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Abstract

The thesis includes three major topics. Two physics data analysis on D° and B°

decays at Belle. The other is the firmware design for Belle Il CDCTRG system.

The first topic is a search for the D° — v decay at Belle. We study the D° decay
to vy and h™ (T, (h = K, 7, and ¢ = e, u) using the data sample collected at or
near the T(45) and T (55) with Belle detector at the KEKB asymmetric energy e™e™
collider. Absolute branching fraction measurements of these decays are done with
charm flavor tagging method. Since no significant signal is found, we set an upper
limit of 8.8 x 107° for the branching fraction of D — v at the 90% confidence level.
We also perform the measurement of D° — h=¢*v,, and the measured branching

fractions are consistent with the PDG world average.

The second topic is the search for the charmless B° decay with final state particles
pAn~v. This decay is predicted to proceed predominantly via the b — sy radiative
penguin process with a high energy photon. No significant signal is found. We set
an upper limit of 6.5 x 1077 for the branching fraction of B® — pAn~v at the 90%

confidence level.

The third topic is NTUHEP group’s work on Belle II Level-1 CDCTRG system.
In this system, the trigger Merger boards simplify the data flow from readout boards
to the rear-end tracking modules. The development of Merger, including hardware
and firmware, will be presented in this thesis. For the data flow in the CDCTRG
system, we developed an user-defined optical transmission protocol, and also the
scheme of data flow control and synchronization for the whole trigger system. The

design of user-defined protocol and its application will also be introduced.

Key words : ”Quark flavor tagging”, "Dark Matter”, “Radiative B decay”,

%N

"Baryonic B decay”, " Trigger system”, "FPGA firmware”, ” Optical transmission”

1X
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Chapter 1

Introduction

1.1 Standard Model

The Standard Model (SM) [1] is a quantum field theory which describes the
properties and interactions of elementary particles in the universe. Basically, most
of the experimental results of particle physics so far could be explained by SM.
The basic elements of SM consists of four types of fundamental particles along
with corresponding anti-particles, including quarks (¢), lepton, gauge bosons, and
Higgs boson, and also three types of interaction between the fundamental particles,

including electromagnetic interaction, weak interaction, and strong interaction.

Quarks and leptons are spin-1/2 fermions with three generations. Each quark
carries a fractional electric charge (i% or j:%) and each lepton carries integral elec-
tric charge. There are six flavors (types) of quarks, which includes up (), down (d),
charm (c), strange (s), top (¢), and bottom (b). Based upon the quantum chromo-
dynamics (QCD), there are three kinds of color charge denoted as r, g, and b, and
a quark would carry one type of the color. Due to the color confinement principle
in QCD, single quark can never be observed, but can be observed as a stable form
of hadron, which includes baryon (¢qq) and meson (¢g). With multiple quarks as a
compound state, hadron is colorless and has integer electric charge. Leptons also in-
cludes six types: electron (e), muon (), tau (7), and their corresponding neutrinos

belonged to each generations (v, v, and v;).

The spin-1 gauge bosons are the force carriers of three types of interaction. The

electromagnetic interaction takes place between charged leptons and quarks, where

d0i:10.6342/NTU201601179
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v is the electromagnetic force carrier. The weak interactions takes place between
all leptons and quarks, where W* and Z are the weak force carrier. The strong

interaction only takes place between quarks, where the strong force carrier is gluon

(9)-

In Higgs mechanism of SM, the neutral, the spin-0 Higgs boson can explain the
mass source of elementary particles. A Toroidal LHC ApparatuS (ATLAS) and
Compact Muon Solenoid (CMS) experiment at Large Hadron Collider (LHC) in
European Organization for Nuclear Research (CERN) have discovered a Higgs-like
boson with mass around 126 GeV /¢, and most of it properties are also proven to be

consistent with the SM prediction.

The properties of all fundamental particles are summarized in Figure[I.I] and the

summary of interactions between all elementary particles are shown in Figure [1.2]

mass—> 2.4 MeV/c? 1.27 GeV/c? 171.2 GeV/c? 0 ~126 GeV/c?
charge—> 2/3 2/3 C 2/3 t 0 \ 0 I I
spin—>| 1/2 u y 1/2 4 1/2 4 1 y 0

e 7 P

u charm to hoton Higgs
P_J\ J P J ( P ) boson
0

4.8 MeV/c? 104 MeV/c? 4.2 GeV/c?
-3 d -1/3 -1/3 b 0 \
12 g 1/2 S 7 172 - 7 1 g
down | strange || Dbottom | ‘ gluon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?
-1 -1 -1 0 A
- O @I DI @]
Z
electron muon tau Z boson (o]
]
<2.2 eV/c? <0.17 MeV/c? <15.5 MeV/c2 80.4 GeV/c? :
[* ]
0 0 0 +1 A
L
172 ve 172 ])}1 12 1)1' 1 W 4
)
electron muon tau <
“ 1 neutrino neutrino neutrino W boson J

Figure 1.1: Summary of elementary particles in SM [2].

1.2 CKM Matrix

In the SM weak decays, the quark can change its flavor to another generation.
A constant 6., which is called Cabibbo angle, is introduced by N. Cabibbo in order

d0i:10.6342/NTU201601179
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Leptons Quarks
e, u T u,c,t
Voo Vio Vo d,s, b

Higgs Boson

Figure 1.2: Summary of interaction between elementary particles in SM [3].

to transform the quark mass eigenstate into the weak interaction eigenstate [4]. For

instance, the d and s are not pure but mixing states between them in the weak
interaction,

d'y = cosf.|d) + sinf.|s),

{|> cld) + sin bcls) 11)

|y = —sin 6, |d) + cosb,|s),

M. Kobayashi and T. Maskawa extended the Cabbibo matrix into the 3 x 3
unitary Cabibbo-Kabayashi-Maskawa matrix (CKM matrix) with considering the
third generation quarks (t,b) [5]. CP violation phase is introduced to make the
matrix elements complex in order to explain C'P violation. FEach element in the
CKM matrix is understood as the strength of quarks transformation under weak

interaction. The form of CKM matrix can be represented as:

d/ d Vud ‘/;LS Vub d
s’ =Vokum | s = Vea Ves Ve S |- (1.2)
b, b V;fd ‘/ts V;‘/b b

The standard way to parameterize the CKM matrix [6] is by three mixing angles
(012, 613, 023) and a C P-violating phase ():

0

C12C13 512C13 S13€
_ 5 i&
Vokm = —512C23 — C12523513€" C12C23 — S12523513€" 523C13 ) (1-3)
i5 i5
$12523 — C12C23513€" —C12523 — S12C23513€" C23C13
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where s;; = sin0;;, and ¢;; = cost;; for ¢, = 1,2, 3.

An approximation on the parametrization introduced by Lincoln Wolfenstein [7]

expresses the elements in powers of \:

1— 1) A AX3(p —in + £n)?)
Vexkm ~ - 1—IN2—inA2Xt ANY(1+inA?) + O\,
AN (1 —p—in) —AN? 1

(1.4)
where A\ = 515 = sinf,., AN? = sy3, and AN3(p — in) = s13¢~*. This approximation
implies the hierarchy

Vi ? << [Va|? << [Vio]? << 1, (1.5)

which implies that the tendency of b — ¢ is larger than b — wu.

The four real quantities in the Wolfenstein parametrization can be determined

with experimental measurement results [§]:

A = 0.22535 4 0.00065, A = 0.81179:022

1.6
p= OISR, =0t o
0.97427 £ 0.00015 0.22534 + 0.00065  0.00351 300015
Vexm = | 0.22520 £ 0.00065 0.97344 £0.00016  0.041270005 |- (1.7)

0.00867+0:00029 0.0404F5:90LL (9 .999146+:90002L

1.3 (P Violation

There are three usual symmetries in particle physics: charge conjugation (C),
parity (P), and time reversal (T'). In the beginning, the three types of symmetry
were believed to be invariant separately. However, the huge imbalance between
matter and anti-matter in this universe indicates that C' symmetry is absolutely
broken. P violation was proposed by T. D. Lee and C. N. Yang in 1956 [9], and
then it was confirmed by C. S. Wu in the § decay experiment in 1957 [10]. At that
time, physicists believed the combination of C' and P (C'P) would be invariant.

In 1964, the first evidence of C'P violation was observed in K; — 7w~ de-
cay [11], which is forbidden under C' P symmetry. In 1980, Carter and Sanda also
suggested the potential of large C'P violation in B meson decays [12]. The first
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observation of large C'P violation in the neutral B meson system [13] was found by
the Belle experiment at the High Energy Accelerator Research Organization (KEK)
in Japan.

1.4 B Physics

The third generation bottom quark (b) was observed in 1977 by the Columbia-
Fermilab-Stony Brook collaboration (CFS) E288 experiment headed by Leon Led-
erman at Fermilab [14] by the newly discovered dimuon resonance at 9.5 GeV (rec-
ognized as T(15) now). The flavorless T meson is formed by a b and a b. Figure
shows the cross section of different Y states particle production as a function of
mass measured by Columbia University - Stony Brook (CUSB) and CLEO detector
in Cornell Electron Storage Ring (CESR) at Cornell University [15].

25
) by
g2 ;
) b
o ' 4
_E sk ';I ]
TP
T 10 * : A ]
+$ |Ir L“ + : *'4 'r'."! ]
el S LA F oy p
= + bay ok Lossany m-h-q‘.*“"“_.""ki_.o._l ]
T(18) T(2S) T(35) T(45)
0 1 1 1 1 1 1 1
944 946 10.0010.02 1034 1037 1054 10.58 10,62

Mass (GeV/c™)

Figure 1.3: Total ete™ cross section measured by CLEO and CUSB showing the
masses of T resonances [10].

B mesons are the bound states of a (b) and either an u, d, s, or ¢, which are
charged B meson (B"), neutral B meson (BY), strange B meson (B?), or charmed

B meson (BJ), respectively. The B mesons and their properties are summarized in
Table [L4l

Regarding B decays, the majority is with b — ¢ transition at the quark level
with a charmed hadron or charmonium (c¢¢ mesons) in the final state. For the B
decays which are through b — u, d or s transition, the decay channels are called
rare B decays. Rare B decay is basically suppressed by the CKM matrix element

Vi and it is sensitive to C'P asymmetry and new physics.

Since Y(4S5) have a mass of (10.5794 £+ 0.0012) GeV, which is only 20 MeV
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Type Quark content I(J¥) Rest mass (MeV/c?*) Mean lifetime(ps)
BT ub 2(07) 5279.17 & 0.29 1.641 4 0.008
B° db 1(07) 5279.50 + 0.30 1.519 4 0.007
BY sb 0(07) 5366.3 %+ 0.6 1.425 4 0.041
Bf cb 0(07) 6277 4 6 0.453 £ 0.041

Table 1.1: Properties of the four types of B mesons [§].

above BB threshold, and B(Y(4S) — BB) is larger than 96% [8], B mesons can

be generated in abundance via YT (4S5) decay. Experimentally, we produce B mesons

by the ete™ collisions at a center-of-mass energy on Y (4S5) resonance, and Y (45)
almost immediately decays to BB pairs (including B+ B~ and B°BO, the branching
fractions are almost the same). Figure shows the Feynman diagram of this
decay process. This kind of experimental design which is dedicated to the T(4S)
production is called B-factory, which is essential for the B physics study, e.g. rare
B decay, C'P violation in B decay. Table lists the two B-factories in the world.

e

+
e

b
Y Y(49) d

d
b

Figure 1.4: ete™ — T(4S) — BB process.

Institute Accelerator Detector Location
SLAC PRP-II BaBar  Stanford California, USA
KEK KEKB Belle Tsukuba, Japan

Table 1.2: B-factories
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Chapter 2

Belle Experiment

The main goal of the Belle experiment is to study the physics of C'P violation,
which holds the key to the baryogenesis (the matter-antimatter asymmetry). It is
conducted by the Belle Collaboration, an international collaboration of physicists
and engineers from 16 countries, located at the High Energy Accelerator Research
Organization (KEK) in Tsukuba, Ibaraki Prefecture, Japan. There are two major
facilities in the Belle experiment: the KEKB accelerator and the Belle detector.
Figure shows the bird’s eye view of the organization and the KEKB accelerator.

Figure 2.1: Bird’s eye view of the KEKB accelerator at KEK [17].
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2.1 KEKB Accelerator

KEK B-factory (KEKB) [18] [19] is an asymmetric energy electron-positron col-
lider located at KEK. It has two storage rings: a low-energy ring (LER) for 3.5
GeV positron beam and a high-energy ring (HER) for 8 GeV electron beam, and
both rings are constructed side by side in the TRISTAN tunnel with a circumference
of 3 km. There are straight sections in the circular tunnel: Fuji, Nikko, Tsukuba
and Oho. In Fuji area, there is a cross-over design used in order to ensure exactly
the same circumference for the two rings. The two energy-asymmetry beams are
designed to collide at the interaction point (IP) with a crossing angle of £11 mrad,
and the Belle detector is also located at the IP in Tsukuba hall, which is on the

northeast side of the rings.

The design of KEKB is known as a B factory with the center-of-mass energy of
10.580 GeV at the T (4S5) resonance, which is just barely above the BB production
threshold. With the center-of-mass energy, the cross section of T(4S) — BB process
is about 1.05 nb while the cross section of the eTe™ — ¢q (¢ = u,d, s, ¢) continuum

process is about 3.7 nb.

The crossing angle of 11 mrad is a notable feature of KEKB’s design. It can

provide advantages as following:

- Reducing the parasitic collisions near IP to reach higher luminosity.

- Eliminating the need for the separation-bend magnets, which reduces beam

background in the detectors significantly.

- Making room to fill all RF buckets with the beam

Z is defined to be the inverse direction of LER, and z is perpendicular to z-
axis which let x-z plain containing both HER and LER. Crab cavities are placed
near the IP in order to rotate the beam bunches to make head-on collision. An
illustration of beam bunches rotation by crab cavity is shown in Figure The
KEKB accelerator configuration is illustrated in Figure and the parameters for
the KEKB accelerator design are summarized in Table [2.1]

KEKB is designed to operate with a peak luminosity at the order of 1034 cm=2s71,

which corresponds to about 10® BB pairs per year. The operation from December,
1998 to 30 June, 2010 reaches the instantaneous luminosity record of 2.11 x 1034

d0i:10.6342/NTU201601179



2.2 Belle Detector 9

Crab cavity Crab cavity
\ f Collision 1‘ /
\ with /
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///i-/ b~ \.r\\

Collision
without
Crab cavities

Figure 2.2: Illustration of beam bunches rotation by crab cavity [20].

em 2571, Total integrated luminosity of 1052 fb~! was accumulated by Belle detec-

tor.

In order to further probe the new physics e.g. physics in rare B decays, the
KEKB accelerator and the Belle detector are now upgrading to SuperKEKB [21]

and Belle II [22], to achieve the instantaneous luminosity by a factor of 40.

2.2 Belle Detector

The Belle detector [23] 24] is a multilayer detector with various sub-detectors in
order to detect and reconstruct most of the final state particles from ete™ collision. It
is configured around a 1.5 T superconductor solenoid and iron structure surrounding
the KEKB beams at the Tsukuba interaction region. The main part of the detector
has a polar angle () coverage from 17° to 150°. In the Belle detector, there are
various sub-detectors with different functionalities. Brief introductions to them are

below:

e Silicon Vertex Detector (SVD): The inner-most detector which provides mea-

surement of B decay vertices

e Central Drift Chamber (CDC): Located outside of SVD and beam pipe, and

provides tracking information and dF/dx measurement of charged particles.

e Acrogel Cerenkov Counters (ACC): An array of silica aerogel threshold Cherenkov

counters, which provides information for particle identification.
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Interaction
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Figure 2.3: Configuration of the KEKB accelerator. The Belle detector is located
in the interaction point in Tsukuba hall [17].
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Ring LER HER Unit
Energy E 3.5 8.0 GeV
Circumference C 3016.26 m
Luminosity L 1 x 103 cm 257!
Crossing angle 0. +11 mrad
Tune shifts /&y 0.039/0.052

Beta function at IP Bx/ By 0.33/0.01 m
Beam current 1 2.6 1.1 A
Natural bunch length o, 0.4 cm
Energy spread O 71x107*%  6.7x107*

Bunch spacing S 0.59 m
Particles/bunch N 3.3x 101 1.4 x 10!
Emittance ex/ey  1.8x1078/3.6 x 10710
Synchrotron Vs 0.01 ~ 0.02

Betatron tune vy /vy 45.52/45.08 47.52/43.08
Momentum compaction factor Qayp 1x107%4~2x 1074

Energy loss/turn Uy 0.81%/1.5 3.5 MeV
RF voltage Ve 5~ 10 10 ~ 20 MV
RF frequency frF 508.887 MHz
Harmonic number h 5120

Longitudinal damping time Te 43t /2311 23 ms
Total beam power P, 2.77 /4.5 4.0 MW
Radiation power Psp 2.1T/4.OJfT 3.8 MW
HOM power Prom 0.57 0.15 MW
Bending radius p 16.3 104.5 m
Length of bending magnet lp 0.915 5.86 m

T: without wigglers, t1: with wigglers

Table 2.1: Parameters of the KEKB accelerator design [I§].
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e Time of Flight (TOF): A barrel-like arrangement of time-of-flight scintillation

counters, which provides information for particle identification.

e Electromagnetic Calorimeter (ECL): A CsI(T1) crystal array, which is located
outside of ACC and TOF, and inside the coil of solenoid magnet.

e K? and muon detection system (KLM): An iron flux-return located outside of

the coil of solenoid magnet.

e Extreme Forward Calorimeter (EFC): A pair BGO crystal arrays which detects
tracks from the extreme forward and backward directions, and extends the

original angular coverage of ECL.

The configuration of the Belle detector is shown in cut view and side view in
Figure [2.4] The performance of the Belle detector is summarized in Table 2.2 De-
scriptions of each sub-detector are included in following sections. More information
about the Belle detector is detailed in Ref. [23].

2.2.1 Beam Pipe

In the Belle experiment, precise measurement of decay vertices is essential to
observe time-dependent C'P asymmetries of B mesons. The first layer of the silicon
vertex detector should be placed as close to the IP and beam pipe as possible in order
to increase the vertex position resolution. However, multiple Coulomb scattering in
the beam pipe wall and the first layer of the silicon detector are the limiting factors

on the z-vertex resolution, a thin beam pipe is required.

The beam pipe is designed to have an inner radius of 2.0 cm, and an outer wall
2.3 cm in radius. The central part (—4.6 cm < z < 10.1 cm) of the beam pipe
consists of double beryllium cylinders of 0.5 mm thickness. A 20 mm thick gold
sheet is attached outside the outer beryllium cylinder in order to reduce the low-
energy X-ray background (~0.5 keV). Due to the heat induced by the beam with a
few hundred watt, the 2.5 mm gap between the inner and outer walls is filled with
Helium gas for cooling. Figure shows the cross-section of the beryllium beam
pipe near the IP.

Figure [2.6| shows the arrangement of the beam pipes and masks. The beryllium
central section is brazed to aluminum pipes that extend outside of the collision

region. The apertures of the beam pipe and masks (SR Mask) near IP are designed to
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Electromagnetic CaLorimeter

. . Aerogel Cherenkov Counter
Y. T reconstruction

; ; : | Particle identification
e identification -

Time Of Flight
Particle identification | =
S/
8 GeV e
— . \ |
S N s K 1 / Muon detector
- - <\ \KL‘/ u identification
Ly = Sl
s Central Drift Chamber
Silicon Vertex Detector Charged track momentum
B vertex determination Particle identification
(a) Cut view of the Belle detector.
Csl KLM
CDC
ACC

|
- EFC

2 3(m)

(b) Side view of the Belle detector.

Figure 2.4: Configuration of the Belle detector [23].
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Detector Type Configuration Readout Performance
Beam pipe Beryllium Cylindrical, r = 20mm,
for DS-1 double wall 0.5/2.5/0.5(mm) = Be/He/Be

w/ He gas cooled
Beam pipe Beryllium Cylindrical, r = 15mm,
for DS-II double wall ~ 0.5/2.5/0.5(mm) = Be/PF200/Be
EFC BGO Photodiode readout 160 x 2 Rms energy resolution:
Segmentation : 7.3% at 8 GeV
32in ¢; 5in 0 5.8% at 2.5 GeV
SVD1 Double-sided 3-layers: 8/10/14 ladders ¢: 40.96k o(zcp) ~ 78.0pm
Si strip Strip pitch: 25(p)/50(n)um z: 40.96k for B — ¢K024
SVD2 Double-sided 4-layers: 6/12/18/18 ladders o(zop) ~ 78.9um
Si strip Strip pitch: ¢: 55.29k for B — ¢K?
75(p)/50(n)pm (layerl-3) z: 55.296k
73(p)/65(n)um (layerd)
CDC Small cell Anode: 50 layers Anode: 8.4k Org = 130pum
drift Cathode: 3 layers Cathod: 1.8k o, = 200 ~ 1400pm
chamber r =8.3-86.3 cm opt/Pt = O.S%Q/p% +1
—77 < 2 <160 cm 04g/ds = 0-6%
ACC Silica 960 barrel/228 end-cap Np.e. >6
aerogel FM-PMT readout K /m seperation:
1.2 < p < 3.5GeV/c
TOF Scintillator 128 ¢ segmentation 128 x 2 o+ = 100 ps
r = 120 cm, 3-cm long K /7 seperation:
TSC 64 ¢ segmentation 64 up to 1.2 GeV/c
ECL CsI Barrel: r = 125 - 162 cm 6624 op/E =13%/VE
(Towered- End-cap: z = 1152(F) Tpos = 0.5 cm/VE
structure) -102 cm and +196cm 960(B) (E in GeV)
KLM Resistive 14 layers 0: 16k A¢p = Af = 30mr
plate (5 cm Fe + 4cm gap) ¢: 16k for Kp,
counters 2 RPCs in each gap ~ 1% hadron fake
Magnet Supercon. Inner radius = 170 cm B=1.5T

Table 2.2: Performance parameters for the Belle detector. There were two configura-
tions of inner detectors used to collect two data sets, DS-I and DS-II, corresponding
to a 3-layer SVD1 and a 4-layer SVD2 with a smaller beam pipe, respectively [23].
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make synchrotron X-ray from QCS and QC1 magnets pass through without hitting
the beam pipe inner wall. Photons from QC2 and QC3 with a critical energy less
than 2 keV can also easily absorbed in the material of the SR mask.

