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Abstract

We study the decay of B® — ] /yn based on the Belle data samples
at the Y(4S) resonance and compare to the results in PRL 2007
“Observation of the Decay B° - J/yYn ” [1] and PRD 2012
“Measurement of B® — J/yn) and constraint on the n — 1’ mixing

angle” [2]. The branching fraction is (9.5 + 1.7 + 0.8) X 107 and the

significance 8.10 in PRL 2007. The branching fraction is (12.3 +

13 + 0.7) X 107 and the significance is 6.3¢ in PRD 2012.

In this study, we use the Monte Carlo method to generate the
expected rare decay B® — J/yn in the environment of the Belle II
experiment for physical event simulation and use the Belle II software
analysis module (basf2). The B mesons are generated by the electron-
position collider (KEKB) in the High Energy Accelerator Research
Organization (KEK) and collected by Belle Detector. The total number
of BB events are 771 million. We convert the Belle mdst to Belle II
mdst by the module B2BII. The branching fraction of B® — J/4m in
our study is (10.9 + 1.6 +1.2)x 107°. The significance is 8.7¢. The
difference between this analysis method and the previous two published
results is that this study uses the Belle II detector simulation instead of
Belle's. The optimize selections of variables are also based on the
environment of the Belle II detector. The significance of the branching
fraction in this study is increased a bit, but the errors are also increased

a bit.
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Chapter 1 Introduction

1.1 Motivation

We are interested in the decay mode B — J /¢ n which had been found
in the Belle Experiment and the paper’s titles are "Observation of the decay
B® = J/Yn” and “Measurement of B® = J/yn() and constraint on the

n —n' mixing angle”.

In the former, the decay mode of B° — J/y n had been discovered
based on the data sample with 449 million BB pairs accumulated at the
Y (4s) resonance with the Belle detector at the KEKB asymmetric energy
eTe” collider. The signal is observed with a significance of 8.1¢ and is

obtained a branching fraction of (9.5 + 1.7 (stat) + O.8(syst)) x 1076,
[1]

In the later, the decay mode of B® — J /1y n had been discovered based
on the data sample with 771 million BB pairs accumulated at the Y(4s)
resonance with the Belle detector at the KEKB asymmetric energy e*e™

collider. The signal is observed with a significance of 6.3¢ and is obtained

a branching fraction of (12.3 + 13 + 0.7) x 1076, [2]
Result Branching fraction Significance N(BB)
PRL 2007 (9.5+1.7+0.8) x10°° 8.10 449M
RPD 2012 (1234 8.4 07) x 10 6.30 771M
17




I study the decay mode B° — J /1 1 use the Belle Data and the Belle II

Monte Carlo Simulation I want to know if I can observe the B® = J /7

using Belle II Data.

1.2 Feynman Diagram

Feynman diagram of B meson decay B° — J/ym is settled by the b —

¢cd transition. This decay is a Cabibbo- and color-suppressed decay.

ol

—

v /Y

/
C -
d =~
\ Yo
~d . d 7

Fig 1.1 Feynman diagram for the leading contribution to the decay B® — | /ym



Chapter 2 Event Generation,
Simulation and Selection

2.1 Analysis Tools

2.1.1 Belle II Analysis Software Framework

Module chain

- TN F 7 —%|Path

Module| [Module| |Module| |Module
#1 #2 #3 #4
\} \ \ \/
DataStore

Fig 2.1 Modules and paths of the Belle II Analysis Software Framework. [3]

Belle II Analysis Software Framework (basf2) is the software
framework to process the data from Belle II Experiment. The software is

organized in the three parts: basf2, externals, and tools.

Basf2 is the Belle II-specific code which is partitioned into about 40
packages. The packages have modules, tools, dataobjects, script, data, etc.
The base-level framework of basf2 is written in C++ and the scripts usually
is written in Python. When we need to use the modules [3], we will load the
library which is compiled by the tools and stored in the path “modules”. The
modules, their configuration, and their order of execution are defined via a
Python Interface.[Fig 2.1][Fig 2.2] DataStore is the place where the module
needs the data located at. The path is to arrange the module into the

container as a series of the sequence for the modules executed.
3



Externals contains the third-party code for including the basic tools like
GCC, Python3 to avoid requiring a system-wide installation and including
the High Energy Physics specific software like ROOT, Geant4, and EvtGen.

Externals provides the library and the environment for the needs of basf2.

Tools is a collection of shell and Python scripts for installing and setting
up basf2 and externals. Besides, Tools also provides the Belle II specific
environment variables, defines functions for the setup, etc. The environment
can be set up by sourcing b2setup to set up the specific software version for

analyzing. [4]

#!/usr /bin/env python3
# —+— coding: utf -8 —=%—

# Generate 100 events with event nunmbers ) to 99+
that contain only the event meta data.

import basf2
main = basf2.create_path()
main.add_module ( EventInfoSetter ', evtNumList+o

=[100])

basf2.process (main)

Fig 2.2 Example of a basf2 steering file

2.1.2 EvtGen

EvtGen is a physics Monte Carlo event generator designed for the
simulation of the physics of B decays. EvtGen provides a framework to
handle complex sequencial decays. It implements many decay models
including semileptonic decays, hadronic decays, CP violating decays,
angular distribution, and Dalitz decays. The EvtGen package provides a
framework for implemention of physics processes relevant to decays of B

mesons and other resonances. The individual physics processes are



implemented in modules that allow users to build complicated decays chains.

[5116]

2.1.3 ROOT

ROOT 1is an object-oriented program originally developed by CERN
designed for particle physics data analysis. The program and the library of
ROOT is written in C++ but integrated with Python and R. ROOT provides
the functionalities for dealing with big data processing, statistical analysis,

visualization and storage. [7]

RooFit introduces a granular structure in its mapping of mathematical
data models components to C++ objects: rather than aiming at a monolithic
entity that describes a data model, each math symbol is presented by a
separate object. A feature of this design philosophy is that all RooFit models
always consist of multiple objects.. [8][Fig 2.3]

Mathematical concept RooFit class
variable X RooRealVar
function ‘]F(X) RooBbsReal
PDF ‘f(J\') RooAbsPAf
space point X“ RooArgSet
xmax
integral .[ f‘(x)(e]x RooRealIntegral
fmin
list of space points RoodbsData

Fig 2.3 Design philosophy of RooFit related to the mathematical concept.



2.14 B2BII

The module “B2BII” provides the environment to analysis the belle
data under the basf2 software.The Belle to Belle II dataset conversion
converts the Belle mDST data, which contains mostly detector independent
objects like tracks and calorimeter clusters, into the new mDST format used
by BASF2. This enables the validation of the Belle II analysis software, and
(re- )production of Belle measurements using the improved software. The

conversion process is visualized in Fig 2.4.

Belle Panther Jfixed” Panther Belle II
mDST-files tables tables mDST-files

belle_legacy library Belle IT
database

\/ \/ A

)

Belle B2BII B2BII B2BII Belle II beam
database MdstInput FixMdst ConvertMdst parameters

Fig 2.4 Schematic view of the conversion process of Belle (light blue) to Belle II (blue) mDST files
using the BASF2 modules (gray) provided by the b2bii package and the original Belle software provided
by the belle legacy library (gray).

