with a power law tail that is traditionally used

to describe the cffect of radiative energy loss in an invariant mass or an cnergy

difference distribution [61, 62]. It is given by:

A — )2 ‘-1
exp g—(l—«i)—), forJLJ’ > —a

flz|pw,o,a,mn) = N 20° -
T ' n S AYAL T - p T—p
Z) exp| —}{= - lel - , for
o 2 la| o o

where, N is the normalization facter and y, 0, @ and n are the parameters of the

CBall function. g and o denotes the mean and sigma of the Gaussian part. The

n parameter controls the slope of the exponential part and is usually held fixed in
a fit. Lower values of n generate a longer tail. The parameter a determines the
crossover point from the Gaussian distribution to the power law distribution, in
units of the peak width 0. When ¢ is positive, the tail is below the peak (i.e., in

the left) and when it is negative, it is above the peak.
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114 Appendiz A. Details of Probability Distribution Funections

A.2 Argus Function

The Argus function [61, 62, 74] is an empirical function first used by the ARGUS
collaboration. It is frequently used in B physics analysis and mostly used to model
the invariant mass or My, distribution of the combinatorial background. It is defined

as:

where, © is a step function with Oz < ag) = 1 and O(r > ay) = 0. a, denotes

the threshold of the invariant mass distribution and is usually held fixed in a fit. a,
denotes the curvature of the Argus distribution.

A.3 Chebychev Polynomial

The Chebyshev polynomials are sequence of orthogonal polynomials which can be
defined recursively as:

Tn+1(l‘) = 2£Tn(1}) = Tn_q(x)

The first few Chebychev polynomials are:

To(aj) =1.
T](x) = .
Th(z) = 222 — 1.

T3(z) = 42® - 3.
Ty(r) = 82" — 842 4 1.

Any arbitrary polynomial of degree N can be written in terms of Chebychev poly-
nomial [61, 62] as:

f(zle:) = ']i—, [TO(I) + ZCin(x)]

i=1
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A.3. Chebychev Polynomial 115

where. T,(x) is a i'" order Chebychev polynomial. The parameters c;’s are coeffi-
cients of the functions 7;’s. Chebychev polynomials are orthogonal in the interval
[-1.1]. Due to lower correlations between coefficients in a fit, they have superior

stability than normal polynomial functions.
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Appendix B

NeuroBayes input variables

In this appendix, we present the plots of the event shape variables used in the event
classifier (NeuroBayes).
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Appendix C

Acronyms and Abbreviations

ACC
ADC
BASF
BF
BFGS
BGO
CDC
CFS
Csl
CKM
CL
CM
CP
CrPV
DAQ
DSSD
DST
ECL
EFC
EFT
FCNC
FM-PMT

TH-1959_11612114

Aerogel Cherenkov Counter
Analogue-to-Digital Converter
Belle AnalysiS Framework
Branching Fraction
Broyden-Fletcher-Goldfarb—Shanno
Bismuth Germanium Oxide (BisGe3Oh2)
Central Drift Chamber
Columbia-Fermilab-Stony Brook
Cesium lodide
Cabibbo-Kobayashi-Maskawa
Confidence Level

Centre of Mass

Charge-Parity

Charge-Parity Violation

Data Acquisition

Double sided Silicon-Strip Detectors
Data Summary Tapes
Electromagnetic Calorimeter
Extreme Forward calorimeter
Effective Field Theory

Flavor Changing Neutral Current
Fine-Mesh Photo Multiplier Tubes
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122 Appendiz C. Acronyms und Abbreviations
FSI Final State Interactions

GDL Global Decision Logic

GIM Glashow-Iliopoulos-Maiani

h.c. Hermitian conjugate

2HDM Two Higgs Doublet Model

HER High Energy Ring

HIM Heavy Jet Mass

HQE Heavy Quark Expansion

IP Interaction Point

KEK High Energy Accelerator Research Organization
KLM K and Muon detector

KSFw Kakuno Super Fox-Wolfram

LER Low Energy Ring

LINAC LINear ACcelerator

MC Monte Carlo

MDST Mini Data Summary Tapes

OPE Operator Product Expansion

PDF Probability Distribution Functions
PHSP (N-body) PHase SPace

PID Particle IDentity

PMT Photo Multiplier Tubes

QCD Quantum ChromoDynamics

QED Quantum ElectroDynamics

QFT Quantum Field Theory

RG Renormalization Group

RI Refractive Index

RPC Resistive Plate Counter

RPV R-Parity Violation model

SM Standard Model

SUSY SUper SYmmetry

SVD Silicon Vertex Detector
SVP_HELAMP Scalar to Vector and Photon HELicity AMPlitude
Tl Thallium

TDC Time-to-Digital Converter

TOF Time Of Flight
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TSC Trigger Scintillation Counter
UL Upper Limit
VSS Vector to Scalar and Scalar

VSP_PWAVE Vector to Scalar and Photon PWAVE
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Appendix D

Technical Reports and Books:
e Kamal Jyoti Nath, Bipul Bhuyan, Search for the decay BY mm at T(55)
resonance. Belle Note 1403.

e The Belle I Physics Book.

Publications:

e K.J.Nath and B.Bhuyan Search for the Decay B® — nn at T(55) Resonance.
To be published in PRD(RC). Currently under review.

e K.J.Nath and B.Bhuyan
Search for the Decay BY — nm at T(55 ) Resonance,
Springer Proc. Phys. 174,203(2016).doi : 10.1007/978—3—319—-25619—1—32

e K. J. Nath [Belle Collaboration]
Recent results on charmless B® and B? decays from Belle PoS ICHEP 2016,

535 (2016).

e http://inspirehep.net/ search?In=enp=findakjnathof= hbactionsearch=Searchsf=earliest,
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Schools/Workshops/Collaboration Meeting/Coferences At-
tended:

e SERC school on Experimental High Energy Physics. 20 June-10 July 2011,
VECC, Kolkata. http://indico.vecc.gov.in/indico/conferenceDisplay.py?confld=7

* Belle Analysis Workshop 2014, February 24 - March 4. 2014. ITG.
http://www.iitg.ac.in/physics/fac/bhuyan/BAW2014/index.htinl

® Workshop on EWSB and flavours in the light of LHC at II'T Guwahati. Assam,
during 20-22 Feb, 2014. http://www.iitg.ac.in/EWSB2014/

* XXI DAE-BRNS High Energy Physics Symposium 2014, 8-12 December 2014,
IITG.

http://www.iitg.ac.in/DAE-HEP2014 /public/

® Belle(II) Analysis Workshop, 9 - 17 March, 2015, IIT Madras.
https://kds.kek jp/indico/event/17971/

* 22 B2GM, 19-23 October, 2015, Kenkyu-Honkan, Tokyo. Japan.
https:/ /kds kek jp /indico /event/19519/registration/registrants

¢ 38th International Conference on High Energy Physics, August 3 - 10, 2016,
Chicago, U.S.A. https:/ /www.ichep2016.org/

o CKM2016, 9th International Workshop on the CKM Unitarity Triangle TIFR,
Mumbai, November 928 - December 2, 2016. http://www.tifr.res.in/ ckm16/

* Post-CKM school, December 3 - 7, TIFR, Mumbai.

* National Seminar on Nuclear and High Energy Physics, 30 -31 March, 2018,
Gauhati University. http:/ /web.gauhati.ac.in/nahep/about
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