HERT—— LER

Inner Be (20.0mm<R<20.5mm

Outer Be 3.0mm<R<23.5mm)

Figure 2.5: Cross-section of the beryllium beam pipe near the IP [23].

100 T

Particle masks

Horizontal (mm)

Particle masks

100 1 | |

-2 1 0 1 2

Distance from IP (m)

Figure 2.6: Arrangement of the beam pipe and horizontal masks [23].

2.2.2 Silicon Vertex Detector (SVD)

SVD is primarily for the B mesons decay vertices measurement, since a primary
goal of Belle experiment is time-dependent C'P violation, which requires a position
resolution of ~ 100 um for the measurement of z-vertex position difference for B
meson pairs. In addition, SVD is useful to determine the decay vertices of D meson
and 7, and also contributes to the improvement of tracking.
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The first version of SVD (SVD1) started to operate in 1999. It consists of three
concentric cylindrical layers of double-sided silicon strip detector (DSSD) with 8,
10, and 14 ladders in each layer. The radii of three layers are 30 mm, 45.5 mm, and
60.5 mm. Its angular coverage is 23° < 6 < 139° where 6 is the angle from the beam
axis, corresponding to 86% of the solid angle. Each ladder is made of two joined
half-ladders, and each half-ladder contains one or two DSSDs which are supported
by boron-nitride (BN) ribs sandwiched with carbon-fiber reinforced plastic (CFRP).
Each DSSD contains 1280 sense strips and 640 readout pads on both opposite sides.
The z-strip (¢-strip) pitch is 42 (25) pm, and readout z-strip (¢-strip) is 84 (50)
pm, respectively. The active region size in DSSD is 53.5x32.0 mm? on the z-side
and is 54.5x32.0 mm? on the ¢-side. Figure shows the designed configuration of
SVD.

SVD was upgraded to SVD2 in summer 2003 [25]. SVD2 is made of four detector
layers, with 6, 12, 18 and 18 ladders, and a radius of 20 mm, 43.5 mm, 70 mm, and 80
mm in each layer, respectively. Two types of DSSD are used for different layers. It
also has a larger polar angle coverage (17° < 6 < 150°), which is the same as CDC’s
coverage. The beam pipe is replaced by a smaller (1.5 ¢cm in radius) one. SVD2
successfully improves the vertex resolution and also performs a higher radiation
hardness than SVD1. The side view and the end view of SVD1 and SVD2 systems

are illustrated and compared in Figure 2.8]

SVD sideview
SVD emdview \ CDC _—

Figure 2.7: Configuration of SVD [23].

2.2.3 Extreme Forward Calorimeter (EFC)

EFC extends the polar angle coverage of ECL (17° < 6 < 150°) to the extreme
region, which is useful to improve the experimental sensitivity to some physics

processes, e.g. B — 7v and two-photon physics. Its polar angle coverage is
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(a) Side view comparison of SVD1 and SVD2.
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(b) End view comparison of SVD1 and SVD2.

Figure 2.8: Graphical illustration of sub-detector SVD1 and SVD2 [23].
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6.4° < 0§ < 11.5° in the forward direction (the e~ direction) and 163.3° < 6 < 171.2°
in the backward direction (the e* direction). EFC is also used as a beam monitor

for the KEKB control and a luminosity monitor for the Belle experiment.

Since EFC is placed around the beam pipe near the IP, it is under long-term
exposure to high radiation level. The material of EFC is chosen to be radiation-
hard BGO (Bismuth Germanate, Bi;Ge3O;5) crystal calorimeter, which can also
provide better energy resolution [26]. Figure shows an isometric view of the
BGO crystals in EFC. EFC is attached to the front faces of the cryostats of the
compensation solenoid magnets of the KEKB accelerator, surrounding the beam
pipe. EFC is also required to function as a beam mask to reduce backgrounds
for CDC. There are in total 320 photodiode readout channels. By the energy sum
spectra for Bhabha events, an 8 GeV peak with RMS resolution of 7.3% is seen in
the forward EFC, and a 3.5 GeV peak with an RMS resolution of 5.8% is seen for
the backward EFC.

Figure 2.9: Isometric view of the BGO crystals in EFC of the forward and backward
parts [23].

2.2.4 Central Drift Chamber (CDC)

CDC is designed to provide information of charged particles, including three
dimensional tracking information, momentum measurement, and the energy loss

dE/dz. Tt has a polar angle coverage of 17° < 6 < 150°. The transverse momentum

d0i:10.6342/NTU201601179



2.2 Belle Detector 19

(pr) is obtained by the curvature of the track in transverse plane, and the longi-
tudinal momentum is obtained by the measured pr and helical information. The
precise dF /dx information is also essential for particle identification. The goals of
the Belle experiment require a momentum resolution of o, /pr ~ 0.5%m for
all charged particles with pr > 0.1 GeV/c

Figure shows the structure of CDC. Its inner radius is 103.5 mm and its
outer radius is 874 mm. CDC has 50 cylindrical layers and three cathode strip
layers. Each cylindrical layer contains between three and six either axial layers or
stereo layers with a small angle. The 50 wire layers are arranged in 12 superlayers
(SLs), and each SL contains either axial or stereo layers. There are 8400 drift cells
in CDC, and the individual cells are nearly square. Except for the inner three layers,
the individual cells have a maximum drift distance between 8 mm and 10 mm and a
radial thickness between 15.5 mm and 17 mm. The drift cells in the inner layers are
smaller than the cells in other layers and the signals are read out by cathode stripes
on the cylinder walls. Figure [2.11] shows the cell arrangement of drift cells and the

structure near cathode part.

BELLE Central Drift Chamber

2204

702.2 1501.8

790.0 1589.6

747.0 g1

Interaction Point

Cathode part

, ,
Ly Lox
100mm 100mm

Figure 2.10: Overview of the CDC structure. The lengths in the figure are in units
of mm [23].

Since the majority of decay particles from B meson have momenta lower than
1 GeV /e, the minimization of multiple scattering is important to improve the mo-
mentum resolution. Hence, the use of low-Z (atomic number) gas is desirable. In
addition, the use of ethane can provide good dFE /dz resolution. Therefore, we choose
a 50% He and 50% CyHg gas mixture with a radiation length of around 640 m and
a drift velocity of around 4 cm/ps.
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Figure 2.11: Cell structure and the cathode sector configuration of CDC [23].

The truncated-mean method was used to estimate the most probable energy
loss. The largest 20% of measured dE/dx values for each track were ignored and
the remaining data were averaged in order to minimize occasional large fluctuations
in the Landau tail of the dE/dx distribution. The expected truncated-mean is a
useful variable for particle identification, especially for the separation of K* and 7+
in the momentum region below 0.5 GeV/c. Figure shows a plot of dF/dx and

particle momentum, together with the expected truncated mean. Populations of ,

K, p, and e can be clearly seen.

dE/dx

35

25

05 1 ‘
log,q( p (GeVic) )

1.5 -1 0.5 0

Figure 2.12: Scatter plot for dE/dz versus momentum. Expected results for m, K,
p and e are shown by solid curves. The unit of the momentum is GeV/c [23].
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2.2.5 Aerogel Cherenkov Counter (ACC)

Separation between 7% and K¥ is important for the C'P violation in B decay.
ACC is an array of silica aerogel threshold Cherenkov counters, and it utilizes the
detection of Cherenkov light for particle identification, specifically to distinguish 7+
from K* in the further momentum coverage (1.2 GeV/c ~ 4.0 GeV/c) which is
beyond the reach of dE /dx measurements by CDC and TOF. Cherenkov light is the
emitted photons by the charged particles exceeding the speed of light in a medium,

and it takes place if the velocity of particle(3) satisfies n > 1/ = /1 + (m/p)2.

The configuration of ACC is shown in Figure 2.13] ACC contains two parts,
including barrel and end-cap. The barrel part consists of 960 counter modules
segmented into 60 cells in the ¢ direction covering 33.3° < # < 127.9°, and the end-
cap part consists of 228 modules arranged in five concentric layers for the forward
end-cap part of the detector (13.6° < 6 < 33.4°). All of the counters are arranged in
semi-tower geometry and are pointing to the IP. A typical ACC module comprises
five aerogel tiles stacked in a thin aluminum box, which is approximately 12 x
12 x 12 ecm?®. In order to detect Cherenkov radiation effectively, ACC use fine-mesh
photomultipliers (FM-PMT) which are designed to operate in strong magnetic fields
of 1.5 T. Two FM-PMTs are installed for the barrel ACC modules and one for the
end-cap ACC modules. Two types of the unit modules are shown in Figure [2.14]

The performance of ACC modules has been tested at the 72 beam line at KEK
Proton Synchrotron (PS). In the pulse-height spectra, separation between 7% and
p™ with more than three standard deviations can be clearly seen. By using Bhabha
and hadronic events, a clear separation between e* and K= is also observed. Careful
calibrations for the pulse height of each FM-PMT signal have been performed with
p-pair events. The light yields for the p tracks depends on the index of refraction of
aerogel radiators, the geometry of each ACC module, and also the size and number
of FM-PMTs attached on the modules.

2.2.6 Time of Flight (TOF)

A time-of-flight (TOF) detector system using plastic scintillation counters is very
powerful for particle identification in e*e™ collider detectors. With a typical flight
length of 1.2 m and a time resolution of 100 ps, TOF can identify charged particles
with momenta below 1.2 GeV /¢ effectively, which encompasses 90% of the particles

produced in T (4S) meson decays. It also provides information for K/p separation,
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Figure 2.13: Arrangement of ACC at the central part of the Belle detector. The
index of refraction(n) is for each ACC module [23].
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Figure 2.14: Schematic drawing of a typical ACC counter module: (a) barrel and
(b) end-cap ACC [23].
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which is not covered by the design of ACC system. The TOF counters is also used
for the Belle trigger system by the capability of fast timing resolution. In order to
keep the fast trigger rate below 70 kHz to avoid pile-up in trigger system, the TOF

system is augmented with thin trigger scintillation counters (TSC).

TOF counters and TSCs are made of fast scintillators and FM-PMTs that are
directly mounted on the scintillator. The whole TOF system consists of 128 TOF
counters and 64 TSCs. A TOF /TSC module contains two trapezoidally shaped TOF
counters and one TSC counter, with a 1.5-cm intervening radial gap. Structure of
the module is shown in Figure 2.15] In total, 64 TOF/TSC modules are located in
the barrel region outside the ACC and have a polar angle coverage of 34° < 0 < 120°.
For a charged particle, its pr is required to be greater than about 0.28 GeV /c to reach
the TOF counters. Readout of each TOF counter and T'SC is done by two FM-PMT's
attached at both ends and a single FM-PMT at the backward end, respectively.

Backward Forward
L.P (Z=0)
91.5 80.5 725 | 182.5 190.5
.r"""""""""""I.'o"%' """""""""""""""""" 1
1 1
' fPMTA{”PMT 40 [ TOF 40t x 60W x 255.0L | PMT [ 1,
: - ————— _\_ ___________ i ._5__5._______. __________________::_7_:::_.:
| TSC 0.5t x 120 W x 263.0L R=117.5
| 282.0 L
i 287.0
. . i -
Light guide (/ \I oo - jpm Rei20
R=117.5 — R=117.5

Figure 2.15: Hlustration of a TOF/TSC module. The unit of length is in mm [23].

The resolution for the weighted average time is about 100 ps and is with a small

z dependence. The mass for each track can be calculated using the equation

1 cT,
M2= (= —1 P2:( °b5—1>P2, 2.1
(52 ) Lpath ( )

where 3 is the particle’s speed relative to light, T, is the observed time of flight (the

time walk correction on measured PMT signal time), and P (L) is the momentum
(path length) of the particle obtained by CDC tracking result assuming the muon
mass. Figure shows the mass distribution for charged particles with momenta

below 1.2 GeV /¢, in which clear separations between 7%, K* and p* peaks can be
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Figure 2.16: Mass distribution from TOF measurements for particle momenta below
1.2 GeV/c [23].

2.2.7 Electromagnetic Calorimeter (ECL)

ECL is an array of CsI(Tl) crystals, and is designed to detect photons from B
meson decays with high efficiency and good resolutions in energy and position. Since
most of the photons are end-product of decay cascades and are with relatively low
momentum, good detection performance with photons below 500 MeV is necessary.
Besides, good resolution up to 4 GeV is also essential for some two body decay
modes such as B — K*y and B® — 797
between CDC tracking and ECL clustering and the ratio £/P, where E is the

energy deposits measured by ECL [27] and p is momentum measured by CDC. High

. Electron identification relies on matching

momentum 7° detection requires the separation of two nearby photons and a precise
determination of their opening angle. Therefore, a fine-grained segmentation in ECL

is required.

Figure represents the overall configuration of ECL. It is composed of 8736
CsI(T1) crystals with silicon photodiode readout installed inside the coil of solenoid
magnet. 6624, 1152, and 960 crystals locate at the barrel, forward end-cap, and
backward end-cap region, respectively. Each crystal has a tower-like shape and
points toward IP with a small tilt angle (1.3° ~ 4°) to avoid photon leakage from
the gaps between crystals. The geometrical configuration is summarized in Table[2.3]
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The size of crystals also matters. Smaller size can provide better position resolution
but also makes energy resolution worse due to the increase of gaps and inactive
material between crystals. For the barrel region, a crystal has a typical dimension of
5.5 x 5.5 cm? in the front face and of 6.5 x 6.5 cm? in the rear face, while dimensions
of the end-cap crystals have a large variation. The 30 cm length (corresponding to
16.2 radiation lengths) is chosen to avoid deterioration of the energy resolution at
high energies due to the fluctuations of shower leakages out the rear of the counter.
The small gaps between barrel and end-cap region cause about 3% loss of the total

acceptance.

Backward Endcap Calorimeter Forward Endcap Calorimeter

Barrel Calorimeter

VS5 P R =
/ \
=7 ! J
{ ] —F
‘ 1021.6 1961.6
3825
unit - (mm)
20\ \m\ [TTTT ‘1‘0‘ \m\ [T TTT \O\g \m\ [TTTT \W\O\ \m\ [TTTT \2\(\) \m\ [TTTT \g(\) .
Figure 2.17: Overall configuration of ECL [23].
Item 0 coverage 0 seg. ¢ seg. No. of crystals
Forward end-cap 12.4° — 31.4° 13 48—144 1152
Barrel 32.2° — 128.7° 46 144 6624
Backward end-cap 130.7° — 155.1° 10 64—144 960

Table 2.3: Geometrical parameters of ECL [23].

After KEKB was commissioned in June 1999, the calibration on each counter
is performed by a large amount of two photon and Bhabha events. The energy
resolution reached 1.7%, 1.74% and 2.85% for the barrel ECL, forward ECL and

backward ECL, respectively. For the first three years operation, mass resolutions of
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the 7 — v+ and 1 — 7 reconstruction were measured to be 4.8 and 12.1 MeV /c?,
respectively [28].

2.2.8 K and Muon Detection System (KLM)

The main purpose of the KLM detection system is high efficiency identification
of K and muons [29] with momenta greater than 600 MeV/c. KLM has a polar
angle coverage of 45° ~ 125° in barrel-shaped region around IP, and the forward
and backward end-caps extend to range to 20° ~ 155°. It consists of 15 (14) layers
of glass-electrode-resistive plate counter (RPC) and 14 (14) layers of 4.7 cm-thick
iron plates arranged alternatively in the octagonal barrel (forward and backward
end-cap) region. The iron plates provide 3.9 cm interaction lengths of material. The

schematic diagrams of two types of RPC modules in KLM are shown in Figure 2.18

Each RPC module contains two parallel plate electrodes which provide high bulk
resistivity (> 10'°Q2 - cm) and are separated by a gas-filled gap. The interaction of
hadrons with the iron plates and ECL would produce a shower of ionizing particles,
which would fly through the RPC modules and induce streamers in the gas-filled
gaps. The streamers result in a local discharges of the plates and induce signals
on external pickup strips. The location of the showers provide the K; momentum
direction, while KLM doesn’t have the capability of K energy measurement. The
KLM hit associated charged tracks which is extrapolated from CDC tracks, will be

identified as muons.
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(a) Barrel RPC module. (b) End-cap RPC module.
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Figure 2.18: Schematic diagrams of the internal spacer arrangement of RPC [23].

d0i:10.6342/NTU201601179



Chapter 3

Search for D' — v Decay at Belle

3.1 Motivation

In the Standard Model (SM), heavy meson (D or B mesons) decay to vv is
helicity suppressed [30] with an expectation of branching fraction of B(D" — vi) =
1.1 x 1073%T, which is beyond reach of the current collider experiments. The SM
decay diagrams of D° — v are shown in Figure However, Ref. [30] estimates
the production rates of D and B mesons to dark matter (DM) particles such as
two-body decay, radiative decay, and with an additional light meson in the final
states. Under different DM models, e.g. scalar DM, v quark of the hidden valley
model [31], right-handed neutrino [32], or majorana fermion, the branching fraction
of DY to invisible final states could be enhanced to O(107%).

The recent DM searches are mainly based on the direct detection of the nuclear
recoil signal due to DM interaction, or v ray production and e*e™ /pp production due
to the DM annihilation process. At the ete™ flavor factory, an indirect detection
of DM candidates can be exploited, where two heavy flavor particles should be
produced in the flavor-conjugate states. One of the D (B) can be tagged to produce
a cleaner event sample and utilize the recoil information to search for the D (B)
decay to invisible signal. There are large amount of eTe™ — ¢¢ continuum events,
in which plenty of D mesons would be produced at the B factories. We use the
charm tagger method to select an inclusive DY sample which allows to identify
DY decays involving invisible particles. The similar method is used previously by

Belle [33] 34} [35] and BaBar [36] to measure semileptonic and leptonic Dy, decays.

fThroughout this thesis, inclusion of charge-conjugate decay modes is always implied.

27
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28 Search for D° — v Decay at Belle

The process, ee™ — c¢ — D,EZ;X fmgl_?;fg with D;‘i; — DY m; is fully reconstructed
except for Dgig. Here, Dy, represents a charmed particle in tag-side: D°, D, Df,
and AF. Since the center-of-mass (c.m.) energy of KEKB is above the open charm
threshold, the fragmentation system (Xpag) with a few light unflavored mesons would
also be produced. Hence, this search for D° (B®) — invisible decay with flavor
tagging methods at B factories provide an alternative way for DM search. Any clear
signal would be an indication for new physics. Measurements on B° decays into
invisible final state with hadronic and semileptonic B tagging were performed by

Belle and BaBar, respectively [37, [38].

Wt
C — 5 > v
+ + ~t
l)O d7$7b Y A € 7/"L 77-
W=
u < < v

1%

v

c > v
DO

u v

<
<

Figure 3.1: The decay diagrams of D — vi.

3.2 Data Sample

This analysis is based on the data collected by the Belle detector at the KEKB

asymmetric-energy ete™ collider at or near the Y(4S) and Y (55) resonance, includ-
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3.3 Charm Tagger Method 29

ing 711.0 fb~' Y (4S5) on resonance, 121.4 fb~! T(55) on resonance and 91.1 fb~" off

resonance data sample.

3.2.1 Blind Analysis and Monte Carlo Samples

We study signal and backgrounds depending on a blind study with Monte Carlo
(MC) simulation method. For the signal decays study, signal MC sample with
D** — D% with D° — vi from ete™ — c¢ are generated with EvtGen [39]
package and detector simulation is done with GEANT [40] package. The generic
cc MC (eTe™ — cc) is essential for developing the charm tagger for inclusive DY
study. Besides, the other continuum uds MC (ete™ — ¢G, ¢ = u,d, s), the generic
BB (efe™ — Y(4S) — BB) MC, B,B, MC (ete” — T(55) — final states with
B,B,) and non-B,B, MC (efe” — YT(5S) — final states without B,B,) are also

considered for background study.

All of these MC and data are based on the new tracking algorithm, i.e., case B

data in Belle environment setting.

3.3 Charm Tagger Method

3.3.1 Overview

The reconstruction method is based on a previous study by the Belle collabora-
tion in leptonic Dy decay [35]. To obtain the inclusive D° sample with Belle data for
absolute branching fraction measurement, the process followed by ete™ — c¢ which

we are going to reconstruct is

ete” —cc— D(*)Xfmgl_)*_ Dt — DY w7 (3.1)

tag 8197 sig sig’'s

Through this process, one of the ¢ quark hadronizes into Dg;,
(*)

reconstructed as tag side. D,,; includes four types of ground state Dy, (D°, D*, Af,
and D) and three types of excited state D}, (D*, D**, and D:T). Since the beam

tag

which is going to be

energy is above the open charm threshold, for the ete™ — ¢¢ production, besides

two hadrons with ¢(¢) flavor would be generated from the two jets with ¢ and ¢, a
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few light unflavored mesons would also be generated from fragmentation, and they
are denoted as X yyqg. Xjrqg consists of any number of pions or v, and even number
of Kaons. The information of recoil D:i; is obtained by the missing momentum
()

against the reconstructed Dy,; and Xj..,. We use the inverse mass constrained

*—

fit to improve the resolution of recoil Dsig momentum. With tagging on an extra

*—

slow charged pion () decayed from recoil Dsig, we thus obtain the information of

inclusive D° (DY

sig)- The yield of inclusive D is obtained by the fit on missing mass

*

distribution recoiling against D)

tags Xfrag, and .

Measurement of absolute branching fraction of DY to an exclusive final state f

is determined by this formula:

Nezcl.<D0 — f)
ND° . ¢(D° — flincl.DO) - C’

incl.

B:

(3.2)

where N2, represents the total number of inclusive D reconstructed by the charm
tagger, Nego.(D° — f) is the signal yield of exclusive D° — f decay, and the
e(D° — flincl.DP) is the signal side selection efficiency of DY — f decay within
an inclusive D° sample. The ¢(D° — flincl.DP) is calibrated by C' due to different

kinds of signal side selection. Basically, the most critical signal side selection is

0

constraint on the remaining detector information which is only associated with Dsig.

For instance, we will require there is no remaining detector information at signal

side for D° — v study.