The information defined between Belle and Belle II has some
difference. The Fig 2.5shows the relation of variables between Belle and

Belle II. [9]



Event Information | BeamEnergy

| IpProfile

Monte Carlo | Gen_hepevt
Tracks | Mdst_charged

| Mdst_trk

| Mdst_trk_fit

ECL Clusters | Mdst_ecl

| Mdst_ecl_aux

[} [

KLM Clusters | Mdst_klm_cluster |—>

| Mdst_klong |—>_
VO Objects |Mdst_vee_daughters _
| Mdst_vee2 _
| nisKsFinder _
[ ParticleList Ao |
PID Information | kid_acc } > ARICH
| Mdst_tof | > TOP
| kid_cdc } > CDC
| eid | ELC
| Mdst_klm_mu_ex I > KLM

Fig 2.5 Matching of the Belle PANTHER Tables (light blue) to the Belle Il ROOT objects (blue) and

relations (orange).



2.2 Event Generation

2.2.1 Decay Table

The decay mode B® — J/ym has four different final states so we write
four different decay tables. The J/y decays to ete™ and u*u~. Then

decays to yy and t*m~m°

. The decay tables are shown as [Fig 2.6][Fig
2.7][Fig 2.8][Fig 2.9]. In our signal Monte Carlo Simulation assumes

100% decay in each mode.

1 # EventType: 1111528666

2 # Descriptor: [Be -»> (J/psi(1S) -> e+ 2-) (eta -> gamma gamma)]cc
3 # NickMame: Bd_Jpsieta_ee gg

4 # Documentation: CPV study, 5=-sin(2 beta)=-8.691, A=0

5 # Tested: Yes

6 # Physics WG: TDCPY

7 # Responsible: Bilas Pal

8 # Email: bilas.kanti.pal@desy.de

9 # Cuts: None

1@ # Date: 20188326

11 #

12 #

13 Alias etasig eta

14 ChargeConj etasig etasig

15 Define beta 8.3814

o A

7 Decay Upsilon(4s)
18 1.8 Be@sig anti-BBsig Be anti-Be8 VSS_BMIX dm;
19 Enddecay
20 #
21 Decay Besig
22 1.e88  J1/psisig etasig SVS_CP beta dm 1 1@ 1 8;
23 Enddecay
24 CDecay anti-Besig
25 #

6 Decay etasig

7 1.888  gamma gamma PHSP;
28 Enddecay
29 #
38 Decay J/psisig
31 1.888 e+ e- PHOTOS VLL;
32 Enddecay
33 #
34 End

Fig 2.6 Decay table of B® = J/ym(J /3 - eTe~(y), n = yy) mode
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k EventType: 1111543886

Descriptor: [B@ -» (1/psi(1S5) -»> e+ e-) (eta -> pi+
NickMame: Bd_Jlpsieta_ee pipipie

Documentation: CPV study, 5=-sin(2 beta)=-8.691, A=8
Tested: Yes

Physics WG: TDCPY

Responsible: Bilas Pal

Email: bilas.kanti.pal@desy.de

Cuts: None

Date: 281883226

Alias pigsig pie
ChargeConj pibsig pibsig
Alias etasig eta
ChargeConj etasig etasig
Define beta ©.3814

#

Decay Upsilen(4s)

1.8 B@sig anti-BBsig B8 anti-B@ VsSs
Enddecay

#

Decay BBsig

1.eee  J/psisig etasig
Enddecay

Checay anti-Besig

#

Decay etasig

1.e88 pi+ pi- piesig
Enddecay

#

Decay piesig

1.888 gamma gamma
Enddecay

#

Decay J1/psisig

1.e88 e+ e-
Enddecay

#

End

pi- pi@)]cc

_BMIX dm;

SVS_CP beta dm

PHSP;

PHSP;

PHOTOS VLL;

11@18;

Fig 2.7 Decay table of B® = J/ym(J/¥ — eTe~(y), n » n*nw~n%)mode.
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#
#
#
#
#
#
#
#
#
#
#

EventType: 1111423688

Descriptor: [B@ -> (J/psi(1S) -»> mu+ mu-) (eta -> gamma gamma)]cc
NickMame: Bd_Jpsieta_mumu_gg

Documentation: CPV study, S=-sin(2 beta)=-8.691, A=0

Tested: Yes

Physics WG: TDCPV

Responsible: Bilas Pal

Email: bilas.kanti.pal@desy.de

Cuts: MNone

Date: 28188326

Alias etasig eta
ChargeConj etasig etasig
Define beta @.3814

#

Decay Upsilon(4s)

1.

e Besig anti-B@sig Be anti-Be VS5 _BMIX dm;

Enddecay

#

Decay B@sig

1.

@ee  J/psisig etasig

Enddecay
CDecay anti-E8sig

#

Decay etasig

1.

a8 gamma gamma PHSFP;

Enddecay

#

Decay J/psisig

1.

aee mu+ mu- PHOTOS WLL;

Enddecay

#

End

Fig 2.8 Decay table of B® = J/ym(J /¥ — u*u~, n - yy)mode
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1 # EventType: 1111448864

2 # Descriptor: [B@ -» (3/psi(15) -> mu+ mu-) (eta -> pi+ pi- pié)]cc
3 # NickMame: Bd_Jpsieta _mumu_pipipie

4 # Documentation: CPV study, S=-s5in(2 beta)=-8.691, A=8

5 # Tested: Yes

6 # Physics WG: TDCPV

7 # Responsible: Bilas Pal

8 # Email: bilas.kanti.pal@desy.de

9 # Cuts: None

1@ # Date: 206186326

11 #

12 #

13 Alias piBsig pie

14 ChargeConj pifsig pigsig

15 Alias etasig eta

16 ChargeConj etasig etasig

7 Define beta @.3814

18 #

19 Decay Upsilon(4s)

28 1.@ Bésig anti-Besig B8 anti-E@ VS5_BMIX dm;
21 Enddecay

22 #

23 Decay E@sig

24 1.@88  J1/psisig etasig SVWS _CP beta dm 1 1@ 1 8;

25 Enddecay

26 CDecay anti-Bésig

27 #

28 Decay etasig

29 1.e88 pi+ pi- pigsig PHSP;
Enddecay

#

Decay piesig

1.888 gamma gamma PHSP;
Enddecay

#

Decay 1/psisig

1.260 mu+ mu- PHOTOS VLL;
Enddecay

#

End

[= =T < Y B O -]

w

I Y T T Ty R TN R Ty T T}

[+~]

Fig 2.9 Decay table of B® = J/ym(J/y¥ - utu~, n » n*r %) mode

2.2.2 Event Generation

For each decay mode, we generate two million events for our Monte
Carlo signal events. For running events, we separate them into 400 jobs.
Each job generates five thousand events. The jobs are running at the KEKCC.
The event generation is under the software version “release-04-02-04” of

basf2.
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2.3 B Meson Reconstruction

2.3.1 Tracking

The decay vertex of the B meson should be near the Interaction Point
(IP). Therefore, we collect the information from pixelated silicon sensors
(PXD), double-sided silicon strip sensors (SVD), and central drift chamber
(CDC). Comparing to Belle Detector, the first two layers of PXD are closer
to the interaction point, the radius of outermost layer VXD and the radius of
CDC are both larger. PXD and SVD can measure the decay vertex position

of B mesons and other particles. CDC measures the trajectories, momenta,
and Z—i information of charged particles. The details of requirement are
shown as below. [10] [11]
® The requirements for the charged particles of “good” tracking
in basf2 are |dr| < 0.5 cm,|dz| < 2 cm, number of CDC hits

associated to the track > 20 and the hits arewithin the
acceptance angle of CDC. [12]
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Fig 2.10 Belle II Top View

2.3.2 Particle Identification

For the particle identification, there are time-of-propagation counter
(TOP) at the barrel region, ring-imaging Cherenkov Counters with aerogel
(ARICH) at the forward end-cap region, electromagnetic calorimeter (ECL)
and K; — Muon Detector (KLM). The ring-image of Cherenkov light cones
emitted from charged particles passing through quartz radiator bars (TOP)
and the aerogel radiator in the forward end-cap(ARICH).. ECL comprised
of scintillator crystals, CsI(Tl), located inside a superconducting solenoid
coil that provides 1.5T magnetic field. The ECL is used to detect gamma
rays as well as to identify electrons, i.e. separate electrons from hadrons, in

particular pions. [10] [11] [12]
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The requirements for the gammas of “loose” are 6,, >
0.296706, By < 2.61799, E > 50 MeV, and with the condition

of 2 > 0.4 for ECL.
Eq

The requirements for the gammas of “7°” are 6, > 0.296706,
and 60, < 2.61799.