3.3.2 D,y Reconstruction

The first step is to reconstruct the ground state Dy,,. Four types of Dy, and 23
decay channels are considered and listed in Table

Selection criterion of final state particles

e Impact parameter of charged tracks:

- |dr] < 0.5 ¢cm and |dz| < 1.5 cm. dr and dz are the deviations of a track
from the IP position in the transverse (x-y) plane and in the z direction,

respectively. where the z axis is opposite the position beam direction.

e Charged hadrons (7+, K*, and p):
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3.3 Charm Tagger Method 31

D° decay B(%) || Dt decay | B(%) || A decay | B(%) || DI decay B(%)
K7t 39 || Kntnt 94 || pK— 7" 5.0 || KTK nt 5.5
K-ntr® 139 || K-nfata® | 6.1 || pK ntn® | 34 || KK 1.5
K-ntrtn~ 81 || Kgm™ 1.5 || pKY 1.1 || K3KInt 5.4
Krntrtaa| 42 || Kirtn® 6.9 || Ant 1.1 || K"K 7t=%| 5.6
Kirtr 29 || Kirtrtn— | 3.1 || Arta® 36 || KoK ntnt | 7.2
Kdrtn—n" 54 || KTK—nt 1.0 || Antntn= | 2.6

Sum | 38.4 || Sum | 28.0 | Sum | 16.8 || Sum | 25.2

Table 3.1: List of Dy,, decay modes included in the charm tagger and the corre-
sponding branching fraction.

Charged hadron identification for this study is done with constraints on

the likelihood values L,, Lk, L, L., and L,, which are determined from

the information provided by the hadron identification system.
7t Lig/(Lkx + L) <0.9

K*: Lg/(Lkg+ L;)>0.1

p: Lx/(Lk + L,) <09 and L, /(L. + L,) < 0.9

Obtained by Mdst_pi0 bank
E, > 50 MeV
0.115 < M., < 0.150 GeV/c?

Mass constrained fit is performed
o 7 (strong):

- We use the 7° which passes this stronger selection criterion to reconstruct
Dyqq decay modes with complicated final state, as listed in Table
- Obtained by Mdst_pi0 bank

- In additional to the criteria for 7° listed above, we require E., > 50 MeV

for barrel region and E, > 100 MeV for endcap region (Table . The

7Y mass distribution demonstration plots with the two selection criteria

are shown in Figure 3.2
o K —ntm:

- From Mdst_Vee2 bank

- Loose goodKs selection [41]
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- 0.468 < M +.- < 0.508 GeV/c?

- Vertex fit is performed and the fit converges

e A —prt (A — pr):

From Mdst_Vee2 bank [41]

flzy > 0.1 cm, where fl,, is the flight length in transverse plane.

cos(Af) > 0.99, where A6 is the azimuthal angle between the momentum

vector and the decay vertex vector.

1111 < My, < 1.121 GeV/c?

Vertex fit is performed and the fit converges (x* <100)

i

)

=]
X
fay
2

Part of ccMC

— Regular ¥

— Strong 1

Entries/0.35 MeV/c?
=

e ] o

o o

60

40

20

o L b b
0.12 0.125 0.13 0.135 0.14 0.145 0.15

T mass[GeV/c?]

o
o
=
(5]

Figure 3.2: 7% mass demonstration plot with direct 7° reconstruction.

Selection criterion for D,,, candidate

e D,y momentum in center of mass (CM) frame (p*):

- Besides from the efe®™ — c¢¢ process, Di,, may also be decayed from
B in Belle data. We require that p* is greater than 2.3 ~ 2.5 GeV/c to
eliminate Dy,, candidates from B decay and also reduce the combinatoric
background. p* selection of each mode is listed in Table The p*

distribution demonstration plots for some cases are shown in Figure [3.3

e Mass window:

- In order to retain most of signal in the peaking structure of invariant
mass distribution, selection on mass window is loose and is around 3o or

larger.
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e Vertex fit and mass constrained fit:

- The outcome of vertex fit is required to converge and x? < 20. With mass

constrained fit, the invariant mass is fitted to its nominal mass value.

e In this stage, we keep all candidates which pass the selection listed above. (No

best candidate selection is done.)

D° decay p* (GeV/c) 7 selection
K7t > 2.3

K-ntx0 > 2.5 regular 7°
K nrntnt > 2.3

K-n=ntntnd > 2.5 strong m°
Klrrn~ > 2.3

Klnta—n0 > 2.5 strong 7
Dt decay

K ntgt > 2.3

K-ntatq® > 2.5 strong 7°
K2t > 2.3

Krtr > 2.4 regular 7°
Klrtntor > 24

KtK—7* > 2.3

A decay

pK— 7t > 2.3

pK - ntr0 > 2.5 strong m°
pK? > 23

Art > 2.3

Antq® > 2.5 strong 7
Arntratn~ > 2.3

DY decay

KtK—7* > 2.3

KK > 2.3

KoK%mt > 2.3 regular 7°
KTK-mtr® > 2.5 strong m°
KYK mtrt > 2.4

Table 3.2: p* and 7° selection for Dy,,.

3.3.3 Dy, Reconstruction

With reconstructed ground state Dy,, candidates, we then further reconstruct

the excited state D7

tag With remaining particles. Three types of Dy,y and five decay
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Figure 3.3: p* demonstration plots with direct Dy, , reconstruction for some cases.
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channels are considered and listed in Table 3.3l

35

D** decay | B(%) || D*° decay | B(%) || D decay | B(%)
D+ 67.7 || D" 61.9 | DIy 93.5
Dt7° 30.7 || D% 38.1

Sum | 98.4 || Sum | 100.0 || Sum | 935

Table 3.3: List of Di"

tag

sponding branching fraction.

Selection criterion of final state particles

e 7wt and 7V:

E, > 0.12 GeV

Obtained by Mdst_Gamma bank

decay modes included in the charm tagger and the corre-

Same as the one used in Dy,,. For 70, it follows the regular 7 selection.

7% veto: For a 7, we combine it with other 7. It the two v have invariant

mass close to nominal 7% mass within 0.01 GeV and the energy asymmetry
(222221 is Jess than 0.5, the v will be vetoed.

E’yl“l’E’yQ

Selection criterion for D;‘ag

candidate

e Mass window and AM (Mp;, — Mp,,,):

- Loose selection on mass window and AM to retain most of signal as listed
in Table 3.4

e Vertex fit:

- The n* which is not decayed from Dy, but directly from Dy, = will be

tag

refitted to the fitted Dy, vertex, and the fit is required to converge. 7°’s

mass constrained fit information is used to adjust

e In this stage, no best candidate selection is done.

Dy, ,’s momentum.
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D},, modes | Mass (GeV/c?) AM (GeV/c?)
D*t — DOx* 1.975~2.045 0.144~0.147
D0 — DOx0 1.97~2.045 0.1375~0.1465
D* — D% 1.96~2.05 0.125~0.159
D*t — D*rb 1.97~2.045 0.1375~0.1465
Dt Dy | 2.07~2.15 0.125~0.17

Table 3.4: Mass window and AM selection of Dy, .

3.3.4 Xy, Reconstruction

X trag would be reconstructed with remaining 7, p, K, K3 and 7" after Dlga*;
is reconstructed. Basically, the cases we consider are with up to three 7 and up
to one 7. If Dy, is D° or DT, cases with KK~ is also considered in order to
increase statistics. If Dy, is AT, a p would be considered in X4, for baryonic
number conservation. If Dy, is Df, a Kaon would be considered in Xy, for s

s )

flavor conservation. Total charges of Dg:; and Xy,q, are required to be £1. All the

X frag cases considered are listed in Table [3.5]

Selection criterion for Xy,,, candidate
o 77, p, 7° and KY:
- Same as the one used in Dyqq
- Additional requirement: p > 0.1 GeV/c
o KT:
- p>0.1GeV/c
- LK/<LK + Lﬂ—) > 06, LK/(LK + Lp) > 0.1 and Le < 0.99

e In this stage, no best candidate selection is done.

3.3.5 Recoil Spectrum D* — D" 7~ (Inclusive D Sample)

sig sig’s

The momentum of recoil D,

combinations of reconstructed Dg;; and Xy,qe. With an additional 7, (with same

is obtained by the missing momentum against all
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DY) D, D+, D* D+ AF DY
nothing KTK~ Y
nt TtK+YK~ nEpT ntKT
0 TOKTK~ T KY
Xirag | 7m0 TEr VKT K~ aEtnlpT rErOKT
rEr¥ TErF KK~ mErt K
rEntn®  pEntaT KT K- | nfntaTpT | atntnTKT
arn¥rl  rEa VKK rErFr0K)

(*)

tag*

Table 3.5: List of Xy,44 cases with corresponding D

selection as the 7~ in Dy,,), we can obtain the information of recoil Dglg:

D" = Duisa(Dlay X srag) (3.3)

pgio:l = Pmiss(Dg;XfmgW;) (3.4)

0 —

Selection criterion for the recoil spectrum Dszg — Dszg 5

o 1.86 GeV/? < Mypigs (D) X frag) < 2.16 GeV/c?

tag

e Momentum magnitude in C.M. frame: p;*m.ss(D )X fragTy ) > 2.0 GeV/c

tag

e In order to improve the resolution of Mmzss(Dt(agX fragTy ), INVerse mass con-
()

strained fit is performed on the missing component against Dy,

Xfrag with a

condition: Mmzss(Dt(a;Xfmg) = mp+- (nominal D*~ mass).
e Best candidate candidate selection:

- The events have more than one D;‘zg candidates: Use the X2 from inverse

mass constrained fit on the missing component against DmgX frag, Whose
distribution is shown in Figure ( ). Choose the one with smaller x? as

the best D*

sig*
- The events have more than one Dglg candidates: Use the angle between
DY, and Dmg in C.M. frame, whose distribution is shown in Figure|3. (b)

Choose the one with angle closer to 180° as the best Dglg

- For c¢ MC, the average multiplicity is about 2.72 and about 80.2% of
true candidates can be selected. For data, the average multiplicity is

about 2.68. The multiple candidate number distributions are shown in

Figure
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Figure 3.4: The variables used in best candidate selection.
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Figure 3.5: Multiple candidates number distribution.
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Result on inclusive D°

The charm tagger results on inclusive D° are shown in Figure and Figure
for six times data size of generic MC (combination of c¢ MC, uds MC, BB MC, B,B,
MC, and non-B,B, MC ) and data, respectively. Signal D° PDF is modeled by a
Breit-Wigner distribution, and it is with an additional Gaussian when fitting on six
times data size of generic MC. Background PDF is modeled by a ARGUS distribu-
tion [42]. All shape parameters and numbers are floated. For the six times data size
of MC result, the D° yield is 3294590391533, For the data result including Y(4.5)
on resonance, YT(55) on resonance, and off resonance, the D° yield is 694505142597
The inclusive D results under different DEZ;
yield and background yield, are listed in Appendix B.

modes and X .4, modes, including D°
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Figure 3.6: Inclusive D fit result on six times data size generic MC.
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Figure 3.7: Inclusive D° fit result on data.
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3.4 MC Study and Signal Extraction

3.4.1 Selection Criterion

DY — vi is namely D° decay without visible final states. Therefore, the most
critical selection criteria are constraints on remaining detector information at the
signal side. Epcy is the energy of remaining ECL clusters which are only associated
with Dgig, which is also a useful variable for B/D meson decay with missing final

state, e.g. neutrino.

e No remaining tracks, 7°, K2, K and A (A) at the signal side (only associated
with D?

sig) after reconstruction of the charm tagger.
o Epcp < 2.1 GeV (fitting region)

e Recoil Mpo > 1.84 GeV/c? (fitting region)

The overall efficiency is 56.72%.

3.4.2 Signal Extraction and Fitting Strategy

For the D° — v decay, there should be no detector information remained at
the signal side after reconstruction of the the charm tagger. One distinctive variable
can be used for signal extraction is energy of remaining clusters on ECL (Egcy)
and the method was also used in BT — 77, measurement [43]. In order to remove
the clusters made by beam background, there are constrains on cluster energy in
different region of ECL:

e Energy > 0.05 GeV: barrel region

e Energy > 0.10 GeV: forward end-cap region

e Energy > 0.15 GeV: backward end-cap region

()

For the clusters which don’t belong to the reconstructed component Dy,

Xf mgﬂ-: ’
their energy is summed to calculate Fgcp.

d0i:10.6342/NTU201601179



3.4 MC Study and Signal Extraction 41

We perform a fitter with two dimensional extended unbinned likelihood fit that
maximizes the likelihood function

e~ Zj N;

L= 1%, (O NP (Moo, Epes)) (3:5)
J

to estimate the signal in the region Mpo > 1.84 GeV/c? and Fpcr < 2.1 GeV.
Here N is the number of events in the fit, i denotes the i*" event, P; denotes the
probability density function (PDF) of signal and background components, which
consists of a peaking background PDF and flat background PDF on Mpo, and N,

denotes number of events corresponding to P;.

Signal and the two background PDFs of Egcy are determined by binned his-
togram function. Signal and peaking background PDF of Mpo are modeled by a
Breit-Wigner distribution. Flat background PDF of Mpo is modeled by a ARGUS
distribution [42]. The shape parameters of signal Mpo PDF as the end-point of the
ARGUS function is fixed. All N; and other shape parameters are floated. PDF
modeling for D° — v measurement is summarized in Table and Figure
The relation between the two dimensions is shown in Figure and Figure [3.10]
The comparison between data and MC in the two dimensions’ sideband region is
shown in Figure and the scale factor between MC and data is about 1.66 by
the Egcr, sideband.

The definition of Egcy is based upon counting on the remaining clusters. Thus,
Ercr would be exact 0 when there is no remaining cluster, and this makes a peak
at 0 for the distribution. Table B.6l shows the different source which contributes to
the Fgcr = 0 peak from the background MC.

Source Number of events

All background 459

D° decay 108
D — K70 53
D’ — K- uty, 12
D° — KYK? 8
DY — K—etu, 6
DY — K070 2

Table 3.6: Contribution on Fror = 0 peak from six times data size of background
MC.
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Figure 3.9: Scattering plot of MC samples in D — v study with Egcp, < 2.1 GeV.
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3.5 Ensemble Test

In order to check the validity of the fitter under different expected signal yield, we
perform ensemble tests. For each set of fit, 3000 gsim/toyMC samples are generated.
For each sample, Poisson-distributed random variables with expected values equal
to N, N}’fgg’;k, and N;Zf,‘ick. NP varies from 0 to 50. N}?j’;ﬁk and N;Zgggck
are obtained by background MC and then scaled by comparison on sideband Egcr,
between data and MC. The result of the ensemble test including yield, fitting error
and pull distribution. The yield means Ny, obtained by the fit, and fitting error
presents the standard deviation of the fit. The fit bias is checked by the pull value

which is defined as

yield — expected yield

Pull = (3.6)

fitting error

Since there might be background rate difference between MC and data, we use
the sideband region of Epcy to check it, and use the ratio (1.66) to scale expected
number of background. After scaling, (N}’;ft%f:k,]\fmp“t ) = (9207.39, 2735.46) for

peakbck

Epcr < 2.1 GeV, and (10602.68, 3261.27) for Epcy < 2.4 GeV.

3.5.1 Gsim Test

The gsim ensemble test results of the two cases (Epcr < 2.1 GeV and Egcp <
2.4 GeV) are shown in Figure and Table [3.7, The outcomes show good
performance on fitter (Ny;,, Pully,, and Width?"" can cover their expected value

sig
within 30).
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NP Naig Errg, Pull, Widthl"

0| —0.462+0.398 21.016 £0.014 —0.021 £0.019 1.000 4 0.014
10 | 10.004 £ 0.398 21.523 £0.014 —0.0154+0.019 0.989 £0.013
20 | 20.382+0.417 21.980 £0.014 —0.007 £0.019 0.983 £0.014
30 | 30.872 £ 0.426 22.432 £ 0.014 0.033 £0.019 0.987 +£0.014
40 | 41.305 £ 0.420 22.844 £+ 0.013 0.042 £0.019 0.987 +0.013
50 | 52.078 £ 0.431 23.281 £ 0.013 0.087 £ 0.018  0.993 +0.014

Npeakbck Errpeakbck Pu”peakbck Widthge%l]ibck

02732770 £1.599 87.700 £0.028 —0.038 £0.018 0.974 4+ 0.013
10 | 2730.430 £ 1.585 87.800 £0.028 —0.043 £0.018 0.939 4+ 0.013
20 | 2729.880 & 1.653 87.854 +0.028 —0.052 £0.018 0.971 £0.013
30 | 2730.700 £1.626 87.959 £0.029 —0.041 £0.018 0.956 £ 0.013
40 | 2727.190 & 1.558 88.024 +0.029 —0.055£0.018 0.970 £0.014
50 | 2729.320 & 1.627 88.062 & 0.028 —0.061 £0.018 0.971 £0.014

N tiatber Err f1atver Pull ¢1atpek Width?lﬁltlbck

0]9213.650 £2.106 113.383+1.038 0.074+0.017 0.941 +0.013
10 | 9211.460 +£2.106 110.614 £0.366  0.065 + 0.018  0.943 4+ 0.014
20 | 9211.750 & 2.147 117.289 £ 0.230 0.071 £0.018 0.959 £0.014
30 | 9211.580 £ 2.116 107.541 +0.547 0.066 = 0.018 0.934 £ 0.014
40 | 9209.370 £ 2.171 110.846 & 0.469 0.053 £ 0.018 0.971 £0.014
50 [ 9209.150 £2.109 117.325+£0.228 0.044 £0.018 0.936 £+ 0.014

Table 3.7: Gsim linearity test detailed result with Epcr < 2.1 GeV. (N}?ftfck and

input
Npeakbc

.. are scaled by sideband data.)
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NP Naig Errg, Pull, Widthl"
0 —0.702 £ 0.376 20.842 £0.014 —0.056 £0.018 0.952 £0.013
10 9.550 £ 0.384 21.338 £0.014 —0.041 £0.017 0.940 £+ 0.012
20 20.275 £ 0.392 21.780 £0.014 —0.007 £0.018 0.984 +0.014
30 30.215 4+ 0.400 22.227 £ 0.013 0.018 £0.018 0.965 £+ 0.014
40 40.728 £ 0.415 22.655 + 0.013 0.021 £0.018 0.980 £0.014
50 51.212 4+ 0.422 23.068 & 0.013 0.055+£0.018 0.974 £0.014
Npeakbck Errpeakbck: Puupeak’bck Width;:ezl]ibck
0] 3259.300 +£1.701 94.934 £0.028 —0.012 £0.017 0.942 £+ 0.013
10 | 3258.440 & 1.657  94.962 +£0.028 —0.011 £0.017 0.927 £0.013
20 | 3257.720+1.658  95.043 £0.028 —0.019 £0.017 0.925+0.013
30 | 3257940 £1.670 95.117+£0.028 —0.022 £0.017 0.939 £0.014
40 | 3257.990 £1.690  95.150 £0.028 —0.034 £0.018 0.949 £ 0.013
50 | 3256.000 £1.677  95.209 + 0.028 —0.045 £ 0.017 0.938 +0.014
N tiatbek Err fiatper Pull 1atpek Width?lﬁlbck
0 | 10607.300 &+ 2.243 124.102 £ 0.258 0.051 £0.017 0.939 £ 0.013
10 | 10606.500 £ 2.252 126.162 +£0.145 0.065 4+ 0.018 0.943 £0.013
20 | 10604.500 £ 2.217 124.033 £0.616 0.036 = 0.017  0.938 £ 0.013
30 | 10607.000 £ 2.206 123.180=+0.735 0.047£+0.017 0.917 £0.013
40 | 10603.200 £ 2.273 124.113 4+ 0.238 0.0424+0.017 0.932 £ 0.013
50 | 10603.400 & 2.213 126.141 £0.116  0.028 =0.017  0.925 £+ 0.013
Table 3.8: Gsim linearity test detailed result with Epcr < 2.4 GeV. (N}?ftlgtck and
N'PH are scaled by sideband data.)

peakbc
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3.5.2 ToyMC Test

As a cross check, the case with Egcp < 2.1 GeV is re-tested with ToyMC samples,
and the result is shown in Figure and Table [3.9,

N Naig Errgg Pullg, WidthD""

0 0.370 £ 0.396 21.048 £0.015 0.001 £0.019 1.007 #£0.013
10 9.219 £ 0.394 21.547 £0.014 —0.043 £0.018 0.988 £0.013
20 19.823 + 0.402 22.016 £0.014 —0.0354+0.018 0.963 £+ 0.013
30 | 29.834 £+ 0.397 22.486 £0.014 —0.018 £0.018 0.951 £0.013
40 | 40.475 £ 0.422 22.909 £0.014 0.013+0.018 0.9754+0.013
50 | 50.747 £+ 0.441 23.352 £0.014 0.009 £ 0.018 0.9794+0.014

Npeakbck Errpeakbck Pu”peakbckz Widthge%l]ibck

0| 2731.160 £1.580 86.406 +£0.026 —0.029 £0.018 0.975+0.014
10 | 2737.090 £1.616 86.483 £ 0.027 0.022 +0.019 0.996 4+ 0.014
20 | 2735.440 & 1.587 86.632 4 0.031 0.008 £0.019 0.989 4+ 0.014
30 | 2735.380 £ 1.598  86.718 4+ 0.028 0.001 £0.018 0.971 £0.013
40 | 2732.320 £ 1.581 86.700 £0.029 —0.038 £0.018 0.961 £0.013
50 | 2734.400 & 1.587 86.796 & 0.029 —0.012 £0.019 0.987 £0.014
N f1atbek Errfiatber Pull iazper Widthﬁéilbck

0| 9208.790 £2.118 114.130 £0.747 0.0194+0.018 0.962 4+ 0.014
10 |1 9207.610 = 2.148 114.486 £0.942 0.002 £ 0.018  0.980 £ 0.013
20 | 9211.920 £2.189 114.781 £ 1.187 0.037£0.019 0.989 £ 0.013
30 | 9208.290 + 2.138 116.276 =£0.032 0.011 £0.018 0.975 £ 0.014
40 | 9210.000 + 2.069 116.316 £0.021  0.018 £ 0.018  0.950 £ 0.013
50 | 9208.760 & 2.164 116.317 £ 0.030 0.023 £0.018 0.990 £ 0.013

Table 3.9: ToyMC linearity test detailed result with Excp < 2.1 GeV. (N}7£%ik and
N;Zfzzck are scaled by sideband data.)
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3.6 Control Sample Study: D° — K=z, and D* — h=(*y, 51

3.6 Control Sample Study: D’ - K", and D° —
h_£+Vg

In order to check the validity of charm tagger, we also perform the study on
D' - K7, D - K u*vy,, D° = K~ etv,, D* = 7 ptv,, and D° — 7~ eTr,,
which are with large branching fraction (O(1072) ~ O(107?)) and clear final states.

Most of the systematic uncertainties are also obtained by these measurements.

3.6.1 D" — K rnt

Selection criterion

e Two remaining tracks, and no remaining 7%, K2, K9 and A (A) at the signal

side after the tagger’s reconstruction.

e For the two remaining tracks, one passes the selection for K and another passes

selection for 7.

- K PID: Ly /(Lk + L) > 0.6, L. < 0.95, L, < 0.95

- 7w PID: Ly /(L + L) < 0.4, L, < 0.95, L, < 0.95

e Missing energy (D% — K~7%) < 0.1 GeV: to reduce the semileptonic D°

sig

background.
e Recoil Mpo > 1.84 GeV/c? (fitting region)
o Fpcp < 2.1 GeV (fitting region)
e 1.80 GeV/c? < Reconstructed Mpo < 1.92 GeV/c?
e Vertex fit is performed and the fit converges

e Right-Sign (RS) selection: The flavor of D° (D°) should match the flavor of
K- (K*).

The overall efficiency is 28.0%.
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Signal extraction

Signal extraction of D° — K~r" is done with 2D fit on recoil Mpo and Eger,
and their distribution of six times data size of signal and all generic background MC
are shown in Figure [3.14)

The three PDFs of Egrcp are all modeled by smoothed histogram from MC.
Signal PDF and peak background PDF of recoil Mpo are both modeled by a Breit-
Wigner distribution. Flat Background PDF of recoil Mpo is modeled by a smoothed
histogram. PDF modeling with MC samples is shown in Figure [3.15]

18000

% [ [0°> KT, 6X data
=16000[—
~ I |— signal

S r
'814000f—| — Background
2 F

g 12000f—
10000) f—
8000) f—
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C I I L I I E | I I L L L I
1.84 1.845 185 1.855 1.86 1.865 187 1875 02 04 06 08 1 12 14 16 18 2

Recoil D’ mass[GeV/c?] E. [GeVic?]

(a) Recoil Mpo. (b) EgcrL.

Figure 3.14: Recoil Mpo and Egcpdistribution of six times data size of signal and
all generic background MC in D° — K~ 7" study.

Measurement

In the data fit, the shape of signal PDF is floated and the shape of peak back-
ground PDF is fixed. The data fit result is shown in Figure [3.16| and the signal yield
is 7890.57122-%0 (Peak background yield is —111.25753-25 and flat background yield is
144.74715820 ). The branching fraction is measured to be 3.927395% where the error

is statistical only and the eff. calibration factors due to charged PID and vetoes in
Table [3.10| and Table are all applied.
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Figure 3.15: PDF modeling in D° — K~ 7" study.
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Figure 3.16: Data fit result of D° — K~ 7". Red solid line is signal PDF. Blue solid
line is peak background PDF. Green solid line is flat background PDF.

0 —
3.6.2 D" — K u'y,
Selection criterion

e No remaining 7, and two remaining tracks at the signal side after the tagger’s

reconstruction.

e For the two remaining tracks, one passes the selection for K and another passes

selection for p.

- K PID: Lg/(Lx + L) > 0.6

~ uPID: L, > 0.9

e F, > 0.5 GeV: to reduce the hadronic D° background. e.g.D® — K7™
o Mpo > 1.86 GeV/c?

o |M2...]<02GeV?/c! (fitting region)

e Fror <4 GeV

e Vertex fit is performed and the fit converges

e RS selection

The overall efficiency is 22.5%.
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Signal extraction

The M?

miss

Signal extraction of D — K~ putw, is done with 1D fit on M2

miss®
distribution of six times data size of signal and all generic background MC are
shown in Figure Signal PDF is modeled by a Breit-Wigner distribution. The
background contains a flat component and a peaking structure near M2, . = 0.05
GeV?/c, which consists of a few haronic decays such as D° — p* K~ D® — K*~x
and so on. The peaking and the flat background PDF are modeled by a Breit-Wigner
distribution and a third order Chebyshev polynomial, respectively. PDF modeling
with MC samples is shown in Figure [3.18
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Figure 3.17: M2 ., distribution of six times data size of signal and all generic back-
ground MC in D° — K~ pty, study.
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Figure 3.18: PDF modeling in D° — K~ u'ty, study.
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Measurement

In the data fit, the shape of signal PDF and peaking background PDF are both
fixed to avoid interference between these two yields. The data fit result is shown in
Figure and the signal yield is 5207.361 5922
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Figure 3.19: Data fit result of D® — K~ p*v,. Red solid line is signal PDF. Blue
solid line is flat background PDF. Cyan solid line is peaking background PDF.

3.6.3 D' — K-etu,

Selection criterion

e At least two remaining tracks at the signal side after the tagger’s reconstruc-
tion. For the two tracks, one passes the selection for K and another passes

selection for e.

- K PID: L /(Lx + L) > 0.6
- e PID: L. > 0.9

e F,>0.1GeV
o Mpo > 1.86 GeV/c?

o |M2. .| <0.5GeV?/c! (fitting region)

158

° EECL < 4 GeV

e Vertex fit is performed and the fit converges
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e RS selection

The overall efficiency is 54.74%.

Signal extraction

The M?

miss dis-
tribution of six times data size of signal and all generic background MC are shown
in Figure [3.20] Signal PDF is modeled by combination of a Breit-Wigner distribu-
tion and a Gaussian distribution. The background PDF' is modeled by a smoothed

histogram. PDF modeling with MC samples is shown in Figure [3.21]

Signal extraction of D° — K~ eTu, is done with 1D fit on M?>

miss”

[N
@
o
o
S

D°->K'e'v, 6X data
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=
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Figure 3.20: M?2,.. distribution of six times data size of signal and all generic back-
ground MC in D° — K~ety, study.

Measurement

In the data fit, the shape of signal PDF is floated. The data fit result is shown
in Figure and the signal yield is 13019.01]3555.
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364 D"—rmuty,

Selection criterion

e At least two remaining tracks at the signal side after the tagger’s reconstruc-
tion. For the two tracks, one passes the selection for m and another passes

selection for p.

- mPID: Lg/(Lxg+ L) <0.4

- wPID: L, > 0.9
e E,>05 GeV
o Mpo > 1.84 GeV/c?

o M2, .| <02GeV?/c! (fitting region)

° EEC’L <4 GeV

e Vertex fit is performed and the fit converges

e RS selection

The overall efficiency is 44.63%.

Signal extraction

The M?

miss dis-
tribution of six times data size of signal and all generic background MC are shown in
Figure |3.23] For the D° — 7= ¢*1, measurement, the corresponding D° — K~ (*y,

decay would be a non-negligible background due to the approximately ten times

Signal extraction of D° — 7~ u*w, is done with 1D fit on M2

miss"*

larger B and K/m feed-across. Signal PDF is modeled by combination of a Breit-
Wigner distribution and a Gaussian distribution. The D° — K~ pu*v, background
PDF is modeled by a smoothed histogram. The peaking background PDF is modeled
by a Gaussian distribution. The flat background PDF is modeled by a second or-
der Chebyshev polynomial. PDF modeling with MC samples is shown in Figure|3.24
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Figure 3.23: M2, distribution of six times data size of signal and all generic back-
ground MC in D° — 7~ p*v, study.
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Figure 3.24: PDF modeling in D° — 7~ utv, study.
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Measurement

In the data fit, the shape of signal PDF is fixed dut to the complicated com-
ponents, and the background shape is floated. The data fit result is shown in Fig-
ure and the signal yield is 694.00125-59.
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-0.05 0 0.05 0.12 0.15 ) 9.2
Miyiss [GEV/CT]

Figure 3.25: Data fit result of D — 7~ pu*v,. Red solid line is signal PDF. Green
solid line is DY — K~ u*v, background PDF. Blue solid line is flat background PDF.
Cyan solid line is peaking background PDF.

3.6.5 D'— 1 ety

Selection criterion

e No remaining 7, and two remaining tracks at the signal side after the tagger’s

reconstruction.

e For the two remaining tracks, one passes the selection for 7 and another passes

selection for e.

- mPID: Lg/(Lk + L) < 0.4
~ ¢ PID: L, > 0.9

e £,>0.1GeV

o Mpo > 1.84 GeV/c?

|M2...| < 0.5 GeV?/c! (fitting region)

1SS
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° EECL < 4 GeV
e Vertex fit is performed and the fit converges

e RS selection

The overall efficiency is 53.47%.

Signal extraction

The M?

miss

Signal extraction of D° — 7~ et v, is done with 1D fit on M?

I dis-
tribution of six times data size of signal and all generic background MC are shown in
Figure Signal PDF is modeled by combination of a Breit-Wigner distribution
and a Crstal Ball distribution. The D° — K~ e™v, background PDF is modeled by
a smoothed histogram. The remaining background PDF' is modeled by a second or-

der Chebyshev polynomial. PDF modeling with MC samples is shown in Figure|3.27

900

D° -> rie*v, 6X data

800 Signal

D’ -> K'e'v Background

700

Remaining Background

Entries/0.02 GeV?

600

500

400

300

200

100

il I e s il

-04 -03 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
MZ

miss

o \H\‘\H\‘HH‘\\H‘\H\‘HH‘HH‘HH‘HH‘

o

Figure 3.26: M?2,., distribution of six times data size of signal and all generic back-
ground MC in D — n~eTv, study.

Measurement

In the data fit, the shape of signal PDF is fixed dut to the complicated com-
ponents, and the background shape is floated. The data fit result is shown in Fig-
ure and the signal yield is 956.89749:2%.

d0i:10.6342/NTU201601179



3.6 Control Sample Study: D° — K-x*, and D* — h=(*y,
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Figure 3.27: PDF modeling in D° — 7~ e v, study.
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Figure 3.28: Data fit result of D° — 7 e*v,. Red solid line is signal PDF. Green
solid line is D° — K~ e*v, background PDF. Blue solid line is background PDF.
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3.7 Systematic Uncertainties

Several systematic uncertainties are discussed in this section. The correlated
errors are added linearly and the uncorrelated ones are added in quadrature. The
summary of systematic uncertainties are shown in Table and Table for the
four D° — h=¢*y, study, and D° — v study, respectively.

e Tracking uncertainty:
The systematic uncertainty due to charged-track reconstruction is studied us-
ing partially reconstructed D** — D7 with D° — 77~ K2. For the tracks
with pr > 200 MeV/c, the systematic uncertainty of a charged track is es-
timated to be (-0.13 £ 0.30(stat.) £ 0.10(syst.))% per track. We apply the
uncertainty to be 0.35% per track.

e Charged PID:
Since we use the selection on PID likelihood value for the charged Kaon, pion,
muon and electron identification in the final state for D® — h=¢*v, and D° —
K~ 7" study. The systematic uncertainties are estimated by using the package
provided by the PID joint group [44] 45, 46], [47, 48] to calibrate the ratio
between MC efficiency and data efficiency. The study is based upon various
control samples such as A — pr~ and D** — D% T with D° — K—7F. The

factors and uncertainties for the four modes are shown in Table [3.10L

mode K/7ID  error | Lepton ID error
DY — K—ptv | 09993 0.88% 0.9730 1.89%
D — K~etv | 0.9899 0.83% 0.9698 2.13%
D — 7= pr | 0.9606 0.89% 0.9697 1.86%
D — w=etrv | 09583 0.87% 0.9732 1.97%

mode KID error 7ID error
DY — K7t | 0.9780 0.82% 0.9573 0.86%

Table 3.10: PID calibration factors and uncertainties in D° — A= ¢Tv and D° —
K~ 7" study.

e Number of inclusive DY :
Total number of inclusive D° reconstructed by the charm tagger is obtained by
the fit on data. The yield is 694505142597, Hence, the statistical uncertainty
due to number of inclusive D° is fgéigj.

For the systematic uncertainty due to signal D° PDF modeling, we perform
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the data fit of D° — K7+ with a different signal shape function and take
the variation of branching fraction of D — K7+ control sample. We obtain
7890.51 12528 yield (B = 3.9240.06) from the nominal fit. For the case in which
signal PDF is triple Gaussian, we obtain 7914.59133-2 vield (B = 3.9340.07).
The systematic uncertainty is estimated to be +0.3%.

For the systematic uncertainty due to background PDF modeling, we perform
the fit on inclusive D° sample with a different background shape function and
take the variation of measured yield. We obtain 694505%19755) yield from the
nominal fit. For the case in which flat background PDF is a smooth histogram,

we obtain 6602351070 vield. The systematic uncertainty is estimated to be
+4.9%.

e Fit bias (D° — vi):
The uncertainty due to fit bias is examined by gsim ensemble test. We quote
+0.462 (in terms of number) from the test result in Table [3.7]

e Signal PDF (D" — vi):

In order to calibrate the signal PDF used in D° — v measurement, we check
D — K7t data distributions of Egrcr and recoil Mpo, which are shown
in Figure 3.29 The comparison between signal MC and data on these two
dimensions is shown in Figure [3.30] and Table 3.11] FEgcr distribution of
D — v signal MC is also shown in Figure M(a) for comparison.

For D° — v measurement, since the signal MC/data Egcy distribution is
quite similar as shown in Figure [3.30[(a), we use the original PDF shape from
signal MC in the nominal data fit. Besides, we also calibrate each bin content
of the signal Egc;, PDF by Figure m(a). The systematic uncertainty is
obtained by fitting on data with the original and calibrated PDF, and check
the signal yield deviation, which is estimated to be +2.31 in terms of number
of yield. Figure |3.31| shows the original and calibrated signal Erc; PDF.

For the signal recoil Mpo PDF of D — v, it is calibrated by the fudge factors
obtained by Table[3.11] The width is inflated in to 0.0011 with a factor of about
1.20, and the mean remains the same. The systematic uncertainty due to it is
estimated by the yield deviation from data with tuning the fudge factors by

+10, which is estimated to be 7022 in terms of number of yield.

| Mean Width
Signal MC | 1.8648270-50000208 (0.000796 ) Sooo0z s
Data | 1.8648270 0oooors  0.00095270 0000117

Table 3.11: Comparison between signal MC and data on recoil Mpo PDF.
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Figure 3.31: The original and calibrated signal PDF of Egcy.
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e Flat background PDF (D° — vp):

Figure is the data/background MC Eg¢; distribution at recoil Mpo side-
band. We can obtain the calibration factors after binning on the two distri-
butions and comparing between them, then we use the calibration factors to
adjust each bin of the original flat background Egc;, PDF. Figure |3.32 shows
the original and calibrated flat background PDF of Egcyr. The original PDF
(from MC) is used in the nominal data fit. The systematic uncertainty is
obtained by fitting on data with these two PDF and check the signal yield
deviation, which is estimated to be -12.89 in terms of number of yield.

About the uncertainty due to fixed end-point (fixed value is from MC) in the
ARGUS function, we first check the inclusive data sample with the fixed AR-
GUS end-point, and it causes about 0.045% on the D° yield, which is much
smaller than the statistical uncertainty. For the systematic uncertainty, we
check the yield deviation with a floated ARGUS end-point in the data fit,

which is estimated to be +0.05 in terms of number of yield.

e Peak background PDF (D° — vi):
Table shows various sources of Egcp = 0 peak. For the peak background
PDF (D" background), we change the content of Fpcr = 0 peak with +1o
of DY decay modes’ measured branching fraction to check the signal yield
deviation. The uncertainty is estimated to be *332 in terms of number of

yield.

Calibration of flat background PDF of EECL

Original

0.04
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Entrices/60 MeV/c?
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Figure 3.32: The original and calibrated flat background PDF of Egcy.

e Signal PDF (D" — h™(Tv):
The uncertainty due to shape-fixed signal PDF is studied by checking signal
yield deviation between the fixed and floated signal PDF in D° — K~etv,.
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The yields are 13167.8 and 13019.0 for fixed and floated signal PDF, respec-
tively. The uncertainty is estimated to be -1.13%.

e Background PDF (D° — h™=(Tv):
The uncertainty due to shape-fixed background PDF is studied by checking
signal yield deviation between the fixed and floated background PDF in D° —
K~ p*v,. The yields are 5322.13 and 5207.36 for fixed and floated background
PDF, respectively. The uncertainty is estimated to be -2.16%.

e Peak background PDF (D — K~ p*v, and D — 7 putv,):

For D' — K~ ptvy, and D° — 7~ pty,, the background contains a peaking
structure near signal region, which is modeled as a PDF and is fixed in data
fit. For the uncertainty due to shape-fixed peaking background PDF, we use
two different functions (Breit-Wigner and Gaussian) to model the peaking
background in D° — K~ pu*v,, and check the signal yield deviation between
these two cases. The yields are 5207.36 and 5229.26 for Breit-Wigner modeled
and Gaussian modeled PDF, respectively. In the data fit of D° — K~ u*v,,
the peaking background PDF is modeled as a Breit-Wigner function, so the
uncertainty is estimated to be 0.42%. In the data fit of D* — 7 pu*v,, the
peaking background PDF is modeled as a Gaussian, so the uncertainty is
estimated to be -0.42%.

e Reconstruction efficiency uncertainty:
The signal side selection efficiency of D° — f(e(D° — f|incl.D°)is obtained
by the ratio between the numbers of DY — f with and without all selection
criteria, and all the numbers are obtained by fitting. We use the statistical
uncertainty from fitting to estimate the reconstruction efficiency uncertainty:.
The summary is shown in Table [3.12

mode eff. error

D° — K-nt | 37053.17 19271 /130156 47 T0017
D° — K~pfv | 29590717393 /131481550058 )8
D° — K-etv | 7T1607.1+25750 /130817445033 +0-51%
D° — 7wty | 4004.9975553 /8973.93 12001 42120
D~ mety | 502010555/938T 84N RA iy
D° — v 4224.01585:32 /744748565 +150%

Table 3.12: Summary of reconstruction efficiency uncertainties.

e Direct D° decay background:
For D° decay which is not decayed from D** — D%r* but is decayed from
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direct D° production, it peaks at the same region as signal in M2, = and
it is non-negligible for D° — K7, D — K p*vy, and D° = K e'v,
measurement. With tighter selection on recoil DY mass, the fraction can be
reduced. Since it can not be distinguished from signal by fitting, we factor this
into our signal. Therefore, both the efficiency and signal yield would be inflated
by a factor (14 ), and the branching fraction measurement won'’t be affected
accordingly. To be conservative, we can directly use r as systematic uncertainty
due to this kind of events. r value are 0.70% and 1.00% for D° — K~ uty,

and D — K~ eTv,, respectively.

e Veto on remaining detector information (track, 7%, K3, K9 A, and A):
For D — v and some of D° — h= ¢y, study, the selection criteria include
vetoes on the remaining detector information, e.g. tracks, 7% K2, K9 A and
A. The uncertainties due to them are obtained by using D° — K—7F to
compare the ratio of MC events and ratio of signal yield from data under
different vetoes. The comparison and uncertainties are shown in Table [3.13
and Table

Veto MC events Signal yield Ratioyc Ratiogag

None 70309.7750, 5 137597 5500

track 69991.6 50528 13692.37 15151 | 0.9955750058  0.995275572¢

70 53759.9733226  10091.1110799 | 0.7646 00041  0.7334700105

K 49058.7135500  10875.8T 11088 | 0.6978700041  0.790475 0108
K9 A, and A | 68768720307 13686.7712>:15 | 0.978170:9958 (. 9947+0-0128

Table 3.13: Comparison between MC and data under different vetoes.

Veto %‘(’)‘Zg’ Uncertainty
+0.0139 +1.39%
track 0.9997 50110 71.4052
0 +0.0145 +1.51
T 0.95927 7 0145 —1.215
0 +0.0169 +1.49
K? 113297 6168 —1.4852
0 — +0.0142 +1.40
Kg, A, and A | 1.01707 55145 140%

Table 3.14: Cabibration factors and uncertainties due to vetoes.

e Study of veto efficiency dependence on Di;; /X frag modes:
In order to check if there is dependence between signal side selection efficiency
and D)

tag

without all vetoes (track, 7°, K2, K9 A, and A) are applied. The results are
shown in Table [3.15| and Table [3.16, based on different D) and X frag Cases,

tag

/X frag modes, we check the ratio of MC events/signal yields with and

respectively.
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For the systematic uncertainty of D° — vz due to the vetoes, it is estimated

to be T173% by weighted sum with the ratio of all Dt(;z]

and error corresponding to each modes in Table |3.15]

modes in signal MC
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72

Xfrag

MC events
before vetoes

after vetoes

Ratione

Signal yields
before vetoes

after vetoes

Ratiogg,

Ratiogata
Ratioy o

All

Nothing

ﬁ.#

ﬁ.o

7m0
TEn T
(i ead

rEntqn0

With KK~

70309.71265-80
183.985113:92
8589.78+93:23
1179.1473453
12829.97 11557
9642771551
195707 13055
136407 1164
4674.0275558

37053.17192 71
92.0042+992
4470756 5
651.001723-53
6959.91783:85
4994.91178-29
102022 150765
7352.98+86-10
2330.02745:59

0.527070 00a1
0.500175505%%
0.520410 0008
0.5521700272
0.5425 100088
0.518075:95%5
0.521310 0%
0.5391+0:0078
0.498570- 0127

137597135 67
275.993116-96
2719.9752:59
473.93972327
2437.91799-80
1907.94 13458
3259.28 2714
2048.9674%-64
718.0312719

7892.847931
1523
15340273938
MN.N.\THm.wm

HWWW.mm
1399.87+37-58
1100.98*3354
1860.747 4574
1182.85733-89
415.999720:78

0.573670 tose
0.55070-5279
0.564010-5152
0.58451 00051
0.574270 0100
0.57711505%
0.57091 30157
0.577370 0a0n
0.579410 0552

Table 3.16: MC and data veto eff. based on Xy,,, cases.