The particle identification probability of e* with“good”

Le
> 0.5
(LetLy+Lp+Lyg+Lp+Ly)

The particle identification probability of u* with “good”

L
u
> 0.5
(LetLy+Lp+Lyg+Lp+Ly)

The particle identification probability of m* with “good”

L
L > 0.5
(LetLy+Lp+Lg+Lp+Ly)

For the particle in the Belle data selections, the PID of the
particle e® is eIlDBelle and the PID of the particle u¥ is
mulDBelle.In my study, both of them should be larger than 0.4.

Requirements for reconstructed J /Y

The J /1 can be reconstructed by ete™ or u*u~. The “good” track is

used to constrain the lepton e*e™ and u*u~ from the standard particles

library’s “stdE” and “stdMu”.

For the decay mode J/y¥ —e*te™, we set the constraint of

reconstruction as following:
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® Bremsstrahlung Photons : The photons which stay with 50
mrad of the e*e™ track are counted. Besides, the energy of
photons must be lower than 1.0 GeV

® Mass Window : 2.996 GeV/c* < Mg+~ < 3.194GeV/c?.
We choose about 30 width for the mass distribution. The PDG
value of the mass J /1 is 3.096916 GeV/c? The mass
distributions are shown in [Fig 2.11(b)] and [Fig 2.12(b)].
We choose the wider mass range of them.

® Fitting: Vertex Fit and Mass Fit.
Vertex Fit: The leptons e*e™ of J /Y can be constrained with
the charge tracks. The fitting technique is to obtain the
vertices which is based on the least square method using the
Lagrange multiplier method. [13]

Mass Fit : The mass of / /in PDG value is 3.096916 GeV/c?.
The Kfitter of Mass Fit is using invariant mass of / /1 and the
reoncstructed e*e~ to do the fitting.

We require the confidence level should be greater than 0 to
reject the events which fail the fit of mass fit and vertex fit.
After the fitting, the mass distribution of / /1 are shown in [Fig
2.11(a)][Fig 2.12(a)].
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(@) Jpsi_M (left) : The M,y distribution performed by vertex fitting.

Jpsi_M Jpsi_InvM

x10° histid _ histid
aso— Emres 346708 E Entries 346708
= Mean 3.067 20000~ Mean 3.088
C Std Dev  0.0006701 E Std Dev  0.02505
300 18000~
E 16000
250~ E
= 14000~
200 12000
E 10000
150~ E
= 8000
100/~ 6000[—
E 4000
50— E
E 2000
N RN R IR RSN AR | e N RPN AN BRI BRI PO o |
285 28 285 3 305 31 3 302 304 306 308 31 312 314 316 318

(b) Jpsi_InvM (right) : The M, y, distribution determined by adding 4-

momentum vectors of particle’s daughter.

Fig 2.11 The M, , of the decay channel / /1 — e*e™(y),n — yy

(a)
(b)

Jpsi_M Jpsi_InvM
histid histid
90000~ Entries 90754 £ Enties 90754
E Mean 3.007 F Mean 3.088
E 5000(—
80000— Std Dev_ 0.0002348 C Std Dev .02514
70000 F
E 4000(—
60000 =
50000 3000/—
40000 C
E 2000(—
30000 E
20000 n
E 1000
10000 F
E 1 | [ 1 | s AP N IO PSRN PPN AP e L.
306 307 308 3.09 34 311 3 802 304 306 308 31 4812 314 316 3.18

Jpsi_M (left) : The M/, distribution performed by vertex fitting.

Jpsi_InvM (right) : The My, distribution determined by adding 4-momentum

vectors of particle’s daughter.

Fig 2.12 The M, ;, of the decay channel J /1 » e*e™(y), n > n'n™n
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For the decay mode J/y — u*u~, we set the constraint of

reconstruction as following.

® Mass Window: 3.029 GeV/c?> < M,+,- < 3.165GeV/c* We
choose about 30 width for the mass distribution. The PDG
value of the mass J /1 is 3.096916 GeV/c?. The mass
distributions are shown in [Fig 2.13 (b)] and [Fig 2.14 (b)].
We choose the wider mass range of them.

® Fitting: Vertex Fit and Mass Fit.
Vertex Fit: The leptons u*u~ of J/ican be constrained with
the charge tracks. The fitting technique is to obtain the
vertices which is based on the least square method using the
Lagrange multiplier method. [13]

Mass Fit : The mass of / /yin PDG value is 3.096916 GeV/c?.
The Kfitter of Mass Fit is using invariant mass of / /1 and the
reoncstructed u*u~ to do the fitting.

We require the confidence level should be greater than 0 to
reject the events which fail the fit of mass fit and vertex fit.
After the fitting, the mass distribution of / /1 are shown in [ Fig
2.13(a)][Fig 2.14 (a)].
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Jpsi_M Jpsi_InvM

10° histid histid

E Entries 381507 C Entries 381507

E Me: 3.007 . Mean 3.095
350 StdDev 92368 -05 25000 — Std Dev 0.01193
300 C

F 20000—
250 r
200f— 15000(—
180 10000~
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F 5000—

s0f— £
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307 3075 308 3085 309 8095 31 3105 4.1 3.04 3.06 3.08 31 312 314 316

(a) Jpsi_M (left) : The My, distribution performed by vertex fitting.

(b) Jpsi_InvM (right) : The M, distribution determined by adding 4-
momentum vectors of particle’s daughter.

Fig 2.13 The M, , of the decay channel J /1 — utu=,n-vyy

Jpsi_M Jpsi_InvM
10° hist1d histid
L Eniries 95391 7o00E Enies 95391
L Mean 3097 E Mean 3.095
L Std Dev_ 0.0001801 6000 — Std Dev_ 0.01186
80— =
L 5000—
8o 4000
w0l 3000~
r 2000
20— E
r 1000(—
S S R RS BRI BRI | P R . |
305 308 307 308 300 34 3.04 316

a Si_ eft) : The istribution performe vertex fitting.
Jpsi_M (left) : The My, distrib perf d by fitting

(b) Jpsi_InvM (right) : The M; y, distribution determined by adding 4-
momentum vectors of particle’s daughter.

Fig 2.14 The M|, of the decay channel J /¢ —» u*u~,n —» n*n~n°
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234 Requirements for the reconstructed n

0

There are two decay modes n = yy and n - ntn~n° in our 1

reconstruction. Both of 7° and 1 can decay to yy, therefore we need to

require the mass and energy to identify them.

For the decay mode n — yy, the selections are as follows.

® Energyofy:E, >300MeV

® Mass window of 77: 495 MeV/c? < M,, < 598 MeV/c?
We choose about 30 width for the mass distribution. The PDG

value of 7 is 547.75 MeV/c?. The mass distributions are
shown in [Fig 2.15(b)] and [Fig 2.16(b)].