1.08850-517%
1.10137515%5
1.083870:0395
1.058670 0955
1.05851 0 0aaz
11140155359
1.095170 0543
1.070975:53%
1.16221507%

—1.63%
+16.75%

—15.81%
+3.72%

—3.66%
+9.15%

—8.85%
+3.71%

—3.63%
+4.21%

—4.13%
+3.18%

—-3.13%
+3.97%

—3.89%
+6.75%

—6.57%
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3.8 Physics Results

3.8.1 D — h(ty,

For the four D° — h™¢Tv, decays, clear signal yields are observed. The cal-
ibration factors on efficiency are due to K/7ID, ¢(ID (e/u) from Table [3.10, and
constraints on remaining detector information (tracks, 7°) from Table . The
summary of physics result, including signal side selection efficiency, signal yields,
all calibration factors and measured B, is shown in Table [3.17] The summary of
systematic uncertainties for the four D° — h=¢*v, decays is shown in Table [3.18]

Mode D — K uty, D°— K etv, D=7 puty, D°—n ety
off. 22.5% 54.74% 44.63% 53.47%
Yield 5207.367%072  13019.01150%7  694.0072335  956.8971955
Cr /1D 0.9993 0.9899 0.9606 0.9583
Cap 0.9730 0.9698 0.9697 0.9732
Cirack 0.9997 0.9997
Cro 0.9592 0.9592
Measured B (1073) 35.7 08 01 35. 70050 2407015001 2.88T0 TR
PDG fit (1073)[g] 33.0113 35.7+0¢ 2.38702) 2.891008
PDG average (1073)[8] 35.015:2 2.87008

Table 3.17: Summary of D° — h~¢*y, measurement results. For the measured B,
the first uncertainties are statistical and the second are systematic. The calibration
factors are obtained by Table and Table (3.14!

3.8.2 DV 5w

The summary of fitting strategy of D° — v measurement is shown in Table
The signal Mpo PDF shape is calibrated by the fudge factors from D° — K-zt
control sample: (Mean, Width) = (1.86483, 0.00092199) — (1.86483, 0.00110268).
The width is inflated with a factor about 1.20, while the mean remains the same.
The signal Epcr, PDF is from signal MC distribution, because the D° — K—7+
data and MC have very similar shape, as shown in Figure [3.30]

The summary of systematic uncertainties for D° — v measurement is shown in

Table 3.201

The data fit result of D° — v is shown in Figure and Table The
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D' - K—ptv DY — Ketv

D — = utv

DY - r=etv

Tracking +0.70% +0.70% +0.70% +0.70%
Charged PID +2.08% +2.29% +2.06% +2.15%
NP +4.9% +4.9% +4.9% +4.9%
Signal PDF —-1.13% —-1.13% -1.13%
Flat background PDF —2.16%
Peaking background PDF +0.42% —0.42%
Recomstruction off, | OmE  tems  ame o
Direct D° background +0.70% +1.00%
Track veto Mwwmﬂ Mmmw
70 veto MMM MMWM
Total R o o oisn

Table 3.18: Summary of systematic uncertainties for D° — h=¢*v, study.
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Template PDF parameters note
Signal M po Breit-Wigner all fixed Calibrated by D — K~ 7" data/MC
Signal Eger Histogram no Validity is checked by D* — K—7+
Peak bck Mpo Breit-Wigner all floated
Peak bck Egcr Histogram no Shape is from MC.
Flat bck Mpo ARGUS end-point fixed End-point is fixed as MC
Flat bck Ercr Histogram no Shape is from MC.

Table 3.19: Fitting strategy for DY — v measurement.

in %
Npo +0.2(stat.) £4.9(syst.)
Reconstruction eff. (Table @[) +1.9
Vetoes eff. (Table[3.15 e
Total i
in Number

Yield bias +0.5

Signal PDF in Egcy, +2.3

DP background PDF in Egcy, e

Non-D° background PDF in Egcy, -12.9
Signal PDF in Mpo ol

Non-D" background PDF in Mpo +0.1

Total i

Table 3.20: Summary of systematic uncertainties for D° — v study.
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fitted signal yield is —10.1575272 which is consistent with zero.

Since the observed yield of D° — v decay is not significant, we evaluate the

90% confidence level (C.L.) Bayesian upper limits. The upper limit on signal yield
N is obtained by integrating the likelihood function:

/ON L(n)dn = 0.9 /000 L(n)dn,

where £(n) denote the likelihood of fit result with condition that the number of
signal yield is fixed at n.

(3.7)

The systematic uncertainties are taken into account by replacing £(n) with a
smearing likelihood function:

(n—n’)?
o0 e 2An?
Lomear = L(n")———dn’ 3.8
(n) /o (n)\/QﬂAn " (38)

The likelihood functions are shown in Figure [3.34]

The signal selection eff. is 56.7%. The calibration factor due to vetoes is esti-

mated by the studies in Table : Chetoes(= Cirack, X Cro X Cko x CKg Ahy) = L1

Therefore, the upper limit of branching fraction is determined to be B(D° — vi) <
8.8 x 1075 at the 90% C.L.

Floated variables

Fit result
Naig —10.15755 78
Npeakbek 2838.581 357
N tiatbek 8591.427110:37
Meanpeaiber 1.8648170 000031900
Widthpearpr 0.00130834% 00000331234
Shape parameter of flat bck ARGUS —23.65992;2{33&5

Table 3.21: Data fit result of D° — v measurement.

3.9 Summary

In conclusion, we have performed a search for D° decay to v and h=(*v, (h =

K, 7, and ¢ = e, u) using the data sample collected near the YT (4S) and Y(55) with
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Figure 3.33: Data fit result of D° — v measurement.
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Figure 3.34: Likelihood distributions obtained by D° — v data fits.

Belle detector at the KEKB asymmetric energy ete™ collider. We develop a charm
flavor tagging method in order to measure the absolute branching fraction of the D°
decays with missing final state. Since no significant signal is found, we set an upper
limit of 8.8 x 107° for the branching fraction of D — v at the 90% confidence level.
In addition, the measurement of D° — h= (T, is also performed and the measured

branching fractions are consistent with the PDG world average.
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Chapter 4

Search for B — pAn~~ Decay at
Belle

4.1 Motivation

In the Standard Model (SM), the heavy b quark can decay to an energetic s
quark and a hard photon via the penguin loop diagram. The inclusive measurement
of the branching fraction from B meson decays for the above process, B(B — X,7v),
is very sensitive to physics beyond the SM since new heavy particles can contribute
in the loop at the leading order. The up-to-date next-to-next-to-leading order SM
calculation gives B(B — Xv) = (3.15 £ 0.23) x 10 for E, > 1.6 GeV [49], which
is consistent with the current world average of the experimental results, B(B —
Xyy) = (3.40 +£0.21) x 107* [8, B0, K1), (2].

In the Monte Carlo (MC) simulation of the s — X fragmentation and hadroniza-
tion processes by JETSET [53], the X, with a A in the final state contributes
only at the 1% level. This is consistent with the known baryonic B decay rate,
B(BT — pAy) = (2457535 £0.22) x 1075 [8, 54]. There is an intriguing feature
of this three-body decay: the mass of the pA system is peaked near threshold. A
similar feature is seen in many other hadronic three-body B decay processes. In
multi-body hadronic baryonic B decays, hierarchy in the branching fractions is also

observed in different cases as following [§]:

e h—c:

79
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- B(BY — pA.rtn®) = (1.81 4 0.297522) x 1072

- B(B® = pA.rtrT) = (1.12 £ 0.14 4 0.29) x 1073
- B
- B(B® = pA.®) = (1.94+0.2+£0.5) x 107*

0
0

(
(
(Bt — pA.nt) = (2.840.8) x 107
(
- B(B® = pA.) = (20+0.4) x 107°

e ) —s:

- B(B* — pAntaT) = (5.927558 £0.69) x 1076
- B(B® = pAr~) = (3.14 £0.29) x 1076

- B(B* — pAn°) = (3.0070% +0.33) x 1076

- B(B* = pA) <3.2x 1077

These features motivate our interest in the search for B® — pAnr~v. Figure
shows the lowest order SM decay diagram for B — pAm~v. It proceeds via the
radiative penguin process. The pA system in this decay will have a smaller maximum
kinetic energy than in B* — pA~y due to the extra pion in the X, fragmentation
process. This matches the threshold enhancement effect naturally and implies a
higher decay rate [55]. The measured branching fraction of B — pA7~—+ can be
useful to tune the parameters in JETSET and, in the case of a large enhancement of
the branching fraction, the uncertainty on the measurement of B(B — Xv) would

be reduced using a sum of exclusive final states.

v
(@]
(]|
S
Qoo c:.o.:c}lk
Ne] >| =

:|I

<l
Olp

Figure 4.1: Decay diagram of B® — pAr—r.

4.2 Data Sample

This analysis is based on the data collected by the Belle detector at the KEKB

asymmetric-energy e*e™ collider at the T(4S5) resonance. The total number of BB
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4.3 Signal MC' Generation 81

events for experiment 7 to 65 is 771.581 4+ 10.566 million.

4.2.1 Blind Analysis and Monte Carlo Samples

We study signal and backgrounds depending on a blind study with Monte Carlo
(MC) simulation method, which means using MC to simulate signal and background
events for the optimization and finalizing the fitting procedure with an assumed

branching fraction of 107°.

All the MC samples are generated with EvtGen [39] package and detector simu-
lation is done with GEANT [40] package. These events are distributed into different
experiment condition according to the proportion of each experiment. For the signal
decays study, 771000 signal MC events are generated. For the background study, the
continuum background MC (ete™ — ¢, ¢ = u, d, s, ¢) and the B generic background
MC (B decay with b — ¢ transition) are considered. Also, 50 times rare B decays
(B decay with b — u,d, s transition) MC is taken into account.

All of these MC and data are based on the new tracking algorithm, i.e., case B

data in Belle environment setting.

4.3 Signal MC Generation

According to the previous study on the baryonic B decay modes, such as Bt —
pAy [54, 8], we observe that the baryon-antibaryon mass distribution peaks near
threshold. Besides, for B decay with b — s7v, v usually has an higher energy.
Therefore, in our MC decay model, we assume that pA7~ is decayed from one
particle X with mass to be 2.5 GeV/c? and the width to be 0.3 GeV/c? from B.
Bt — X, + v is a two-body decay, and X, — p 4+ A + 7~ is a three-body phase
space decay. The X, mass distribution from signal MC is a simple Breit-Wigner
distribution, which is shown in Figure The pA invariant mass distribution from
signal MC is shown in Figure [4.2
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Figure 4.2: pA invariant mass distribution obtained by signal MC.
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Figure 4.3: X, mass distribution obtained by signal MC.

4.4 Event Selection and B Reconstruction

The event selection criteria are based on the information obtained by the tracking

system (SVD and CDC) and the hadron identification system (CDC, ACC and
TOF).

e Charged Proton, Pion Selection:
All the charged tracks expect those from B decays are required to satisfy track
quality criteria based on the track impact parameter relative to the interaction
point (IP). The deviations from the IP position are required to be within £0.3
cm in the transverse (x-y) plane, and within £3 c¢m in the z direction, where the

z axis is opposite the position beam direction. For the likelihood values L,,, L,
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4.4 Event Selection and B Reconstruction 83

L, of each track, that is a proton, kaon, or pion, respectively, are determined
from the information provided by the hadron identification system. The track
is identified as a proton if L, /(L,+ Lk) > 0.6 and L,/(L,+ L) > 0.6, or as a
pion if L /(L,+ Lk) > 0.6. The efficiency for identifying a pion is about 95%,
depending on the momentum of the track, while the probability for a kaon to be
misidentified as a pion is less than 10%. The efficiency for identifying a proton
is about 95%, while the probability for a kaon or a pion to be misidentified as
a proton is less than 10%. The efficiency and misidentification probability are

averaged over the momentum of the particles in the final state.

A Selection:

The A’s are obtained by Mdst_Vee2 bank. We apply goodA selection [56] to
reject combinatorial background. The invariant mass of A candidate (m,,-) is
required to be within 1.111 GeV/c? to 1.121 GeV/c?, as shown on Figure
L,/(L,+ L) of A’s daughter proton is required to be greater than 0.6 in order
to reject possible feed-across of K2 and random combinations of off-IP pion

tracks.

MINUIT x? Fit to Plot 100&0

File: lambdamass.hbk 17-0CT-2012 18:02
Plot Area Total/Fit 9.20259E+05 / 9.20259E+05 Fit Status 3
Func Area Total/Fit 9.18303E+05 / 9.18303E+05 E.D.M. 7.971E-21
)(2= 1935.6 for 100 - 6 d.o.f., C.L=0.00 %
Errors Parabolic Minos
Function 1: Breit-Wigner
AREA 775264E+05 & 1150, - 1159, + 1159

1156 + 10912E-06 - 10913E-06  + 1.0912E-06
WIDTH 120220E-03  + 27443606 - 2.7415E-06  + 2.7472E-06

NORM  635476E+06  + 23891E+04 - 23895E+04  + 2.3890E+04
CHEBOL 4.15682E-02 + 48062E-03 - 4.8063E-03  + 4.8061E-03
CHEBO02 8.62737E-02 + 6.7377E-03 - 6.7322E-03  + 6.7432E-03

120000+ v v

100000 —

80000 —

60000 —

40000 [—

20000 —

i rasarsn A T IR i e s s
1.102 1.107 1.112 1.117 1.122 1.127

Figure 4.4: A mass (M,,-) distribution of signal MC.

e 7 Selection:
The v are obtained by Mdst_Gamma bank. We required that the ’s energy
in CM frame should be larger than 1.7 GeV, as shown in Figure
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Figure 4.5: The v energy distribution in CM frame of signal MC and the selected
region.

e B vertex fit:
We use the tracks of p and 7~ to determine the B vertex and the vertex fit is

required to be successful.

e Best candidate selection:
If more than one reconstructed B candidate is found in a signal event, we
choose the best candidate which is with the smaller sum of y? of B vertex
fit and x? of A vertex fit. Multiple candidates are mainly due to the mis-
reconstruction using a pion from the other B meson. The average multiplicity
is 1.4 for signal MC and 2.2 for data.

e B reconstruction:
The B° candidates are reconstructed from the four momentum combination of
proton, A, 7~ and v. We use distributions of two kinetic variables in the CM
frame to identify the reconstructed B meson candidates: the beam-energy-

constrained mass M., and the energy difference AFE, which are defined as:
Mbc = El?eam - pQB (41)

AE = Eg — Epeam, (4.2)

where Epeqp, is the beam energy, and pp and Ep are the momentum and
energy, respectively, of the reconstructed B® meson. The candidate region is
defined as -0.4 GeV< AFE < 0.3 GeV and 5.24 GeV/c? < M. < 5.29 GeV /2.
The signal box region is defined as -0.05 GeV< AFE < 0.05 GeV and 5.27
GeV/c? < My < 5.29 GeV/c% The summary of selection criteria is shown in
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4.5 Background Suppression

Table [4.3]

4.5 Background Suppression

4.5.1 Continuum Background

85

The main background is from the continuum e*e™ — ¢g (¢ = u,d, s, ¢) events.
Continuum background MC (¢g MC) is generated. The AE and M, distribution of
the continuum background MC from all the experiments are shown in Figure [4.6]
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Figure 4.6: The AE and M, distribution of the continuum background MC.
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4.5.2 Continuum Background Suppression

The dominant background for this study is from the continuum processes. The
difference between BB events and the continuum background is event topology (BB
events: spherical distribution; continuum background: two jet-like distribution).
The method of continuum background suppression is based upon such a topological

difference and Fisher discriminant [57].

Kakuno Super Fox-Wolfram(KSFW)

KSFW is an improved version of the super-Fox-Wolfram method, which is a
combination of six normalized Fox-Wolfram moments [58] and is first proposed by
R. Enomoto. The variables of KSFW are defined as the following:

4 4 Nt
KSFW =Y R +> R+~ _|(P).l (4.3)
=0 =0 =0

whrer P, means total transverse momentum, summing up the momenta of all parti-
cles (1 variables). And R;° is defined as:

&c(Hcharged)fO + O4n(]¥neutral)fa + Oém(Hmissing)?o

o _ 4.4
Rl Ebeam —AFE ( )
as (=1,3 (2 variables)
(Hcharged Z Z Ql@jz ’pz | ’p]z |Pl(0059ljz) (45>
7 Jz
(Hneutral);o - (Hmissing)?o (46)

as (=0,2,4: (9 variables)

SO = Z Z/B |pl||p]x|‘Pl COSQZ]%) (47)

and ¢ means the daughter of By; j means others. On the other hand, z means
charged, neutral or missing; ),, @, are the electrical charged of particle ¢ and j,,
respectively. P is the [-th Legendre polynomial; 6;;, is the angle particle ¢ and
particle j,. And Ry° is defined as:
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as [=1,3: (2 variables)

Bro% B2 Q4 QD [Pk | P (cosO;x )

Ry = 4.8
! (Ebeam - AE>2 ( )
as [=0,2,4: (3 variables)
poo — PU7Zi B Pl P Pr(costn) (4.9)
L (Ebeam - AE)Q ‘
and j, k means others. Then the missing mass is defined as:
as Eys) — S04 B, > 0:
MM? = (Brus) — S0ty Ba)® — (2, 55)° (4.10)
as Eyus) — Eflvi:lEn < 0:
MM? = —((Erqas) — S0t Ea)” = (ShLipn)?) (4.11)

Since the missing mass is related to the value of KSFW, we divide the missing into
seven regions, as shown in Table

Region 1 2 3 4
MM?*(GeV/c?) <-05 -05~03 03~10 10~20

Region 5 6 7
MM?*(GeV/c?) | 20 ~ 3.5 35~ 6.0 > 6.0

Table 4.1: The regions of missing mass of KSFW.

B flight direction

The 65 is the angle between the B flight direction and the beam direction in the
Y (495) rest frame. In the decay Y(4S) — BB, a vector particle (spin-1) decays to
two scalar particles (spin-0). The angular distribution will obey 1 — cos?0p formula
based on the quantum physics, while the distribution is quite flat for qq backgrounds.
The distributions of cosfp are shown in Figure [4.7]
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4.5.3 Likelihood Ratio

We pick 17 KSFW moments as the input variables for a Fisher discriminants [59].
The Fisher discriminator, F, is a method that combines n-dimensional variables
into one dimension by a linearly weight sum, with the coefficient for each variable is

optimized to separate the signal and the background.

F=W.-V (4.12)

___}
where IV is a row vector consisting of the input variables. In addition to the Fisher
discriminant, we also include cosfp to determine a combined likelihood ratio (LR)

for continuum background suppression.

Lg

[R=—"5_r
Lo+ Lg 5B

= P(.F)S(B) X P(COS@B)S(B) (4.13)
where Lg and Lp are the event-by-event signal and background likelihoods, and
P(F)sp) and P(cosfp)sp) are the PDFs of the Fisher discriminant and cosfp from
signal MC (continuum background MC), respectively. F distribution is modeled
by combined Gaussian distributions. cosflp distributions of both signal and contin-
uum background are modeled by second-ordered Legendre polynomial. The KSFW
moments distributions are shown in Figure 4.8 Then the signal and background
likelihoods are calculated by multiplying the probabilities of the functions. The nor-
malized LR distributions of signal MC and continuum MC are shown in Figure
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0.012 |-

0.01

0.008 |-

0.006 |-

0.004 |-

0.002 |-

0 I I I I I I I I I
-1 -08 -06 -04 -02 0 02 04 06 08 1
CosB

Figure 4.7: The normalized cosfp distributions. Red: signal MC. Blue: continuum
background.
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Figure 4.8: The KSFW moments distributions of the in seven missing mass regions.
Red: signal MC. Blue: continuum background.
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Optimization of the LR selection

The selection on LR is determined by optimization of the figure of merit (F.O.M.):

F.O.M. =

Ng

\/Ng—i—NB’

doi:lO.G%{g./}IZI'}JZOIGOI 179
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where Ng and Np denote the expected numbers of signal and background events in

the signal box region, respectively. Ng is calculated by the assumed B of 1075, The
details of optimization are shown in Table and Figure 4.10 LR is required to

be greater than 0.85 for continuum suppression.
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Figure 4.10: The F.O.M. distributions with different LR selections, estimated by

total number of signal (in red) and true signal (in blue).
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91

LR | Ny Nsgory F.OM errorir  Nygrue)y F.O.Myye  €rrorsq.
0 6855 845.96 9.64 0.034 643.96 7.43 0.039
0.05 | 4512 837.08 11.44 0.034 637.60 8.88 0.039
0.1 | 3590 827.26 12.44 0.034 630.56 9.70 0.039
0.15 | 2925 815.64 13.33 0.035 622.12 10.44 0.040
0.2 | 2442 803.45 14.10 0.035 613.33 11.09 0.040
0.25 | 2073 790.33 14.76 0.035 603.78 11.67 0.040
0.3 | 1794 776.71 15.31 0.035  593.77 12.15 0.041
0.35 | 1534 761.67 15.89 0.036  582.95 12.67 0.041
0.4 | 1309 745.16 16.44 0.036 571.24 13.17 0.041
0.45 | 1119 728.32 16.94 0.037  558.95 13.64 0.042
0.5 | 936 709.68 17.49 0.037  545.51 14.17 0.042
0.55 | 777 690.36 18.02 0.038  531.15 14.68 0.043
0.6 | 639 667.69 18.47 0.039  515.06 15.16 0.044
0.65 | 535 641.39 18.70 0.043  495.74 15.44 0.044
0.7 | 426 611.17 18.97 0.048 474.16 15.80 0.048
0.75 | 339 575.75 19.03 0.054  448.22 15.97 0.054
0.8 | 254 533.38 19.00 0.062  417.37 16.10 0.062
0.85 | 180 478.07 18.63 0.074  376.16 15.95 0.074
0.9 120 403.08 17.62 0.091  320.04 15.25 0.091
0.95 55  284.21 15.43 0.13 229.61 13.61 0.134

Table 4.2: Optimization of LR selection with total number of signal (F.O.M;,), and
number of true signal (F.O.M;,...). B is assumed to be 107°.

Proton identification

LP
L,+Ly

> 0.6 and —=

T+, > 06
Ly

Pion identification

L >06

A selection

goodA selection
1.111 GeV/c? < My,- < 1.121 GeV/c?

Le_ - 0.6 and ﬁ > 0.6 for the proton from A

Lp+Lk

Track impact parameters

|dr| < 0.3 cm and |dz| < 3 cm

Photon selection

E, > 1.7 GeV in CM frame

B vertex fit

Successful vertex fit

Continuum suppression

LR >0.85

Candidate region

-0.4 GeV < AFE < 0.3 GeV,
and 5.24 GeV/c? < My. < 5.29 GeV/c?

Best candidate selection

choose the candidate with the smallest X2B + X?\

Table 4.3:

Summary of the selection criteria.
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4.5.4 Generic B Background

We also consider the background from BB events. One kind of them is with the
b — ¢ transition, which usually has larger branching fraction (usually larger than
1075). Generic B MC is also generated to study this kind of background with one
times of real data. The AE and M, distribution of the generic B MC are shown

in Figure 4.11 Compared with continuum background, the remaining generic B
background is few.

« 10 T T T T T T < 10

o )

2 3

= 9F s 9F

& b

g =l

< 8F < 8F

] ]

] §

a 7f z TF
6 6
5 5

N oW
N oW A

-
i

LG LI S

0 0
-0.4 -03  -0.2 -0.1 0 0.1 0.2 0.3 5.24 5.25 5.26 5.27 5.28 5.29
AE (GeV) M, (GeV/c?)

(a) In the candidate region.

=
o
3

Events / (23,3MEV/C2)

25|

Events / (1.67MeV/c?)

-
N =
a 13

-
)
+
)
)4
)
)4

15F

0.75 [

0.5

0.25

0 . . . . . . . . .
-04 -03 -02 -01 0 0.1 0.2 0.3 524 5.25 5.26 5.27 5.28 5.29
AE (GeV) M, (GeV/c?)

(b) Each other’s signal box region is selected.

Figure 4.11: The AE and M, distribution of the generic B MC.

4.5.5 Peaking Background in Rare B MC

Rare B events are BB events with charmless decay, and they usually have smaller

branching fraction. The number of events of rare B MC is fifty times of real data.
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There are seven modes which have peaking structure in AFE and M;. candidate
region: B — pAp~, B® — pX0~, B® — pAr—n, Bt — pAr®, Bt — pX0x°,
BT — pAy, and B — pAn. Only two of these, BY — pAn® and B+ — pA~y [8,154],
have been measured experimentally. For these seven modes, we generate dedicated

771000 MC events to calculate their efficiency under all selection criteria.

4.5.6 Self-crossfeed Background

For signal MC, there are some events with the B reconstructed by some of
the same final states particle from the other B, which is called self-crossfeed. In
signal MC sample, there are 42% of self-crossfreed remained and cannot be removed
without losing significant true signal. The AE and M,,. distributions of signal MC

with all selection criteria are shown in Figure |4.12

The efficiency of signal MC with selection criteria in the different region are listed
in Table and the number of remaining background MC are shown in Table
and Table [£.5] The comparison between background MC and data in the sideband
region of AE and M, are shown in Figure Sideband region is defined as AE <
-0.05 GeV or AE > 0.05 GeV, and M, < 5.27 GeV /2.

qq  generic B
Candidate region | 2648 99
Signal box region | 110 4

Table 4.4: Number of remaining ¢¢g and generic B background MC events corre-
sponding to one times data with all selection criteria.
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Figure 4.12: The AFE and M,, distributions of signal MC events with the selection
criteria (left), true events (middle), and self-cross feed (right).

B — pAp B°— pX% B®— pAny
Candidate region 1.9 1.5 4.74
Signal box region 0.42 0.12 0.1
Bt = pAn® Bt = pX7° BT - pAy BT — pAn
Candidate region 39.54 4.76 78.10 11.58
Signal box region 4.08 0.58 2.28 0.82

Table 4.5: Number of remaining rare B MC corresponding to one times data with
all selection criteria. The red number is from the rare B MC result with assumed
branching fraction, and the black number is scaled with measured branching fraction.
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Figure 4.13: The comparison between background MC and data in the sideband
region. Black error bar: data. Red: the combination of all background MC (qq
MC, generic B MC, B* — pAn°, and B* — pA~y). Blue: generic B MC. Green:
Bt — pAn°. Yellow: B — pA~y.

Total signal True signal
eff. Numbers | eff.  Numbers
Candidate region | 10.33% 79607 | 5.98% 46137
Signal box region | 5.13% 39561 | 4.26% 32847

Table 4.6: Efficiency of Signal MC with all selection criteria.

4.6 Signal Extraction

4.6.1 Fitting Strategy

We perform a fitter with two dimensional extended unbinned likelihood fit that
maximizes the likelihood function

— 3N

e J

L= ST (30 NP (M, AB)) (4.15)
J

to estimate the signal in the region -0.4 GeV < AE < 0.3 GeV and 5.24 GeV/c? <

M. <5.29 GeV/c%. Here N is the number of events in the fit, 7 denotes the i’ event,

P; denotes the PDF of signal and all background component, and N; denotes number
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of events corresponding to ;. PDF and fitting parameters for all components will
be discussed later and is shown in Table [£.7

4.6.2 Probability Density Function

Due to the correlation between M. and AFE two dimensions in signal MC, we use
a 2D smoothed histogram to model the M,. and AF distribution of true signal and
self-crossfeed, which is shown in Figure[£.12] The smoothed histogram is based upon
the distribution from signal MC. The scattering plot of M,. and AFE distribution of
the true signal MC is shown in Figure [4.14] The ratio between signal and self-cross
feed is fixed as 0.7254 from Table [£.6l

In order to model the background MC, we use the parameterization which is first
used by the ARGUS collaboration [42]:

f(Mye) o< MyV/1 — z2exp[—£(1 — 2?)], (4.16)

to model the M,. background, with x given by My./Epeam and £ as a fit parameter.
The AFE background shape is modeled by a normalized second order Chebyshev

polynomial whose coefficients are fitting parameters.

In rare B background, there are two measured modes, Bt — pAr® and B° —
pAy will be included in the fit with fixed number of events, and the fixed numbers
are scaled by measured branching fractions. We generate dedicated MC and use 2D
smooth histogram to model them. For the other five unmeasured rare modes, we
also generate MC and use 2D smooth function to model them, and their effect on
measurement is studied by including one-by-one in the fit to check the signal yield

deviation. The seven modes’ distribution of MC result are shown in Figure [£.15] and

Figure [4.16]

The fitting strategy for B® — pAn~v measurement is summarized in Table
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P

PDF

fitting parameters

P4, true signal

2D smooth histogram

Nyi4 is floated

Py, self-crossfeed

2D smooth histogram

Ny = ratio x N
ratio is fixed as 0.7254

Pbck>
qq and generic B

2,4 order Chebyshev for AE
ARGUS for My,

Nyt 1s floated
Shape parameters are floated

P g0, BT — pAr 2D smooth histogram Nparo is fixed as 39.54
P, B’ = pAy 2D smooth histogram N,i, is fixed as 78.10

P,ore, other rare modes

2D smooth histogram

N,are is floated,
include one per fit

Table 4.7: PDF and fitting parameters in B® — pAm~v study. Note that P,q. is
not included in the nominal fit for measurement.
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Figure 4.14: Scattering plot of M. and AF distribution of the true signal MC.
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Figure 4.16: The AE and M, distribution of the rare BT peaking modes all selection

criteria.
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4.6.3 Measurements for the Branching Fraction

The formula which evaluate the branching fraction (B) is

B yield
Npp X epe X Cprp X Cer X Cyi

B

(4.17)

e Yield: Number of signal yield obtained by fitting on data.

e Nyp: The number of BB events for experiment 7 to 65 is 771.581 % 10.566

million.

e cpc: The signal MC efficiency which evaluated by counting the remaining
events after all selection criteria. We generate 771000 events in signal MC,
and 46137 true events left with all selections in Table so eprc = 5.98%.

o Cprp: The correction factors are due to the difference between the MC and
data efficiencies while applying constraints on the charged particle likelihood.
The correction factors is calculated by the package provided by PID joint
group [44] 45] [46] and they are studied by various control samples with different
particle types such as A — pr~ and D** — D%+ with DY — K—7*. The
factors are shown in Table and the product of them is 0.928.

e C,/r: The correction factor is due to the difference between the MC and data
efficiencies while applying the selection LR > 0.85. The factor C,% is studied
by BT — K*™ control sample, and it is estimated to be 0.973.

e Csi: The correction factor is due to the fit bias. We perform an ensemble
test with toyMC samples. The factor Cy;; is 0.9758 by ensemble test result in
Table €111

Source Factor Uncertainty
Proton from B | 0.9679 +0.003
Proton from A | 0.9667 +0.003

Pion from B 0.9923 +0.011
Total (Product) | 0.928 +0.011

Table 4.8: PID correction factors.
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4.6.4 Ensemble Test

We perform ensemble test to verify the validity of fitter and stability of the
fitting model. For each set of fitting, 1000 toyMC samples are generated. For each
sample, Poisson-distributed random variables with expected values equal to N,
Niep(= ratio x Ngg), and Ny, and the distribution of toyMC is generated according
to these three kinds of PDF model. The result of the ensemble test including yield,
fitting error and pull distribution. The yield means Ny, from the fitting, and fitting

error presents the standard deviation of the fitting. And we define the pull value as

yield — expected value

Pull = (4.18)

fitting error
In the fit, Ny, and Ny, are floated, and the ratio of the number of self-crossfeed to
Nsig is fixed as 0.7254. The results of ensemble test are summarized in Table
One of the yield, fitting error and pull distribution result with Ny, = 4 is shown in

Figure [1.17]

In another ensemble test, B — pA~vy and B® — pAn® components are considered
additionally in toyMC generation. For these two modes, Poisson-distributed random
variables with expected values equal to Nz, = 78.10 and Nyz,0 = 39.54. In the
fit, N,x, is fixed as 78.10 and N0 is fixed as 39.54. The results for this case are
summarized in Table .10} One of the yield, fitting error and pull distribution result

for this case with Ny, = 25 is shown in Figure .18

With the data measurement result, we also do another test with 3000 events,
and the Poisson-distributed random variables and toyMC is generated by the fitting
result of data. We use the result of this set to calculate the correction factor due
to fit bias. By the result shown in Table [4.11] and Figure the correction factor
Crit 18 9.26/9.49 = 0.9758.
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Nsig Nsef  Nock Meang Errorgg Pullgyg
295 214 2648 | 293.56+£1.52 20.15+0.060 -0.13£0.064
265 192 2648 | 261.704+1.24 19.36+0.054  -0.10£0.068
235 170 2648 | 232.304+1.27 18.55+0.052  -0.21£0.067
205 149 2648 | 203.47+1.27 17.69+0.067  -0.13£0.074
175 127 2648 | 173.35+1.17 16.754+0.067  -0.15+0.065
145 105 2648 | 144.91£1.20 15.724+0.065 0.001340.070
115 83 2648 | 114.36+1.13 14.56+0.078 -0.0040+0.063
85 62 2648 | 84.41+0.88 13.7240.099 -0.021+£0.063
55 40 2648 | 54.05+0.39 12.16+0.023 -0.073+0.034
25 18 2648 | 24.81£0.34 10.5440.022 -0.01540.032
11 8 2648 | 10.50£0.33  9.5540.026 -0.1040.034
4 3 2648 | 3.62+0.29 9.0940.025  -0.047+0.032
Nsig Nscf Nbck Meanbck ErTOTbck Pu”bck
295 214 2648 | 2643.38+4.45 57.874+0.071 -0.046+0.077
265 192 2648 | 2647.71+£4.20 57.714+0.082 0.001+£0.075
235 170 2648 | 2658.88+3.89 57.484+0.081 0.136+0.068
205 149 2648 | 2650.42+4.51 56.854+0.078 -0.09340.063
175 127 2648 | 2648.05+3.96 56.34+0.063 0.04140.068
145 105 2648 | 2645.01+3.80 55.95+0.059 -0.027+0.069
115 83 2648 | 2652.69+3.71 55.83+0.086 0.02840.071
85 62 2648 | 2642.70£4.42 55.33£0.069 -0.05940.073
55 40 2648 | 2651.474+1.72 54.684+0.035 0.061£0.032
25 18 2648 | 2646.81+1.78 54.20+0.027 -0.021£0.032
11 8 2648 | 2651.24+1.75 53.924+0.029 0.067+0.032
4 3 2648 | 2650.86+1.74 53.80+0.026  0.046+0.032

Table 4.9: Results of ensemble test.
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Nsig Nscf Noek Meangg Errorg, Pullg,
295 214 2648 | 293.65+£0.71 20.39+0.023 -0.055+£0.034
145 105 2648 | 143.57+0.56 15.984+0.021 -0.097£0.035
25 18 2648 | 25.20£0.36  10.75+£0.023 -0.0085+0.033
Nsig Nscf Nbck; Meanbck ETTOTbck Pullbck
295 214 2648 | 2650.62+1.94 59.10+£0.035 0.037+£0.033
145 105 2648 | 2649.49+1.94 57.27+£0.034 0.224£0.032
25 18 2648 | 2646.76+1.76 55.394+0.033 -0.023+0.033

Table 4.10: Result of ensemble tests with considering B — pA~y and the B® — pAr®

components.

Nsig

Nscf

N, bek

Meang, Errorgg Pullgyg

949 6.88 2898

9.26£0.20 11.05£0.013 -0.032+£0.018

Nsig

Nscf

N, beck

Meanpe Errorye Pullyer

9.49 6.88 2898

2896.70£1.05 58.05+0.011 -0.030+£0.018

Table 4.11: Result of ensemble test by using data fit result as input.
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Figure 4.17: Ensemble test results (yield, fitting error and pull distribution) with

Nsig =4.
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4.7 Control Sample Study: Bt — K*'v

4.7.1 Event selection and MC Study

The main purpose of the control sample study is calibration on signal PDF and
systematic uncertainty study due to LR selection. With all the selection criteria
applied, the signal MC efficiency is 16.63% with about 7.0% of self-crossfeed events.
The summary of the selection criteria for BT — K**~ study is shown in Table
The AFE and M, distribution of signal MC, continuum background, and rare B MC
are shown in Figure 4.20] [4.21] and [4.22] respectively.

Pion identification L./(Lx+ Li) > 0.6 for the three pion in final states

good K§ selection
0.487 GeV/c® < My < 0.507 GeV/c?

K? selection

K*T selection 0.817 GeV/c? < My.+ < 0.967 GeV/c?
Track impact parameters | |dr| <0.3 cm and |dz| <3 cm, only for the pion from K**,
Photon selection E, > 1.7 GeV in CM frame
7% and 1 veto
Continuum suppression LR >0.85
-04 < AE < 0.3

Candidate region 5.24 < M. < 5.29

Best candidate selection | choose the candidate with the smallest y% from vertex fit

Table 4.12: Summary of the selection criteria for Bt — K**v study.

4.7.2 Signal Extraction

We use the same fitting strategy (two dimensional fit with M,. and AFE) as
B® — pAn~v measurement for BT — K**~ study. We use a 2D smoothed histogram
to model the true signal M,. and AFE distribution due to the correlation between
My, and AFE in signal MC. The scattering plot of M;,. and AFE distribution of the
true signal MC of BT — K**v is shown in Figure [4.23] Also, the self-crossfeed
component from the signal MC and rare B component are modeled by 2D smoothed
histograms. In the data fit, the ratio between signal and self-crossfeed is fixed as
0.0756. For continuum background, For the continuum background, we also use
ARGUS for M. and second order Chebyshev polynomial for AFE.
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Figure 4.20: The AFE and M,,. distributions of signal MC with all selection criteria
(left), true signal (middle), and self-crossfeed (right) in Bt — K**~ study.
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Figure 4.21: The AE and M, distribution of the continuum background in B* —
K**~ study.

PDF calibration with smoothed histogram

In order to study the signal PDF shape difference (mean shift and width expan-
sion) between signal MC and data by using the 2D smooth histogram. We design
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Figure 4.22: AFE and M, distribution of rare B MC in BT — K**~ study.
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Figure 4.23: Scattering plot of M,. and AFE distribution of the true signal MC in

BT — K*t~ study.
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a PDF to include six additional shape parameters in the fixed-shape 2D smooth
histogram. We look for the mean point (the maximum of the function) first to add
two mean shift parameters in the PDF. For each dimension, give the function two
width expansion parameters for each direction relative to the mean point (larger
than the mean, and smaller the the mean). Therefore, we can get the fudge factor
by using 2D smooth histogram with the six shape parameters. The illustration of

this method is shown in Figure [4.24]
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Figure 4.24: Tllustration of smoothed histogram with additional shape parameters.

4.7.3 Result

We obtain 1094.60™7]-5) signal yield for the BT — K** decay and the projection
of data fit result is shown in Figure 4.25 The obtained fudge factors in signal PDF

with comparison between data and signal MC are shown in Table |4.13

AMeanay | 0.00488358  0.00607  -0.00658

AMean,;,. | 0.00044492  0.000265 -0.000258
AWidthag, | 1.227 0.147  -0.136
AWidthap_ | 1.042 0.075  -0.089
AWidthy, - | 0.958 0.056  -0.056
AWidthy, — | 1.016 0.082  -0.077

Table 4.13: Fauge factors of signal PDF obtained by B* — K**v data fit.
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Events / (28 MeV)
Events / (2 MeV)
N
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o
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(a) AE, with My, > 5.27 GeV/c?.  (b) My, with 0.05 GeV< AE < 0.05
GeV.

Figure 4.25: BT — K**~ data fit result. Black error bar: data. Blue: total PDF.
Red: signal PDF. Green: self-crossfeed PDF. Yellow: continuum background PDF.
Magenta: rare B PDF.

The measured branching fraction is obtained by this formula:

B yield

_ , 4.19
Npp X ene X Cprp X Crr (4.19)

in which the branching fraction of each sub-decay [8] needs to be considered as

following:
B(K*t — K'7T) = g (4.20)
B(K® — K9) — % (4.21)
B(KY — 7nr77) = (69.20 & 0.05)% (4.22)

About the PID correction of three pions in the final state, the correction fac-

tor is shown in Table [4.14, The summary of systematic uncertainties is shown in
Table 15

15 child of Kg 0.9628 =£0.0087
274 child of Kg 0.9630 =£0.0088
Pion from K** | 0.9575 +0.0084

Table 4.14: PID correction factors in Bt — K**~ study.
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Tracking uncertainty | 1.05% (3 tracks)

Charged identification | 2.69% (3 pions)
Nop 1.37%
Sub-decay 0.07%
Photon selection 2.2%
LR selection 3.23%
Reconstruction eff. error 0.25%
total | 5.05%

Table 4.15: Summary of the systematic uncertainties for BT — K**~ study.

The measured branching fraction is:
B(BT — K*t) = (4.24 + 0.16(stat) £ 0.21(syst)) x 1072, (4.23)
which is consistent with the PDG value:

B(BT — K**7) = (4.21 £0.18) x 107°. (4.24)

4.8 Physics Result

4.8.1 Fit Results

The projection of data fit result of B® — pAr~~ is shown in Figure [£.26, The
fitted signal yield is 9.57732 with a statistical significance 0.9. The statistical signif-
icance is defined as \/ —2In(Ly/Limax), where Ly and Ly, are the likelihood values
obtained by the fit with and without the signal yield fixed to zero, respectively.

4.8.2 Systematic Uncertainties

Several systematic uncertainties are discussed in this section. The correlated
errors are added linearly and the uncorrelated ones are added in quadrature. The

summary of systematic uncertainties is shown in Table [4.16|

e Tracking uncertainty:
The systematic uncertainty due to charged-track reconstruction is studied us-
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ing partially reconstructed D** — D7t with D° — 77~ K3. For the tracks
with pr > 200 MeV /e, the systematic uncertainty of a charged track is esti-
mated to be (-0.13 £ 0.30 £ 0.10)% per track. We apply the uncertainty to
be 0.35% per track.

e Charged particles identification:

For the charged particles identification, we have constrains on likelihood values
for protons and pions. The systematic uncertainties are estimated by using
the package provided by the PID joint group [44] 45| [46] to do the correction
of the ratio between MC efficiency and data efficiency. They are studied by
various control samples with different particle types such as A — pn~ and
D*t — D%* with D° — K~7". The systematic uncertainties is estimated
to be both 0.3% for the 2 proton and 1.1% for the pion.

e Number of BB:
The number of BB for experiment 7 to 65 is 771.581 #+ 10.566 x 10°. Hence,
the systematic uncertainty on BB is 1.4% [60].

e Secondary sub-decay:
The systematic due to sub-decay branching fraction are calculated by the
ratio of error to the corresponding branching fraction in PDG: B(A — pn~) =
(63.9 £ 0.5)%. The sub-decay uncertainty is 0.8%.

e A selection:
The systematic uncertainty due to A reconstruction [56] is estimated by con-
sidering the uncertainty on efficiencies for the tracks displaced from the IP,
which is determined by the difference between the proper time distribution of
A for data and MC. There are also uncertainty from the A mass and vertex
selection, which has different value in different A momentum regions. The

uncertainty is estimated to be 3.3% for this study.

e v selection:
The uncertainty due to the photon reconstruction is studied by a radiative
Bhabha sample, and it is estimated to be 2.2%.

e LR selection:
The systematic uncertainty due to LR selection is estimated by the control
sample study BT — K*t~. Without LR selection, there are 200210 true
events in signal MC and 1756.0713372 signal yield in data. As LR selection
is set to be 0.85, there are 128229 true events in signal MC and 1094.6014; 55
signal yield in data. With Ratioyc = 0.64054+0.0011 and Ratiog., = 0.6233+
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0.0116, the correction factor Co is 0.9732+0.0181. The systematic uncertainty
is 1.9%.

e Reconstruction efficiency (MC statistics):
We also use the ensembles test result in Table 1.11] and estimate the fit bias
as: 0.2/9.26 = 2.2%.

e Signal decay Modeling:

For the uncertainty due to Signal decay modeling is considered by a set of
toyMC with an alternative decay model: B® — X, + v, X; — X, + 7, and
X, — p+ A, where X,; stands for the threshold peak in Ref. [54]. (In our
analysis, the signal MC decay model is X; — p + A 4+ 7, a three-body phase
space decay). We fit the toyMC sample generated by the alternative decay
model, and estimate the uncertainty by the deviation of branching fraction.
The eff. of true events is 5.98%), and signal yield in data is 9.49. In another
decay model, the eff. of true events is 5.42% and the toyMC fit result is 9.04.
The uncertainty due to signal MC modeling is 5.1%.

e PDF shape:
The uncertainty due to signal PDF shape is done on control sample study
BT — K*t~, and is estimated by the signal yield deviation with and without
fudge factors. Due to the presence of the self-crossfeed PDF in the fit, the
uncertainty due to the signal PDF shape is inflated by a factor of v/2. The

uncertainty is 4.1%.

e Measured rare B backgrounds (B* — pAn® and Bt — pA~y):
For N,x.0 and N, the expected number is scaled with their branching frac-
tion: B(BT — pAn°) = (3.0070% + 0.33) x 107%, and B(BT — pAy) =
(2.45%5-34 £0.22) [8]. The uncertainties are estimated by varying each yield in
the fit by +10 of the measurement error on the branching fraction, and it is
estimated to be 8.2%.

e Unmeasured rare B modes:
The uncertainty for the five unmeasured rare B modes (B — pAp~, B —
pXlp~, B® — pAr—n, Bt — pX°7° and BT — pAn) is estimated by incor-
porating their PDFs in the fit and floating their yields. As the signal yield is
reduced by this fit, we did not include this effect in the upper limit calculation
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described below to get a conservative upper limit.