® Mass Fit:
The decay of n = yy is neutral mode decay. Therefore, we
constrain the fit of n by the PDG value of n, 547.862 MeV /c?.
We require the confidence level should be greater than 0 to
reject the events which fail the fit of mass fit. After the fitting,
the mass distribution of n are shown in [Fig 2.15(a)][Fig 2.16

@]
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eta_M eta_InvM
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(a) eta_M (left) : The M, distribution performed by vertex fitting.

(b) eta_InvM (right) : The M,, distribution determined by adding 4-momentum
vectors of particle’s daughter.

Fig 2.15 The M, of the decay channel J /¢ — e*e~(y),n - vy

eta_M eta_InvM
10° histid histid
>0 Entries 381507 10000 Entries 381507
Mean 0.548 Mean 05459
StdDev 0.0002183 StdDev_ 0.01775

200 8000

1501~ 6000

100 4000

50— 2000

‘!‘)54‘8 0.5482 05‘484 O.SLB‘B‘D‘SLB‘B‘ 0'5‘4§ ‘0‘529‘2‘O‘SLS‘AIB‘SLQIE‘O‘SLS‘B‘ 05 — 0.52 B 0.54 B Bf’% B 058 '
(a) eta_M (left) : The M, distribution performed by vertex fitting.

(b) eta_InvM (right) : The M, distribution determined by adding 4-momentum
vectors of particle’s daughter.

Fig 2.16 The M, of the decay channel /¥ — u*u=,n - yy
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For the decay mode n —» w*m~n°, the selections are as follows.

® Particle Identification:
For the 7+ and ™~ candidates, we require the particle

L
s > (.5.
+Ly+Lp+Lg+Lp+Ly)

identification probability @

For the 7° candidates, the selections are as follows.

B  Gamma Energy:
The energy E,, > 100 MeV.

B Mass window of °%: 114 MeV/c? < M0 < 160 MeV/c?
We choose about 30 width for the mass distribution. The
PDG value of n° is 134.977 MeV/c?. The mass
distributions are shown in [Fig 2.19(b)] and [Fig 2.20(b)].

B Mass Fit:
The decay of m° — yy is a neutral mode decay. We use the
massKFitter to fit the particle with the constrain of mass
with the PDG Value 134.977 MeV/c2. We require the
confidence level should be greater than 0 to reject the
events which fail the fit of mass fit. After the fitting, the
mass distribution of 7° are shown in [Fig 2.19 (a)][Fig
2.20 (a)]-

® Mass window: 537 MeV/c? < M,, < 559 MeV/c?

We choose about 30 width for the mass distribution. The PDG
value of 77 is 547.862. MeV/c?. The mass distributions are
shown in [Fig 2.17 (b)] and [Fig 2.18(b)].
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Momentum constraint:
We request the momenta (p) of each daughter of  should be p
> 200 MeV/c.

Mass Fit and Vertex Fit.

Vertex Fit: The m*7~ of  can be constrained with the charge
tracks. The fitting technique is to obtain the vertices which is
based on the least square method using the Lagrange
multiplier method. [13]

Mass Fit : The mass of n in PDG value is 547.862. MeV/c2. The
Kfitter of Mass Fit is using invariant mass of  and the
reoncstructed 7t~ 70 to do the fitting.

We require the confidence level should be greater than 0 to
reject the events which fail the fit of mass fit and vertex fit.
After the fitting, the mass distribution of n are shown in [ Fig
2.17(a)][Fig 2.18(a)].
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eta_M (left) : The M,, distribution performed by vertex fitting.

eta_InvM (right) : The M,, distribution determined by adding 4-momentum
vectors of particle’s daughter.

Fig 2.17 The M, of the decay channel / /1 - e*e™(y),n —» n*n~n°
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(a) eta_M (left) : The M, distribution performed by vertex fitting.

(b) eta_InvM (right) : The M, distribution determined by adding 4-momentum
vectors of particle’s daughter.

Fig 2.18 The M, of the decay channel J /Y — u*u~,n - ntnn°
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(a) eta_piO_M (left) : The Mo distribution performed by vertex fitting.

(b) eta_pi0_InvM (right) : The Mo distribution determined by adding 4-
momentum vectors of particle’s daughter.

Fig 2.19 The Mo of the decay channel J /¢ - e*e™(y),n » ntn n°
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(a) eta_piO_M (left) : The Mo distribution performed by vertex fitting.

(b) eta_pi0_InvM (right) : The Mo distribution determined by adding 4-
momentum vectors of particle’s daughter.

Fig 2.20 The Mo of the decay channel J /¢ - u*p~,n - ntn~n°
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2.3.5  Requirements for reconstructed B°

The selected candidates of J /3 and 1 can be reconstructed as B®. We

use two variables to improve the selections of our B? candidates.

The used two variables are beam constrained mass (M) and energy

difference (AE). They are as follows.

® Beam Constrained Mass: My, = \/(E*ﬁeam = ZPiz).

® Energy Difference: AE = XE; — E} .qm-

E}.qm 18 the energy of center of mass, E; are the energy of the candidate
of particle decayed from B, and P; are the three-momenta of the candidate
of particle decayed from B°. In order to reduce background events in the
beginning, we require these two variables 5.2 GeV/c? < M, <

5.3GeV/c? and —0.2 GeV < AE < 0.2 GeV.

For the n — yy mode, the variables range of signal yields that we

require are as follows:

® -—0.1GeV <AE < 0.05GeV
® 527GeV/c?< M,. <5.29GeV/c?

For the n » "7~ % mode, the variables range of signal yields that we

require are as follows:

® —(0.05GeV <AE < 0.05GeV
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® 527GeV/c?< M, <5.29GeV/c?

The AE and M, distributions are shown as Fig 2.21, Fig 2.22, Fig
2.23 and Fig 2.24.
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(a) deltaE (left) : The AE distribution

(b) Mbc (right) : The M, distribution

Fig 2.21 AE and M, distributions of decay mode J /¢ — eTe~(y),n - yy
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(a) deltaE (left) : The AE distribution

(b) Mbc (right) : The M, distribution

Fig 2.22 AE and M, distributions of decay mode / /9 — ete™(y),n - ntn~n°
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(a) deltaE (left) : The AE distribution

(b) Mbc (right) : The M, distribution

Fig 2.23 AE and M, distributions of decay mode J /¢ - u*u~,n - yy
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(a) deltaE (left) : The AE distribution

(b) Mbc (right) : The M, distribution

Fig 2.24 AE and M, distributions of decay mode J /1 - u*tu~,n -» ntnn°
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2.3.6 Signal PDF

We simulate 2 million events for signal Monte Carlo simulation in
each mode. For the signal probability density functions (PDF) of AE, we use
Crystal Ball Shape and Gaussian Function to do the fitting. Because the
number of events in the signal yield region of J/yY - ete (y),n -
ntn n%and J/y > utu~,n > ntnr n° are not enough to do the better
fitting during our Toy & Pull Test separately Therefore, we combine the
events of J/P - Y1~ (l=eoru), n—> ntn n® while doing the AE
distribution fitting of signal PDF, as well as the events of J/yY —
"l (l=eorw),n - yy.

We combine one Crystal Ball Shape function and two Gaussian
functions in one PDF to fit the AE distribution of signal PDF. The results
are shown as Fig 2.25 and Fig 2.26.
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Fig 2.25 The signal PDF of AE distribution in the decay mode J /¢ — [T17,n - yy
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Fig 2.26 The signal PDF of AE distribution in the decay mode J /¥ - [*17,n - n*n~n°
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Chapter 3 Background

3.1 Background Survey

3.1.1

Background Monte Carlo Event Type

There are 6 kinds of backgrounds we need to study, qg (g = u,d, ¢, s),

mixed, and charged. The number of generated events for the backgrounds

are listed in Table 3.1. Each batch of integrated luminosity is 100fb~1. We

use 8 batches of the generated backgrounds in MC13 .

Sample Number of events (X 10°) Number of total events of 8
batches (x 10°)

mixed 51 408
charged 54 432

uubar 160.5 1284

ddbar 40.1 320.8

ssbar 383 306.4

ccbar 132.9 1063.2

Table 3.1 The number of generated events in the thirteenth official background Monte Carlo campaign

(MC13)
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3.1.2 R2 Definition

In the beginning, we want to use R2 cut to reduce the qq backgrounds.

The R2 definition 1s as follows.

Fox-Wolfram moments are an established tool to analyze geometric
patterns in QCD. The Fox-Wolfram moments H;,l = 0, 1,2 ... are defined
by

where 6;; is the opening angle between charged tracks or photons of 1
and j, E,;s 1s the total visible energy of the event, P; are the Legendre

polynomials and |P;| and |P]| are the momenta of the charged tracks or

photons. R, is defined as % [14]

0

We want to use the R2 to do the 3D fitting. However, while doing the
3D fitting, the functions cannot fit well in R2 side. We do not use the R2

variable.
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3.1.3 Backgrounds

We want to understand the main backgrounds in our analysis, and use
the variable, “mcPDG”, to get the information of the particle ID in MC. The
main backgrounds are listed in Table 3.2, Table 3.3, Table 3.4 and Table 3.5.

B - J/p(ete (¥)n(yy)

Background Components Number of events
J/pY(4S) 30
VAV A 5
VAL 2
Z’w 2
Y(4S)Y(4S) 1
ByY(4S) 1

Table 3.2 The main components of backgrounds in B® — J /¥ (e*e™ (y))n(yy) mode.

B =] /y(ete” (¥)n(mtn n°)

Background Components

Number of events

J/ Y (4S)

8

7°7°

1

Table 3.3 The main components of backgrounds in B® — J /¥(ete™ (y))n(r*n~n°) mode.
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B® = ] /ypurun(yy)

Background Components Number of events
J/PY(4S) 42
7°7° 15
Z%n 3
Y(4S5)n 1
J / ¥B°® 1
J /WK 1

Table 3.4 The main components of backgrounds in B® — J / ¥ (u*u™)n(yy) mode.

B - J/¥(utp n(mt e n®)

Background Components Number of events
J/9Y(4S) 12
VAL 2
VALY 1
VAV A 1
Z°D~ 1
Table 3.5 The main components of backgrounds in B® - J / y(u*u )n(x*m~7°) mode
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3.2 Background PDF

For the background events introduced in Chapter 3.1.3, the AE
distribution shape of these events are fitted as background PDFs. The
background PDFs are fitted by 2" order Chebyshev Polynomial function.
The results are shown as Fig 3.1, Fig 3.2, Fig 3.3 and Fig 3.4.
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T

(a) deltaE (left) : The background PDF of AE distribution in bb backgrounds.

(b) deltaE (right) : The background PDF of AE distribution in qg backgrounds.

Fig 3.1 The background PDFs of AE distribution in decay channel ] /¢ — [T17,n - yy
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Fig 3.2 The background PDF of AE distribution combined qq and bb for decay channel J / ¢ —
Fom—yy
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Fig 3.3 The background PDFs of AE distribution in decay channel J /¢ — I*1",n - ntn~n°
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3.3 Control Sample

The Signal MC is not perfect. We use the control sample to study the
difference between the Signal MC and real data. We get the fitting shifts
between the Signal MC of Control Sample and real data to fix the PDF of
Signal MC.

We select BX - ] /1 K*£(892),(J /Y = IT17) (K** - K*n0) as

our control sample. [15]
The event selections of our control sample are as follows:

® | /Y : The selection is same as our decay mode’s.
® 1% : The selection is same as our decay mode’s.
® K* m*: “good” selection in Belle II stdK module.

® The particle identification probability of K*, m* with the

L
- > 0.1
(LetLy+Lp+Ly+Lp+Ly)

selection “good”

® K**:Mass Constraint: 0.79 GeV /c? < M-+ < 0.99 GeV /c?

® B* Constraint: 5.2 GeV/c? < M,,. < 5.3 GeV/c? —0.2 GeV <
AE < 0.2 GeV

For the signal MC of control sample, we use two million of B —» ] /

Y(17)K** events.
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We use the same function of Signal PDF to fit the control sample. The

result is shown as Fig 3.5.
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Fig 3.5 The signal PDF of AE distribution in control sample B* — | /1 K**(892),(J / ¢ —
1) (K > K*n®)

For the current Belle II Data, 39.6551 fb~1[Appendix B], the number

of data events are used for this control sample.

The result is shown in the Fig 3.6. Due to the few number of events in
Belle II Data, the fitting error will be to large. We use the full data of Belle

experiment to do our fitting again. The fitting result is shown in Fig 3.7.
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Fig 3.6 AE distribution of control sample B* - J /1 K**(892),(J /¢ = [*17) (K** - K*n?)

use Belle II Data.
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Fig 3.7 AE distribution of control sample B* - J /1 K**(892),(J /¢ = ') (K** -

K*m%) use Belle Data.
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In the Fig 3.7, we get the mean shift between the signal Monte Carlo
and the Belle data. The mean shift is the mean value of AE in data subtract
the mean value of AE in MC. The widen ration is the width of AE in data
divide the width of AE in MC. The results are shown Table 3.6.

Mean Shift (GeV) Widen Ratio
-0.003560 1.073

Table 3.6 The mean shift and the widen ratio of the signal PDF in control sample.
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3.4 Toy MC & PULL Test

For avoiding the bias of PDF which is combined with signal PDF and
background PDF. We use toy test and PULL Test to check it. The PULL

distribution is defined as

FitNumber — InputNumber
FitError

PULL =

® InputNumber: The input number of event in MC ensemble
sample.

® FitNumber: The point in the Poisson function.

® FitError: the width of the Poisson function (the point in
Poisson to the mean value of the Poisson function).

If the mean of PULL is close to 0 and the sigma of PULL is close to

1, it means that PDF will not cause the spike.

To calculate the PULL TEST, we need to get the number of signal and

background in the signal yield region.

The number of signal in the signal yield region is calculated as

following equation and the result is shown as Table 3.7.
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Br(B° Br
Ns NBE_? € N ](/II)) N )(]/II) Br(’? - )
I/
- ete” 36.1844 16.755% 6.851% 39.41%
n->vy
I/
- ete”
n 5.6180 4.473% 6.851% 22.92%
-0
ormn _l | o 108 | y
I | x10° x 1075
- utp 36.3708 18.593% 5.961% 39.41%
n—-vy
I/
- ptp”
n 5.3834 4.732% 5.961% 22.92%
>atn n®

Table 3.7 The number of signals in the signal yield region.

The number of backgrounds Ny, inn — yy decay are calculated by
the following equation. The A;, A,, A; are the number of events in
0.2 GeV > AE > 0.05GeV , 0.05 GeV > AE > —0.1 GeV and
—0.1 GeV > AE > —0.2 GeV , respectively. All of them are in the
5.2 GeV/c? < M. < 5.26 GeV/c?. The B; and B; are the number of
events in 0.2 GeV > AE > 0.05GeV and —0.1 GeV > AE > —0.2 GeV ,
respectively. Both of them are in the 5.27 GeV/c? < M, < 5.29 GeV/c?.
In this calculation, we assume the background distribution in 5.2 GeV/c? <
M,. < 5.26GeV/c? is linearly, same as 5.27 GeV/c? <M, <
5.29 GeV/c?.