Tracking uncertainty

1.4% (4 tracks)

Charged identification

0.6% (2 protons)
1.1% (pion)

Non 1.4%
Sub-decay 0.8%

A selection 3.3%
Photon selection 2.2%
LR selection 1.9%
Reconstruction efficiency 2.2%
Signal decay model 5.1%
PDF shape 4.1%

Rare B decay 8.2%
Total | 11.8%

113

Table 4.16: Summary of the systematic uncertainties for B® — pAn~+ study.

4.8.3 Upper Limit Estimation

Since the observed yield for B — pAn~~ is not significant, we evaluate the

90% confidence-level Bayesian upper limit branching fraction. The upper limit is

obtained by integrating the likelihood function:

/0 L (B)dB = 0.9 /0 ' L(B)dB.

(4.25)

where L£(B) denotes the likelihood value. The likelihood function is shown in Fig-
ure . The systematic uncertainties are taken into account by replacing L£(B)

with a smeared likelihood function.

We thus determine the upper limit on the branching fraction of B(B® — pAr—7)

to be 6.5 x 10~ 7 at the 90% confidence level.
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Figure 4.26: Data fit result of B® — pAn~v. The points with error bars are data;
the solid line is the fit result; the green dotted line is continuum background; the
blue dash-dotted line is the combination of BT — pAn® and BT — pA~, and the
red area is the combination of signal and self-crossfeed.

4.9 Summary

In conclusion, we have performed a search for B® — pAn~+, which proceeds
via the b — s7v radiative penguin process, by using the full T(4S) data sample of
772 x 10 BB pairs collected by Belle. No significant signal yield is found and we
set the upper limit on the branching fraction to be 6.5 x 10~7 at the 90% confidence
level. We also conclude that the decay under study does not follow the expected
hierarchy; instead, we find B(B® — pAn~—v) < B(BT — pA7y).
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Figure 4.27: The likelihood function obtained by B® — pAr~~ data fit.
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Chapter 5

Belle II Experiment and CDC
Trigger System

5.1 Super KEK-B Factory (SuperKEKB)

SuperKEKB [21] is a Super B factory level upgrade of KEKB using the same
tunnel. The whole design remains as a B factory which aims for the BB events
from the Y(4S5) resonance and a much larger data sample is expected. Studies
with SuperKEKB can provide source of new physics which is not covered by the
recent hadron colliders. With much larger number of BB events, we are able to
reach rare B decay and other new physics with higher sensitivity. Some of the basic
parameters are different from the original KEKB. The half crossing angle is 41.5
mrad, which is about four times larger than that of the present KEKB. The beam
energies have been changed from the present values of 3.5 and 8.0 GeV to 4.0 and
7.0 GeV. SuperKEKB is expected to have a 40 times larger instantaneous luminosity
than the present KEKB. A schematic view of SuperKEKB is shown in Figure |5.1

5.2 Belle II Detector

As an upgrade of Belle experiment, the Belle II collaboration was formed in
December 2008. The main concern of Belle I detector is to maintain current perfor-
mance of Belle in a new environment with probable higher background rate. Under

the new design on the SuperKEKB with higher currents, smaller beam sizes and
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Figure 5.1: A schematic view of SuperKEKB [61].

modified interaction region, there is possible degradation of the performance in a
higher background rate. It is assumed as a conservative factor of twenty increase
in the background hit rate and the physics event rate will become about fifty times

higher. It is important for Belle II detector to achieve better detection resolution.

Figure [5.2] shows the structure of Belle II detector and sub-detectors, and Fig-
ure [5.3| shows the comparison between Belle and Belle II detector in side view.
With the similar structure as Belle detector, the sub-detectors of Belle II are ei-
ther new-built or upgraded from the original one. New design and modifications on

sub-detectors are briefly introduced as following:

e Pixel Detector (PXD):
As the inner most part, the silicon strip detector is replaced by a new two-layer
silicon pixel detector based on the DEPleted Field Effect Transistor (DEPFET)
technology to improve the vertex resolution. Due to the large occupancy with
higher luminosity, B vertex reconstruction with silicon strip becomes much
more difficult. The solution is to use pixel sensors rather than strips for the
innermost layers, which have a much larger number of channels and therefore

a much smaller occupancy.

e Silicon Vertex Detector (SVD):
Because of the installation of new PXD, the silicon strip detector extends from
just outside the pixel detector to a larger radius. SVD is a double sided silicon
strip detector. Together with PXD, the main purpose of vertex detectors is to

measure the two B decay vertices for the measurement of mixing-induced CP
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asymmetry. SVD also provides precise vertex information of D meson and 7

decay.

e Central Drift Chamber (CDC):
Belle 1T CDC is a newly-designed detector and is located just outside SVD.
Compared with Belle CDC, chamber volume is larger and drift cells are smaller
than Belle CDC. The details will be discussed later.

e Particle Identification (PID):
Belle IT PID detector system is a completely new device. The main purpose is
to improve the charged hadron (p/K/m) identification with the higher back-
ground environment. The original Belle PID system consists of time-of-flight
detector using plastic scintillation counters and Aerogel Cherenkov Counter.
In the barrel region of the spectrometer, the present TOF and ACC are re-
placed with a Time-Of-Propagation (TOP) counter, which measures the time
of projection of the Cherenkov photons internally reflected inside a quartz ra-
diator. In the forward endcap, the proximity-focusing Aerogel Ring-Imaging
Cherenkov detector (ARICH) has been designed to separate kaons from pions
over most of their momentum spectrum and to provide discrimination between

pions, muons and electrons below 1 GeV/ec.

e Electromagnetic Calorimeter (ECL):
For the Belle IT ECL, the modification on electronics is to shorten the shaping
time with a newly developed shaper-digitizer module (Shaper-DSP). The re-
placement of endcap scintillator crystal (CsI(T1)) with a faster and radiation

tolerant version (e.g. pure Csl) is considered as an upgrade option.

e K? and p detection (KLM):
The barrel part of KLM is still equipped with RPCs. In the endcaps, the
background is worse because of the limited shielding of neutrons and other
particles that are generated externally along the beam lines. In SuperKEKB,
the background rate in the endcaps is expected to be a factor of twenty to forty
higher, resulting in an RPC efficiency of below 50%. Therefore, the endcap

part is replaced with scintillators instrumented with silicon photomultipliers.
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Figure 5.2: Cut view of Bellell detector [62].
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Figure 5.3: Side view of Belle and Bellell detector [63].
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5.3 Belle Il Central Drfit Chamber (CDC)

The new deign of Belle IT CDC is similar to the original structure of Belle CDC.
The main purpose is charged tack reconstruction, momentum measurement, and
dE /dx measurement. Belle IT CDC has larger chamber volume, more sense and
field wires, and less SuperLayers (SLs). The ionization gas is still the mixture of He
and ethane. The comparison on main parameters between Belle and Belle IT CDC
is listed in Table[5.1] The overall structure of Belle II CDC is shown in Figure [5.4]

Belle Belle II
Radius of inner cylinder (mm) 7 160
Radius of outer cylinder (mm) 880 1130
Radius of innermost sense wire (mm) 88 168
Radius of outermost sense wire (mm) 863 1111.4
Number of sense wires 8400 14336
Number of wire layers 50 56
Number of SL 11 9
Gas He and ethane | He and ethane
Diameter of sense wire (um) 30 30

Table 5.1: Comparison on main parameters between Belle and Belle II CDC [64].

o = 8312 1585.7
" Wires 5t CFRP 8

v most sense wires)

R1082(Outer most sensewires)

o
R257(Inres
1

R438

R249.5

2(End plate)

Figure 5.4: Overall structure of Belle II CDC [64].

5.3.1 Wire Configuration

In order to provide 3D tracking information, Belle I CDC an alternate sense wire
configuration (AUAVAUAVA), where A is axial SL parallel to z-axis, and U and V
are stereo SLL with two stereo angles. The detailed wire configuration is shown in
Table[5.2l The SL ID of 9 SL in Table [5.2( Axial 0~Axial 8) is used in later chapter
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about the CDCTRG system. Sense wire configuration comparison between Belle
and Belle IT CDC is shown in Figure[5.5] Among the 8 wire layers in SL 0, only the

outer 5 layers are used in Level-1 trigger system.

NTUHEP group also participated in the wire stringing of Belle IT CDC. Figure[5.6,

are photos taken during the wire stringing work in summers 2013.

SL Number Signal cells radius Stereo angle
type and ID | of layers  per layer (mm) (mrad)
Axial 0 8 160 168.0 — 238.0 0.
Stereo U 1 6 160 257.0 — 348.0 454 —45.8
Axial 2 6 192 365.2 — 455.7 0.
Stereo V 3 6 224 476.9 — 566.9  -55.3 — -64.3
Axial 4 6 256 584.1 - 674.1 0.
Stereo U 5 6 288 695.3 - 785.3  63.1 - 70.0
Axial 6 6 320 802.5 — 892.5 0.
Stereo V' 7 6 352 913.7 - 1003.7 -68.5 —-74.0
Axial 8 6 384 1020.9 - 11114 0.

Table 5.2: Belle IT CDC sense wire configuration. ID of 9 SL in is used in later
chapter about the CDCTRG system [64].

Belle

.

1200 mm

Belle2

Figure 5.5: Sense wire configuration comparison between Belle and Belle I CDC [64].

5.4 Belle II Level-1 Trigger (TRG) System

During the operation of accelerator and detectors, detectors always keep out-
putting data. With the high luminosity of KEKB and SuperKEKB, throughput

and storage are not enough to store all these data due to high event rate and short

bunch spacing. The L1 trigger system (TRG) is an online hardware system that

determines section with “data of interest”, physics event from continuous data flow,
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N
1

Figure 5.6: Photos taken during wire stringing work.

and issues L1 trigger signal to Data Acquisition system (DAQ). Then, DAQ will
store the data in the triggered section for offline usage. The requirement of L1 trig-
ger includes a fixed latency of 5 us, a maximum average trigger rate of 30 kHz due
to the DAQ hardware limit, and ability to trigger different kind of physics events
such as Y(4S) — BB and hadronic ¢g with high efficiency. Since the Bhabha and
7 cross sections are very large compared with others, pre-scaling of these triggers

is essential for L1.

Figure is overview of the Bellell Level-1 trigger system. The sub-trigger
system in Level-1 includes CDC, ECL, BPID (TOP) and KLM. The global trigger
summarizes the information from sub-trigger system and issue the triggers for differ-
ent physics events to DAQ. Due to the fixed 5 us latency, each component is using
Field Programmable Gate Array (FPGA) to process the logic flow with high clock
rate. All the trigger algorithms are implemented as digitized FPGA firmware, and
data are transmitted with high speed optical serial links. Each FPGA chip in the
whole system is driven by a general 127 MHz clock source, which is called system

clock (sysclk). The functions of each sub-trigger systems are listed as following:

e ECLTRG:
For the low-multiplicity physics events, ECLTRG can usually have clear clus-
tering with higher energy and a significant back-to-back angular distribution
of the found clusters. Hence, ECLTRG information is critical for trigger of
low-multiplicity physics events (e.g. Bhabha, v, pu, 77, and so on). In addi-
tion, the matching between ECL clusters and CDC tracks, and the E/P value
are helpful for e and v identification at L1.
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CDCTRG:
CDCTRG can provide the track information, including number of tracks and
their track parameters. Basically, number of tracks in an event is an important

condition for trigger of hadronic events.

TOPTRG:
TOPTRG can provide timing information with a good resolution of under a

ns.

KLMTRG:
By matching with track information obtained by CDCTRG, KLMTRG can

provide p identification information.

GDLTRG:
The global trigger system summarizes the sub-trigger information and make

final trigger decision to DAQ.
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Figure 5.7: Signal flow of Bellell Level-1 trigger system.
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5.5 Belle II Central Drift Chamber Trigger (CD-
CTRG)

CDCTRG is designed to provide tracking information at L1 trigger by raw wire
hit data from CDC and online tracking algorithms with FPGA chips. The output
includes p; (transverse momentum), ¢ (angle in transverse plane), d, (longitudinal
deviation between a track and IP at z-axis), 6 (polar angle), and number of recon-
structed tracks. The clock rate used in CDCTRG to process the data is 31.75 MHz,
which is called data clock (dataclk) and it is 1/4 the rate of sysclk.

Figure is the data flow of CDCTRG. The brief introduction to each stage in

the system is as following:

e CDC Front-end (CDCFE):
There are 292 CDCFE boards used for L1 trigger purpose. CDCFE board
is the readout system of CDC and each one is connected to 48 sense wires.
The wire hit and timing information have a timing resolution of 1 ns, and
they are summarized into partial track segment (PTS) information by the
trigger algorithm in CDCFE. An example of PTS of sense wire cell is shown
in Figure [5.9|

e Merger:
There are 73 Merger boards in CDCTRG. Mergers simplify the data from
CDCFE into track segment (TS) information. An example of TS of sense wire

cell is shown in Figure [5.10]

e Track Segment Finder (TSF):
There are 9 TSF corresponding to 9 SL of CDC. TSF accumulates the wire hit
patterns over time and uses lookup table (LUT) generated from simulation to
determine the TS.

e Event Timing Finder (ETF):
There is 1 ETF board. ETF is used to calculate the event timing based on TS

information from 9 TSF.

e 2D tracker (2D):
There are 4 2D trackers. Each 2D tracker utilize the TS from 5 axial SL and
use Hough transformation for tracking. The output track information covers
1/4 of CDC. Illustration of the Hough transformation for 2D tracking is shown
in Figure p.11]
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e 3D tracker (3D) and Neural Network z trigger (NN):
There are 4 3D trackers and 4 NN, and each corresponds to a 2D. 3D track-
ing in L1 trigger is new in Belle II. 3D trackers utilize the 2D tracking and
4 corresponding stereo TSF and do fitting to obtain d, and 6. As an alter-

native approach, NN uses neural network which is pre-trained with software

simulation.
Global Reconstruction Logic(GRL)
Global Decision Logic(GDL)
Front-end(FE) Track Segment (KEK,NTU)
(KEK/NTU) finder(TSF)
KU 2D tracker 3D tracker (KU)
Merger (KO (FJU) NN tracker (KIT, TUM
(NTUINUU) racker (| s )

— L = m i
[ =—am EESEN
L =" T
SEE | I
—— - | il _._-_ .x_g ‘; o
ow vt timing| | ol — ===
.. (FJU/KU) _ — —
|§
= Il — ‘
Simplify and reduce for online tracking algorithm
the size of data
Readout data from CDC Front-end x 292 >Mergerx 73 > TSFx 9 - 2D tracker x 4
Change into hit and timing - 3D, NN tracker x 4> GRL, GDL

Figure 5.8: Belle IT CDCTRG system.
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Figure 5.9: An example of PTS of sense wire cell. Each square corresponds to a
wire cell in CDC.
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Inner TSF Quter TSF

Figure 5.10: An example of TS of sense wire cell. Inner TSF is at SLO, and outer
TSF is at SL 1~8. Each square corresponds to a wire cell in CDC [64].
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Figure 5.11: Schematic view of the conformal transformation: (a) in CDC transverse
plane, (b) in the conformal plane [64].
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Chapter 6

CDCTRG Merger Board

6.1 Introduction

Figure is the Merger board v3.02 production type. 73 Merger boards are
used in CDCTRG. The main function of Merger is to simplify the PTS data from
CDCFE into TS information, and the output is sent to TSF. The hardware interface

for different purposes are listed as following;:

2 Altera Arria II FPGA [65], 66] (noted as UIFPGA and U2FPGA)

e Joint Test Action Group (JTAG) for firmware loading and monitoring with
Altera logic analyzer software (Quartus II) [67]

e 4 AVAGO HFBR-7934WZ [68] connector, whose maximum line rate can live
up to 3.125 Gbps (Giga bits/s) approximately.

e 1 AVAGO AFBR-79Q47Z [69] connector, whose maximum line rate can live up
to 10 Gbps approximately.

e LEMO for clock input
e RJ45
e Dip switch as board ID

e VME interface for firmware loading and monitoring

The detailed usage of them will be discussed later.
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Reload button —— 5
Power switch

RJ-45
Lemo clk_in

AVADO 7934WZ —>
AVADO 7934WZ ———>
AVADO79Q4Z2 ———>
AVADO 7934W7 ——>

AVADO 7934W7 ——>

Lemo IO

JTag

Figure 6.1: Merger board v3.02 production type.

6.2 Merger Firmware

Figure and Figure [6.3| are the schematic view of Merger firmware’s structure.
A general 127 MHz clock source (sysclk) is used to drive all firmwares in TRG and
DAQ), and the data rate of the whole CDCTRG is 31.75 MHz (dataclk).

The normal operation mode is the one with full functionalities and is used under
regular operation. The data player mode is designed for debugging purpose. Details

of these two operation modes and functions of all components are discussed in this
section.

6.2.1 Normal Operation Mode

Under normal operation mode, Merger works with its full functionalities. All
optical links (to CDCFE and TSF) should be connected and the Merger core logic
will simplify the data from CDCFE then send to TSF.
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Data rate: 31.75MHz

Data rate: 254MHz
determined by user_clk
of optical transmission

UI1FPGA

U2FPGA

AVAGO 7934WZ _ _ AVAGO 7934WZ

AVAGO 7934WZ _ _ AVAGO T934WZL

VME
interface

y

y

2 lanes*5.08 Gbps

2 lanes*5 .08 Gbps

Pseundo Psendo
data data
Merger viuz Merger
CoreLogic exchange CoreLogic
module
12 | uw
1

._ Output FIFO | f--cccoeo oo o _ ..................
1
1
1
1
1
1
Optical transmission “ Optical transmission
1
1
1

Raw-level 8B/10B

Raw-level 8B/10B

_ AVAGO 79Q4Z _

Figure 6.3: Schematic view of Merger firmware under data player mode.
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6.2 Merger Firmware 133

6.2.2 Optical Transmission Module and First-In-First-Out
(FIFO)

For data transmission, we use the raw-level 8B/10B protocol, which is designed
by NTUHEP group and will be detailed in later chapter. For the input, each CD-
CFE - Merger connection includes 4 optical lanes (with 1 AVAGO 7934WZ). With
transmission user clock is 127 MHz and data path width is 16 bits, the lane rate is
2.54 Gbps. For the output, each Merger unit - TSF connection includes 2 optical
lanes (with half a AVAGO 79Q47Z). With transmission user clock is 254 MHz and
data path width is 16 bits, the lane rate is 5.08 Gbps.

For the firmware structure, different sections of the data flow are driven by
different clock rate. If there are multiple optical channels from different inputs, the
incoming data won’t arrive at the same time. Thus, we need First-In-First-Out
(FIFO) to balance their data rate and synchronize the input data. About the FIFO
to buffer CDCFE inputs, the input transmission module writes 16 bits to it with
127 MHz, and the Merger function reads the 64 bits data from it with 31.75 MHz.
About the FIFO for output to TSF, the Merger function writes the 128 bits data to
it with 31.75 MHz, and the output transmission module reads 16 bits from it with
254 MHz.

6.2.3 VME Interface

Through VME interface, we can download the firmware to flash memory, reload
the firmware from flash memory, and monitor the operation. Although those func-
tionalities can be also done through JTag cable and software, VME provides an

alternative and faster way with Linux server and CPU server.

The signal we can read/write through VME every single time is 32 bits. Besides
the simple 32 bits reading and writing function, there are many other functions
are implemented with VME interface. For example, switching between different
operation modes, inserting the pseudo data for Merger data player, monitoring the
wire hit rate, and so on. All the Merger VME functionalities are summarized in

Appendix A.
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134 CDCTRG Merger Board

6.2.4 Data Exchange Module between Ul and U2

Due to the circuit design, we can only access Ul FPGA through VME interface.
The design of data exchange module is based upon the 20 bi-directional pins between
Ul and U2. With the exchange module, the data written to Ul through VME can
be shared to U2, and the U2 information can also be sent to Ul to become readable
by VME.

6.2.5 Data Player Mode

Under data player mode, only the optical links between Merger and TSF are
necessary. Merger will directly generate dummy data patterns with clock counters
and then send to TSF. User can insert pseudo data to Merger from CPU server by
executing a VME function, and Merger will play the data into the running data
flow. By preparing patterns from software simulation, we can test and debug the

tracking algorithms of TSF and the other rear-end trackers with this scheme.

6.2.6 Transmission Test Mode

Transmission test mode is only used for Bit Error Rate Test (BERT) of optical
modules, so other components in the firmware won’t be activated. Under this mode,
if the counterpart of an optical lane is also under transmission test mode, BERT
will start automatically between two ends of this lane, and only dummy patterns for
BERT will be transmitted/received.

6.2.7 Usage of LED on Front-Panel

LED on Merger’s front-panel (Figure are used to indicate the status of

firmware operation as following:

e Two RJ45 LED:
- Normal operation mode: the above LED (orange) will be on.

- Data player mode: the below LED (green) will be on.
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e Six green LED for AVAGO:

- Normal operation mode: status of links (Links are healthy or not.)
- Data player mode: status of links (Links are healthy or not.)

- Transmission test mode: status of BERT (BERT is running or not.)
e Six red LED for AVAGO:

- Normal operation mode: Data flow is off or not.

- Data player mode: Data flow is off or not.

- Transmission test mode: Bit error of transmission is found.