The number of backgrounds N, in 71— ntn n® decay are
calculated by the following equation. The A, A,, A; are the number of
events in 0.2 GeV > AE > 0.05GeV, 0.05 GeV > AE > —0.05 GeV and
—0.05 GeV > AE > —0.2 GeV , respectively. All of them are in the

5.2 GeV/c? < My, < 5.26 GeV/c?. The B; and B; are the number of
a1



events in 0.2 GeV > AE > 0.05GeV and —0.05 GeV > AE > —0.2 GeV,
respectively. Both of them are in the 5.27 GeV/c? < M, < 5.29 GeV/c?.
In this calculation, we assume the background distribution in 5.2 GeV/c? <
My, < 5.26 GeV/c? is linearly, same as 5.27GeV/c? < My, <
5.29 GeV/c?.

(By + B3)

N =A, X
bkg =727 4 + A,

The concept of calculating the number of background events is shown
in Fig 3.8. The details are shown in Table 3.8, Table 3.9, Table 3.10 and
Table 3.11.
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Fig 3.8 The concept of calculating the number of backgrounds event in the signal yield region.
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B Wy | 4 A, As B, Bs
bb 68.80 104 83 48 104 22
u,d,s 9.26 34 33 23 13 3
cc 13.67 32 41 37 17 6
Total 81.53

Table 3.8 The details of background number in the signal yield estimation for the decay J /1 =

efe (y),n —>yy

Bac%;‘é“nd Nokg A, A, A, B, B,
bb 73.32 137 95 47 123 19
u,d,s 28.99 84 83 62 39 12
cc 27.74 62 60 31 29 14
Total 115.58

Table 3.9 The details of background number in the signal yield estimation for the decay J /3 —

ete~(Y),n>ntn n°

Bac?s}r)c;und Noieg A, 4, A, B, B,
bb 10.38 764 22 25 29 13
u,d,s 0.09 4 1 7 0 1
cC 1.65 12 7 5 3 1
Total 10.77

Table 3.10 The details of background number in the signal yield estimation for the decay | /¢ —

prum,m > yy
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e Wy |4 A, As B, By
bb 9.44 61 15 28 47 9
u,d,s 1.64 15 4 7 7 2
cC 4.85 19 16 14 8 2
Total 14.15

Table 3.11 The details of background number in the signal yield estimation for the decay J /1 —
P p—

The number of toy MC events is decided by the total number of signal
and background events in the signal yield region. We generate them
randomly according to Poisson distribution. The toy test results are shown
in Fig 3.9 and Fig 3.11. The PULL test results are shown in Fig 3.10 and
Fig 3.12. The details of PULL test are listed in Table 3.12.
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3.9 The toy test fitting plot of the n — yy decay mode.
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Fig 3.12 The PULL Test of the n » w*m~ % decay mode.
Decay PULL Mean PULL Sigma

B> ] /yn(n - vyy) —0.040 £ 0.033 1.037 + 0.023

B? » J/Yn(n - T[+TI.'_TI.'0) 0.016 £+ 0.040 1.280 £ 0.029

Table 3.12 The mean and sigma of PULL test.
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Chapter 4 Systematic Errors

4.1 Official Systematic Errors

4.1.1 Tracking

For the charged track, which P, > 200 MeV/c, the systematic
uncertainty for experiment from 7 to 71 that we measured is (—0.13 +
0.30+ 0.10)% . So, we apply the systematic uncertainty of 0.35% per
track. [16]

4.1.2 Number of BB events

There are (771.581 + 10.566) X 10° BB events in the Belle Full Data,
so the error from the number of BB events is 1.37%. The details of event

amounts and the statistical errors can be found on the Belle Internal Web

Page. [17]

4.1.3 KID selection

For the pion and kaon, we need to correct the reconstructed efficiency
in data. We use the final KID table to do the correction [18]. The result of

our correction is listed as Table 4.1.
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SVD1 SVD2
t Data 0.8893 £ 0.0053 0.8859 £ 0.0056
Correctlor} for signal 0.8864
efficiency
Systematic error 0.63%
- Data 0.9004 + 0.0054 0.8916 £ 0.0058
Correctlor} for signal 0.8930
efficiency
Systematic error 0.64%

Table 4.1 The Correction of the efficiency and the systematic error from KID

® 7t KID efficiency correction. There are 18 events in SVD1 data
and 110 events in SVD2 data.

) x (0.8859) = 0.8864

x (0.8893) + 119
) ' (18 +110

(18+ 110

® 7t KID systematic error. There are 18 events in SVD1 data
and 110 events in SVD2 data.

( 18 ) o (0.0053) N ( 110 ) o (0.0056) _ 0.0063
18+ 110 0.8893 18+ 110 0.8859)

® 1~ KID efficiency correction. There are 16 events in SVD1
data and 86 events in SVD2 data.

86
(16 T 86) % (0.9004) + (16 n 86) x (0.8916) = 0.8930

® 1~ KID systematic error. There are 16 events in SVD1 data
and 86 events in SVD2 data.

( 16 ) o (0.0054) N ( 86 ) o (0.0058) _ 0.0064
16 + 86 0.9004 16 + 86 0.8916)
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4.1.4 Lepton selection

In our decay mode, the leptons are muon and electron. The selection
variables of the lepton identification are “Muon ID” for muon and “Electron
ID” for electron. The systematic errors and correction are calculated by the
PIDJOINT group in Belle. The result of the systematic errors and the
correction are list as Table 4.4, Table 4.5, Table 4.6 and Table 4.7.

For the reconstructed efficiency correction of electron, there are two

efficiency tables shown as Table 4.2.

Experiment Efficiency Table

eid data-

el Exp7-27 mc_corr_svdl.dat

eid data-mc_corr exp31-

ez Exp31-73 65-caseB.dat

Table 4.2 The lepton ID for e* correction file related to the experiment number of Belle data.

For the reconstructed efficiency correction of muon, there are four

efficiency tables shown as Table 4.3.

Experiment Efficiency Table

mul exp7-27 muid_data-mc_corr_svdl.dat

—_p exp31-39 and exp45a (runl- | muid data-mc_corr_exp31-

220) 39-45a-caseB.dat
M3 exp41-49 except exp45a muid_data-mc_corr_exp41-
(run1-220) 49-caseB.dat
mud exp51-73 muid_data-mc_corr_exp51-

65-caseB.dat

Table 4.3 The lepton ID for ut correction file related to the experiment number of Belle data.
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Event Tracks Amount Correction
4 0.9787 £+ 0.0190 el
e+
376 0.9806 + 0.0142 e2
correction 0.9806
Systematic error 1.45%

Table 4.4 The efficiency correction and the systematic error for e*.

® ' Lepton ID efficiency correction. There are 4 tracks in el
and 376 tracks in e2. The details of el and e2 are shown in
Table 4.2.

) x (0.9787) + ( ) x (0.9806) = 0.9806

(4 + 376 4 + 376

® % Lepton ID systematic error. There are 4 tracks in el and
376 tracks in e2. The details of el and e2 are shown in Table
4.2.

( 4 ) o (0.0190) N ( 376 ) o (0.0142) — 0.0145
4+ 376 0.9787 4+ 376 0.9806)

Event Tracks Amount Correction
20 0.9803 + 0.0166 el
’ 316 0.9801 £ 0.0142 e2
correction 0.9801
Systematic error 1.46%

Table 4.5 The efficiency correction and the systematic error for e™.

® ¢~ Lepton ID efficiency correction. There are 20 tracks in el
and 316 tracks in e2. The details of el and e2 are shown in
Table 4.2.
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) x (0.9803) + ( ) x (0.9801) = 0.9801

(20+316 20 + 316

® ¢~ Lepton ID systematic error. There are 20 tracks in el and
316 tracks in e2. The details of el and e2 are shown in Table
4.2.

( 20 ) o (0.0166) N ( 20 ) o <0.0142> — 0.0146

20 + 316 0.9803 20 + 316 0.9801
Event Tracks Amount Correction
12 0.9927 + 0.0282 mul
4 0.9494 + 0.0096 mu2
ut

0 0 mu3
640 0.9578 + 0.0193 mu4

correction 0.9584

Systematic error 2.02%

Table 4.6 The efficiency correction and the systematic error for u*.

® u* Lepton ID efficiency correction. The are 12 tracks in mul, 4
tracks in mu2, 0 track in mu3 and 640 tracks in mu4. The
details of mul. mu2, mu3 and mu4 are shown in Table 4.3.

12
X (0.
(12 +4+0+ 640) (0.9927)

X (0.
* (12 +4+0+ 640) (0.9494)

+(12+4+0+640)X(0)

640
X (0. = 0.
(12 +4+0+ 640) (0.9578) = 0.9584
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® .t Lepton ID systematic error. The are 12 tracks in mul, 4
tracks in mu2, 0 track in mu3 and 640 tracks in mu4. The
details of mul. mu2, mu3 and mu4 are shown in Table 4.3.

( 12 ) o (0.0282)
12+ 4+ 0+ 640 0.9927
4 0.0096
+( ) * (55253)
12+ 44+ 0+ 640 0.9494
0
X
+<12+4+0+640> (0)

N ( 640 ) o <0.0193) — 0.0202
12+ 4 + 0 + 640 0.9578)
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Event Tracks Amount Correction
16 0.9916 + 0.0265 mul
6 0.8801 £+ 0.0139 mu2
g 2 0.9662 + 0.0186 mu3
766 0.9574 + 0.0197 mu4
correction 0.9575
Systematic error 2.07%

Table 4.7 The efficiency correction and the systematic error for p™.

® 4~ Lepton ID efficiency correction. The are 16 tracks in mul, 6
tracks in mu2, 2 tracks in mu3 and 766 tracks in mu4. The
details of mul. mu2, mu3 and mu4 are shown in Table 4.3.

16
X (0.
(16 +6+2+ 766) (0.9916)

X (V.
* (16 +6+2+ 766) (0.8801)

+ (16 +6+2+ 766) x (0.9662)

766
(16 +6+2+ 766) x (0.9574) = 0.9575

® .~ Lepton ID systematic error. The are 16 tracks in mul, 6
tracks in mu2, 2 tracks in mu3 and 766 tracks in mu4. The
details of mul. mu2, mu3 and mu4 are shown in Table 4.3.

( 16 ) o (0.0265)
16 +6+ 2+ 766 0.9916
6 0.0139
+( ) * (55807)
16 +6+ 2+ 766 0.8801
2 0.0186
+( ) * (556e2)
16 +6+ 2+ 766 0.9662

N ( 766 ) o <0.0197) — 0.0207
16+ 6+ 2 + 766 0.9574)

53




4.2 J /4 selection

In our J / i selection, we ask the decay angle of ] / i — [*1™ between
0.3 and 2.8 to reduce the qg backgrounds. We use control sample B* — | /
Y K*%(892),(J /¢ - IT17) (K** > K*1%) to calculate the systematic
errors due to the selection of decay angle in our decay. The distributions and

the fitting results are shown as Fig 4.1, Fig 4.2 and Table 4.8.
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(a) (left) The AE distribution of the control sample before the selection

(b) (right) The AE distribution of the control sample after the selection

Fig 4.1 The AE distribution due to J / 1 decay angle selection on the control sample of J / 3 K** in

Monte Carlo
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(b) (right) The AE distribution of the control sample after the selection
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SG_ratio = 5034 =109

€0 =-0.4418 +0.023

o1 = 0.201+0.033

mean_shift = -0.003562 + 0.00040

Fig 4.2 The AE distribution due to J / ¥ decay angle selection on the control sample of J / 1 K** in the

Belle Data
MC Data Data
MC

Without decay 88367 + 296 5221 + 111

angle selection
With decay angle 84001 + 288 5034 + 109

selection
ratio 0.9506 + 0.0046 | 0.9642 + 0.0292 | 1.0143 + 0.0311

Table 4.8 The ratio of with and without decay angle selection and systematic error between Monte Carlo

and Data for | / 1 selection.

The error of the J / 1 selection is 3.07%. The 3.07% 15 0.0311/1.0143.
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4.3 n selection

For the n, we cut the energy of y. Bothn and 7° decay to yy, so we
cut the energy of y to improve the separation power. The results are shown

as Table 4.9 and Table 4.10.

n-vy MC data
Without E), selection 4299354 334160
E, > 0.2 GeV 2247983 166644
Event ratio 0.5229 0.4987

Table 4.9 The event ratio between without E, selection and with E, > 0.2 GeV selection in Monte Carlo

and Data for 7 — yy selection.

0.4987-0.5229

Systematic Error Calculation: YT T 4.63%
0 > yy MC data
Without p,0 selection 8208295 445574
pro > 0.2 GeV/c 7285927 420101
Event ratio 0.8876 0.9428

Table 4.10 The event ratio between without p o selection and with p0 > 0.2GeV /c selection in Monte

Carlo and Data for 7° — yy selection.

: . 0.9428-0.8876
Systematic Error Calculation: B 6.2%
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4.4 Fitting

When we fit the PDF function on the Belle data, we fix the parameters
of the signal PDF. We want to test the difference of the signal yields while
floating the parameters. we shifted the mean and scaled the width, and we
found the systematic error of the PDF fitting is 2.17%. The results are shown
as Fig 4.3, Fig 4.4, Fig 4.5 and Fig 4.6.

deltaE_plot

_ BKG_ratio = 1844 + 73
b - SG_Sigma1_ratio = 1.073 = 0.031
o L .
;(; 1000 — SG_ratio = 5034 + 109
2 B c0 = -0.4416 +0.023
i = c1 = 0.201 +0.033

800 —

mean_shift = -0.016570 * 0.00040

RMS = 0.0
600 —Mean = 0.0
I-Entries = 10476

400

200 - 4]
...................................................................... -
- e,
1 L | 1 ‘ 4 " 1 L ‘ 1 1 1 1 ‘ 1 1 1 1 | 1 1 1 1 ‘ 1 1 1 t ‘ 1 1 L ) ‘ 1 | | |
—%.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
AE

Fig 4.3 The AE distribution fitting result of the control sample when the mean value adds 1o.
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Fig 4.4 The AE distribution fitting result of the control sample when the mean value subtracts 1o.
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Fig 4.5 The AE distribution fitting result of the control sample with the widen width of 1.50.
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Fig 4.6 The AE distribution fitting result of the control sample with the narrowed width of 0.50.
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4.5 Summary of the systematic errors

We summarized the systematic error in the decay B® - J / m in our

study and listed the systematic errors in Table 4.11.

J /(= vy) J/yn(= )
N(BB) 1.37% 1.37%
Tracking 2% 0.35% 4 x 0.35%
(Charged particle)
KID 0 0.63% (™)
0.64% (™)
Lepton ID 1.45%(et) 1.45%(e™)
1.46%(e™) 1.46%(e™)
2.02%(u") 2.02%(u*)
2.07%(u") 2.07% (")
Average: 3.5% for Average: 3.5% for
two tracks two tracks
J / ¥ decay Angle 3.07% 3.07%
n-yy,n’->yy 4.63% 6.2%
PDF 2.17% 2.17%
Br(J /) 1.11% 1.11%
Br(n) 0.51% 1.22%
Total Error 10.37% 12.24%

Table 4.11 The systematic error tables for J / yn.
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Chapter 5 Open Data Box

5.1 Belle Data

Before open the data, we need to decide our signal PDFs, background
PDFs, survey the background components. The needed branching fractions
for the decays are shown on the PDG Website. We list the needed branching

fraction in Table 5.1. The signal efficiencies are listed in Table 5.2.

We fix the signal PDF, background PDF and float the number of signal
and background in the signal yield region. We get the branching fraction of
BY > J /yn(n - yy )is (8.8 + 1.5 + 0.9) x 107 the significance is 7.50.
The branching fraction of B® - J /yn(n » ntn n®) is (17.6 £ 5.2 +
2.2) X 107°, the significance is 4.70. We list the results in Table 5.3 and
show the distributions as Fig 5.1 and Fig 5.2.

Meson Branching fraction

B> ] /yn (1.08 £ 0.23) x 10~°
J/Y-oete” (5.971 £ 0.032)%
J/Y—>efeTy (8.8 + 1.4) x 1073
J/¥ - utu (5.961 + 0.033)%
n-=vyy (39.41 + 0.20)%

n-o>ntnnd

(22.92 + 0.28)%

Table 5.1 The branching fraction listed for each meson which get from PDG Website.




Decay Channel Signal Efficiency (¢€)
J/p—oefe~(y)n-yy 16.755%
J/ - ptumm->yy 18.593%
J/Y-ete (y)n->ntnm’ 4.473%
J/ - ptum,m->ntnn® 4.732%

Table 5.2 The signal efficiency for each decay channel.

Signal Yield Branching Fraction Significance
n-yy 60 + 10 (88+1.5+0.9)x10°° 7.50
n->ntn 183+ 54 (176 £52+22)x 107 4.70

Table 5.3 The signal yield, branching fraction and significance result for the B® - J / 1m decay.

For n — yy mode:
Ny + Ny, = 60 +10,Br(B° - ] /1) = (8.7522 + 1.4587) x 10~°
Significance: —Log(L,) = —1348.31,—Log(Ly4) = —1376.22,

Lo
—21n( ) = 7.4713
*CMax

Forn » ntm~m° mode:

Ny + Ny, =183+ 54,Br(B° -] /yn) = (17.596 + 5.1923) x 107°
Significance: —Log(L,) = —353.063,—Log(Lyar) = —363.912,

Ly
—Zln( ) = 4.6851
LMax
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Fig 5.1 The AE distribution fitting result of data in the n — yy decay.
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Fig 5.2 The AE distribution fitting result of data in the n » T~ 1% decay.

5.2 Belle II Data

Currently, the number of BB in the Belle II Data cannot be enough to

observe the B® - | /yn decay. Knowing from the result we have done in

the control sample.
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Chapter 6 Summary

6.1 The Branching Fraction of B —
J/¥m

In order to fit the result of then —» yy andn » w*n~ 7% mode at the
same time to get the signal yield in the signal region, we use the simultaneous
PDF in the RooFit to fit two decay channels. To run the simultaneous fit,

we fix the fraction betweenn — yy andn - wrn~n°

The Branching fraction of B® - J /¢mn is (109 + 1.6 +1.2)x 107°.
The significance is 8.7a. The result is listed in Table 6.1. The simultaneous

fit result is shown as Fig 6.1.

Signal Yield Branching Fraction Significance

86 +13 (109+1.6+1.2)x 107 8.70
Table 6.1 The signal yield, branching fraction and the significance of B® — J / im decay.

—Ln(Ly) = —1476.8,  —Ln(Lyax) = —1515

21 (L" ) 8.7
—_ n = 0.
‘CMG,X
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Fig 6.1 The AE distribution result of the simultaneous fit in the B® — J / yn decay.

6.2 Result comparison

The Branching fraction in “Observation of the decay B° — ] / ym
which published on Phys. Rev. Lett. 98, 131803 [1] is (9.5 £ 1.7(stat) +
0.8(syst)) x 107¢. The significance is 8.16. The other result which

published in Phys. Rev. D, “Measurement of B® = J / y¥n and constraint

on the n — 1’ mixing angle” [2] for the branching fraction is (12.3 + 1.8 +

1.7~
0.7) X 107°. The significance is 6.30. We compare the results in Table 6.2.

Result Branching fraction Significance
PRL 2007 (9.5+1.74+0.8) x10°° 8.1c
PRD 2012 1.8 -6 6.30

(123£5+07)x 10
This thesis (109 + 1.6 +1.2)x 107 8.70

Table 6.2 The branching fraction comparison for PRL2007 PRD 2012 and this thesis.
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Appendix A. Belle Data

The event number for each experiment as shown as the table as below.

Experiment Number Millions of B-Pairs
7 6.4587 +0.1615 - 0.0976
9 4.7597 + 0.0286 - 0.0473
11 8.8509 +0.0517 - 0.0518
13 11.6998 +0.2393 - 0.2392
15 13.5679 + 0.0963 - 0.1055
17 12.4588 +0.3301 - 0.3301
19 27.1705 + 0.1676 - 0.1676
21 4.3371 + 0.0540 - 0.0676
23 6.4755 + 0.0675 - 0.0989
25 28.0008 +0.3329 - 0.1605
27 28.1814 +0.2110 - 0.1516
31 19.6587 +0.3045 - 0.3031
33 19.3022 + 0.3000 - 0.2987
35 18.5262 + 0.2861 - 0.2855
37 67.1819 +1.0326 - 1.0319
39 47.0818 +0.7265 - 0.7246
41 64.0134 + 0.9863 - 0.9857
43 61.5614 +0.9493 - 0.9474
45 14.3538 +0.2218 - 0.2215
47 41.2186 + 0.6406 - 0.6393
49 29.7271 + 0.4648 - 0.4634
51 41.8919 + 0.6605 - 0.6590
55 80.2472 +1.2462 - 1.2439
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37.4460 +0.5624 - 0.5617

63

35.6231 +0.5297 - 0.5291

65

41.7867 + 0.6317 - 0.6309

Total Number of BB events

771.581 £ 10.566
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Appendix B. Belle II Data

Processing Label Experiment Luminosity (offline) on resonance
Y(4S) [pb™']
bhabha
procl1 7 42554+ 0.3

8 45974+ 0.9

10 37413+ 1.1

bucket9 12 2768.7 + 1.1
bucket10 12 10361.1 + 2.1
bucket11 12 12687.1 + 2.3
bucket13 12 5055.1 + 1.5

68




Appendix C.
Belle IT Analysis Software Framework

release-04-02-04

light-2002-janus

1. BremsFinder

The module of BremsFinder will copies the each particle in the list of
input to the output. The result of searching for the possible bremsstrahlung
photons through the eclTrackBremFinder. If the result is matching to our

decay, the four momentum of the particle will be added to the “outputlist”.

The Bremsstranhlung weighted is determined as following

max< |¢clu - ¢hit| |9clu - ehitl >
A(;bclu + Ad)hit , AHclu + AHhit

¢; and 6; are the azimuthal and polar angles of the ECL Cluster and the
extrapolated hit. A is the uncertainty of that value. This can be used in Belle

II Analysis after MC12.
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