6.3 Core Logic of CDCFE and Merger

This section is about the trigger algorithms of CDCFE and Merger. The raw
data of CDCFE readout includes wire hit (1 bit) and hit timing with 1 ns resolution
(3 bits), with 127 MHz data rate. CDCFE core logic for TRG data summarizes the
information of single wire into PTS information with 31.75 MHz dataclk, and the
Merger core logic further simplifies the 2 PTS data (of inside and outside CDCFE)

into TS information of a SL.

6.3.1 SLO Inside CDCFE

Figure is part of the CDC SLO inside wire cell configuration corresponding
to a CDCFE board. First priority cells are cell 0~15. Secondary priority cells are
cell 16~~31. A PTS in this case contains 3 cells, e.g. cell 10, 25, and 26 for PTS#10
in the thick frame of Figure [6.5]

Input: 1 bit wire hit and 3 bits hit timing in 127 MHz of 32 wires
Output:
e Hitmap of wire cells 0 ~ 31 (31~0, 32 bits)

e Priority cell timing (111~32, 5*16 bits)
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(a) Normal operation (b) Data  player
mode. mode.

Figure 6.4: Merger’s LED on front-panel.

31|30|29|28|27]|26|25]124|23|122|21|20(19(18 (17 (16
15|14(13|12|11|101 9 |8 |7 |6 |5 (4 |3 |2 (1] 0

Figure 6.5: Part of CDC SLO inside wire cell configuration [70].
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Reserved N/A | N/A | N/A | N/A | N/A | N/A | N/A |N/A | N/A | N/A | N/A | N/A | OXFO
N/A | N/A | N/A | N/A | N/A | N/A | N/A | N/A | N/A | N/A | N/A | N/A | N/A | N/A [ N/A | N/A | OXED
F3 N/A | N/A ce et00 0xD0
ft15 ‘ ft14 ‘ f13 ‘ 12| oxCoO
fr12 ‘ fr11 ‘ £10 ‘ 100 0xB0
£09 ‘ £t08 ‘ £t07 ‘ £t06 0XA0
F2 £t06 ‘ £05 ‘ £04 ‘ £t03 0x90
ft03 02 f01 £t00 0x80
scls scl4‘sc13‘sc12‘scll scl0 SCUQ‘SCOS‘SCOT s5¢cD6 | sc05 sc04‘sc03‘sc02‘sc()1 sc00 0x70
ptls ptl4 ptl3 pti2 0x60
Fl ptl2 ‘ ptll ‘ ptlo ‘ ptoo 0x50
pLoo pto8 ‘ pto7 ‘ pto6 0x40
ptos ‘ ptos ‘ pto4 ‘ pto3 0x30
pto3 pto2 ptol ptoo 0x20
Fo h31 | h30 | h29 | h28 | h27 | h26 | h25 | h24 | h23 | h22 | h21 | h20 | h19 | hi1g | h17 |h16 |  Ox10
h15 | h14 | h13 | h12 | hil | h10 | ho9 | hoS | ho7 | ho6 | ho5 | ho4 | ho3 | ho2 | hol | hoo | Ox00

Figure 6.6: Bit map of CDC SLO inside function output [70].
e Secondary priority cell hit position flag. It is "1’ only when first priority cell is

not hit and the left secondary one is hit. (127~112, 16 bits)

6.3.2 SLO Outside CDCFE

Fastest hit timing among cells in each PTS (207~128, 5*16 bits)
Edge information: hit timing of cell 31 (212~208, 5 bits)

Time stamp (clock counter) (221~213, 9 bits)

Check sum: XOR of all odd bits and event bits (255~254, 2 bits)

|

|47 |46|45]44 |43

42/41[40[39|38

37|36 (35(3433|32]

31

30

29

28

27

26

25

24

23

22

21

20 [19[18[17]16

[ |
[ |

15

14

13

12

11

10

9

8

7

6

5

413022

0

| |

Figure 6.7: Part of CDC SLO outside wire cell configuration [70].

Figure [6.7] is part of the CDC SLO outside wire cell configuration corresponding
to a CDCFE board. A PTS in this case contains 12 cells, e.g. cell 7, 8, 9, 22, 23,

24, 25, 38, 39, 40, 41, and 42 for PTS#8 in the thick frame of Figure [6.7]

d0i:10.6342/NTU201601179



138 CDCTRG Merger Board
Reserved N/A | N/A [N/A | N/A | N/A | N/A | N/A |N/A |N/A |N/A |[N/A |N/A | OXFO
= N/A| N/A |N/A | N/A | N/A | N/A [ N/A | N/A | N/A | N/A | N/A | N/A |N/A | N/A |[N/A | N/A | OXEO
N/A | N/A | N/A | N/A | N/A | N/A [N/A | N/A | N/A | N/A | N/A |N/A | N/A | N/A | N/A | N/A | 0xDO
N/A|N/A | N/A | N/A | N/A | N/A [N/A | N/A | N/A | N/A | N/A |N/A | N/A | N/A | N/A [ N/A | 0xCO
N/A | N/A | N/A | N/A | N/A | N/A [N/A | N/A | N/A | N/A | N/A |N/A | NVA | N/A |N/A | N/A | 0xBO
- N/A| N/A | N/A | N/A | N/A | N/A [N/A | N/A | N/A | N/A | N/A |N/A | N/A | N/A | N/A | N/A| OxAO
N/A | N/A | N/A ce et03 0x90
et03 et02 et0l et00 0x80
fi15 il fi13 (2 0x70
f12 | 111 #10 | fio9 0x60
£l £109 108 107 | fios 0x50
ft06 ‘ ft05 ft04 ft03 0x40
03 02 01 £t00 0x30
- h47 | h46 | h45 | h44 | h43 | h42 | h41 | h40 | h39 | h38 | h37 | h36 | h35 | h34 | h33 | h32 0x20
h31 | h30 | h29 | h28 | h27 | h26 | h25 | h24 | h23 | h22 | h21 | h20 | h19 | hi18 | hl7 | hl6 0x10
h15 | hl4 |h13 | h12 [ k1l k10 |h09 | hO8 | hO7 | h06 | h05 | hO4 | h03 | h02 | hOl | kOO 0x00
Figure 6.8: Bit map of CDC SLO outside function output [70].
Input: 1 bit wire hit and 3 bits hit timing in 127 MHz of 48 wires
Output:
e Hitmap of wire cells 0 ~ 47 (47~0, 48 bits)
e Fastest hit timing among cells in each PTS (127~48, 5*16 bits)
e Edge information: hit timing of cell 32 (132~128, 5 bits)
e Edge information: fastest hit timing among cell 0, 16, 32, and 33 (137~133, 5
bits)
e Edge information: fastest hit timing among cell 15, 30, 31, 46, and 47 (142~138,
5 bits)
e Edge information: fastest hit timing among cell 31 and 47 (147~143, 5 bits)
e Time stamp (clock counter) (156~148, 9 bits)
e Check sum: XOR of all odd bits and event bits (255~254, 2 bits)
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47146 |45|44(43(42141)|40|39|38|37(36(35]134|33|32
31(30(29|28|27|26(25(24|23|22|21|20|19]18(17|16
1941131211110 |.91.8.1.7- .61 5| 4| 3|2 3.8

Figure 6.9: Part of CDC outer SL inside wire cell configuration [70)].

6.3.3 Outer SL Inside CDCFE

Figure is part of the CDC SLO inside wire cell configuration corresponding
to a CDCFE board. First priority cells are cell 32~47. A PTS in this case contains
6 cells, e.g. cell 1, 2, 3,17, 18, and 34 for PTS#2 in the thick frame of Figure [6.9]

Reserved N/A | N/A | N/A | N/A | N/A | NJA | NJA | N/A | N/A | N/A ‘ N/A ‘ N/A 0xFO0

N/A ‘ N/A ‘ N/A ‘ N/A | NJA | N/A | N/A | INVA | INJA | N/A | NJA | NJA | N/A cc 0xEO0

E3 cc et0l et00 0xDO0
f115 | f14 | 713 12| oxCo

12 | 11 | 10 S 0xBO

fi0o | £08 | £07 | s 0XA0

2 I %o | £05 | ft04 | 03 0x90
f103 | £02 | £01 £00 0x80
ptls ‘ ptl4 ‘ pt13 ‘ pt1i2|  0x70

ptl2 ‘ ptil ‘ pt10 ‘ pt09 0x60

Fl pt09 ‘ pt08 ‘ pto7 ‘ pto6 0x50
pto6 ‘ ptos ‘ pto4 ‘ pto3 0x40

pt03 pt02 ptOl ptoo 0x30

h47 [ h46 | h45 [ hd44 | h43 [ h42 [ h41 | h40 | h39 [ h38 | h37 | h36 [ h35 | h34 [ h33 | h32 0x20

Fo h31 |h30 | h29 [ h28 [ h27 | h26 | h25 | h24 | h23 [ h22 | h21 [ h20 | h19 | h18 | h17 | hl6 0x10
hi15|hl4 |h13 [ h12 | h1l [ h10 [h09 | hO8 | h07 | h06 | h05 | hO4 | h03 | h02 | hO1 | h0O 0x00

Figure 6.10: Bit map of CDC outer SL inside function output [70].

Input: 1 bit wire hit and 3 bits hit timing in 127 MHz of 48 wires

Output:

Hitmap of wire cells 0 ~ 47 (47~0, 48 bits)

First priority cell timing (127~48, 5*16 bits)

Fastest hit timing among cells in each PTS (207~128, 5*16 bits)

Edge information: hit timing of cell 0 (212~208, 5 bits)
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e Edge information: fastest hit time among cell 15 and 31 (217~213, 5 bits)

e Time stamp (clock counter) (226~218, 9 bits)

e Check sum: XOR of all odd bits and event bits (255~254, 2 bits)

6.3.4 Outer SL Outside CDCFE

15|14|13[12|11(10| 9 [ 8 | 7 | 6 [ S

Figure 6.11: Part of CDC outer SL outside wire cell configuration [70].

Figure|6.11]is part of the CDC SLO inside wire cell configuration corresponding to

a CDCFE board. Secondary priority cells are cell 0~15. A PTS in this case contains
5 cells, e.g. cell 1, 2, 17, 18, and 19 for PTS#2 in the thick frame of Figure [6.11]

Reserved N/A | N/A | N/A | NFA | N/A | N/A | INVA | NVA | N/A | VA ‘ N/A ‘ N/A 0xF0

N/A ‘ N/A ‘ N/A ‘ N/A | N/A | NJA | NJA [ N/A | NJA [ INVA | N/A | NFA | NVA cc 0xE0

£3 ce etOl et00 0xD0
115 f14 | ft13 sz 0xCo

12 | fr11 | 10 | 09 0xB0

09 ‘ t08 ‘ 107 ‘ ft06 0xA0
e | £05 | £04 | £03 0x90
f103 | £02 | 01 £00 0x80

stl5 stl4 ‘ stl3 ‘ st12 0x70

st12 ‘ st11 ‘ st10 ‘ st09 0x60

Fl st09 ‘ st08 ‘ st07 ‘ st06 0x50
st06 ‘ st05 ‘ st04 ‘ st03 0x40

st03 st02 stOl st00 0x30

h47 | h46 | h45 | h44 | h43 | h42 | h41 | h40 | h39 | h38 | h37 [ h36 [ h35 [ h34 [ h33 | h32 0x20

ro h31 |h30 | h29 [h28 | h27 | h26 |h25 | h24 | h23 | h22 | h21 |h20 | h19 | h18 | h17 | hl6 0x10
h15|hl4 |h13 [h12 | h1l [h10 |h09 | hO8 | hO7 [ h06 | hO5 | h04 | h03 | h02 | hO1 | h0O 0x00

Figure 6.12: Bit map of CDC outer SL outside function output [70].

Input: 1 bit wire hit and 3 bits hit timing in 127 MHz of 48 wires

Output:
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6.3 Core Logic of CDCFE and Merger 141

e Hitmap of wire cells 0 ~ 47 (47~0, 48 bits)

e Secondary priority cell timing (127~48, 5*16 bits)

e Fastest hit timing among cells in each PTS (207~128, 5*16 bits)

e Edge information: hit timing of cell 16 (212~208, 5 bits)

e Edge information: fastest hit timing among cell 15 and 31 (217~213, 5 bits)
e Time stamp (clock counter) (226~218, 9 bits)

e Check sum: XOR of all odd bits and event bits (255~254, 2 bits)

6.3.5 SLO Merger

| | |79|78|77|76|75|74|73|72|71|70|69]|68|67 66|65[64] | |
|63|62|61|60|59]58|57|56(55|54|53|52]51|50|49(a8] | |
47]46]4a5]44]43]42]41]4a0]39]38]37][36]35][34]33]32
3130[20[28(27[26[25[24]23[22[21]20[19]18[17] 16
| | [15]14|13[12|11]10]|9 |8 |7 |6 [5|a[3]2]1[0]| | |

Figure 6.13: Part of CDC SLO wire cell configuration [70].

Figure is part of the CDC SLO wire cell configuration corresponding to a
Merger board. First priority cells are cell 0~15. Secondary priority cells are cell
15~31. A TS in this case contains 15 cells, e.g. cell 2, 17, 18, 33, 34, 35, 48, 49, 50,
51, 64, 65, 66, 67, and 68 for TS#2 in the thick frame of Figure 6.13

Input: Data patterns from SLO inside and SLO outside CDCFE in 31.75 MHz
(2*256 bits)

Output: 256 bits in 31.75 MHz (timing resolution is reduced to 2 ns.)
e Hitmap of wire cell 0 ~ 79 (79~0, 80 bits)
e Priority cell timing (143~80, 4*16 bits)
e Fastest hit timing among cells in each TS (207~144, 4*16 bits)

e Secondary priority cell hit position flag. It is "1’ only when first priority cell is
not hit and the left secondary one is hit. (223~208, 16 bits)
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Reserved | cc et04 0xFO
EF7
et3 et02 et01 et00 OxEO
sclS‘scM‘scl.%‘scll SCII‘SCID‘SCOQ‘SCOS sc07 5'006‘5(:05‘9004 SCOS‘SCUZ SCUI‘SCOO 0xDO
Fo6
ft1s ft14 ft13 ft12 0xCO
fi11 ft10 ft09 ft08 0xB0
F5
ft07 ft06 ft0s ft04 0xA0
£t03 ft02 fto1 ft00 0x90
F4
ptis pti4 pt13 pti12 0x80
ptll ptlo ptoo ptos 0x70
E3
pto7 ptoé ptos pto4 0x60
pto3 pto2 ptol ptoo 0x50
F2
179 | 78 | h77 [ 176 | h75 | h74 [ 073 | h72 [ h71 [ 70 | 6o | 168 | h76 | 166 | h6s | hea | 0x40
163 | h62 | h61 | h60 | h59 | bS8 [ h57 | hs6 | bS5 | h54 | hs3 [ h52 | h51 | hso [ hao [ nss | 0x30
F1
147 | h46 | 145 | ha4 | h43 | ha2 [ ha1 | h40 | 030 | h38 | h37 [ 136 | 135 | 034 [ 33 [n32 |  0x20
h31 | h30 | h29 | h28 | h27 | h26 | h25 | h24 | h23 | h22 | h21 [ h20 | h19 | his | k17 |hi6 |  0x10
FO
h15 | h14 | 013 | hi2 | b1l | 010 | hoo | ho8 | K07 | h06 | hOS | ho4 | ho3 | ho2 | hol | hoo | OX00
Figure 6.14: Bit map of Merger SLO function output [70].
e Edge information: hit timing of cell 31 (227~224, 4 bits)
e Edge information: hit timing of cell 64 (231~228, 4 bits)
e Edge information: fastest hit timing among cell 32, 48, 64 and 65 (235~232,
4 bits)
e Edge information: fastest hit timing among cell 31, 47, 62, 63, 78 and 79
(239~236, 4 bits)
e Edge information: fastest hit timing among cell 63 and 79 (243~240, 4 bits)
e Time stamp (clock counter) (252~244, 9 bits)
e Check sum: XOR of all odd bits and event bits (255~254, 2 bits)

6.3.6 Outer SL Merger

Figure [6.15]is part of the CDC outer SL wire cell configuration corresponding to

a Merger board. First priority cells are cell 32~47. Secondary priority cells are cell
48~63. A TS in this case contains 11 cells, e.g. cell 1, 2, 3, 17, 18, 34, 49, 50, 65,

66, and 67 for TS#2 in the thick frame of Figure [6.15]
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143

79

78|77

7675|7473

72

71

70|69

68

67 |66

65

64

63[62|61|60|59|58[57|56[55|54|53|52|51]50[49]48
47146 |45|44(43(42(41|40|39|38|37|36(35]134)33 |32

31|130(29(28|27(26|125|24(23|22(21|20|19]118|17]16
15|14|13|12|11|10]1 9|8 |7 |6 | 5413 |2 |1]0
Figure 6.15: Part of CDC outer SL wire cell configuration [70].
Reserved N:"A‘N:“A‘,\L’A N/A N.-’A‘N-’A‘N:’A‘ cc 0xEFO0
7 cc et02 et0l et OxEQ
sclS‘scM‘scls‘sch sc]l‘sclo‘scOQ‘scOS 5¢c07 5'006‘3(:05‘5004 SCOB‘SCUI scOl‘scOO 0xDO0
Fo ft15 ft14 ft13 ft12 0xC0
fi11 fi10 109 fi08 0xBO
£ fto7 fto6 ftos ft04 0xAD
fto3 fto2 fto1 ftoo 0x90
4 ptis pti4 pt13 pti2 0x80
ptil pt1o ptoo ptos 0x70
F3 pto7 pto6 ptos pto4 0x60
pto3 pto2 pto1l ptoo 0x50
B2 h79 | h78 | h77 | h76 | h75 | h74 | h73 | h72 | h71 | h70 | h69 | he8 | h76 | héo | hes | hod 0x40
h63 | h62 | h6l | he0 | h59 | h58 | h57 | h56 | h55 | h54 | h53 | h52 | h51 | h50 | h49 | h48 0x30
F h47 | h46 | h45 | h44 | h43 | h42 | h41 | h40 | h39 | h38 | h37 | h36 | h35 | h34 | h33 | h32 0x20
h31 | h30 | h29 | h28 | h27 | h26 | h25 | h24 | h23 | h22 | h21 | h20 | h19 | h18 | h17 | hl6 0x10
Fo h15| hl4 | h13 | h12 | h11 | h10 | h09 | h08 | h07 | h06 | h05 | hO4 | h03 | h02 | hO1 | hOO 0x00

Figure 6.16: Bit map of Merger outer SL function output [70].
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Input: Data patterns from outer SL inside and outer SL outside CDCFE in
31.75 MHz (2*256 bits)

Output: 256 bits in 31.75 MHz (timing resolution is reduced to 2 ns.)
e Hitmap of wire cell 0 ~ 79 (79~0, 80 bits)
e Priority cell timing (143~80, 4*16 bits)
e Fastest hit timing among cells in each TS (207~144, 4*16 bits)

e Secondary priority cell hit position flag. It is "1’ only when first priority cell is
not hit and the left secondary one is hit. (223~208, 16 bits)

e Edge information: hit timing of cell 63 (227~224, 4 bits)
e Edge information: fastest hit timing among cell 0, and 64 (231~228; 4 bits)

e Edge information: fastest hit timing among cell 15, 31, 63, and 79 (235~232,
4 bits)

e Time stamp (clock counter) (244~236, 9 bits)

e Check sum: XOR of all odd bits and event bits (255~254, 2 bits)

6.4 Operation Test

6.4.1 Setup

During mass production quality check in November 2014~ January 2015, we built
up a test bench in NTU to check the performance of Merger boards and the firmware
design. The whole setup of the system is shown in Figure[6.17 A 6U VME crate is
mounted with CPU server board, Merger boards, UT3, clock master and distributor.
A 9U crate is mounted with a Frontend Timing Switch (FTSW) board. 4 CDCFE
are powered by 4 standalone DC power supplies. The whole system is driven by
a general 127 MHz sysclk source which is generated by clock master. Through
the LEMO interface of clock distributor, clock is distributed to Mergers and UTS3.
FTSW is responsible for clock, trigger, timing, revolution signal and so on, of all
CDCFE, and its interface is RJ45 (LAN cable). Therefore, UT3 needs to transform
the LEMO clock into RJ45 interface for FTSW. The CPU server board is responsible
for Merger’s VME interface.
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1 FE->Merger Merger>TSF
4 lanes channel 2%2 lanes channel
User clock: 127 MIz User clock: 254 MHz
2.54 Gbps*4 5.08 Gbps*2*2

Clock Master/
Clock Dist.
For sysclk

FISW

145

System clock: 127 MHz
Data rate: 31.75 MHz

—> [.AN cable
—> MPO cable
————— > Lemo cable

(a) Schematic view of data flow.

(b) Hardware setup.

Figure 6.17: Setup of the testbench for Merger operation test.

d0i:10.6342/NTU201601179



146
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6.4.2 Test Result of Normal Operation Mode

Under the normal operation mode, we can check if the LED on Merger behave
like Figure [6.4(a) to know data flow status of the system. Six green LED represent

the status of optical channels, and Six red LED represent the data flow status

through the corresponding channel or not. During operation, the most important

thing we need to check is the synchronization of clock counters, since it represents

the data flow is running stably and is synchronized in this stage. In this system,

we check the status of clock counters during operation and results at various stages

(U1 Merger, U2 Merger, and UT3) of the system are in Figure with the logic
analyzer software of Xilinx [71] and Altera [72]. In order to check the core logics,

CDCFE firmware is implemented with pseudo wire hit generator which will make

all wires hit in every 10us. The wire hit patterns received by UT3 are shown in

Figure |6.19]

log: 2016/03/08 11:08:17 #0

Type|Alias | Name

[

Merger_data_I0:Merger_ird_req_r

* Werger_data_IO:Merger_iglobal_state
Werger_data_0:Merger_iempty_RXFIFO_opt!
Werger_data_0:Merger_iempty_RXFIFO_optd

%) Werger_data_lO:Merger_{DATA_FE_OUTSIDE[218..226]

1890

18AN

fe! 7Y Y P P
e VM e

- Merger_data_IO:Merger_iDATA_FE_INSIDE[218..226]

185h_J_186h {_187h 189h J_ 18Ah {_ 18Bh i 18Ch X_18Dh £_18Eh f_18Fh ;_180n ¥_191h ;_192h

(a) At Ul Merger.

log: 2016/03/08 11:08:48 #0

Type [Alias Name e n < + - ! : i i i i B i §
N Merger_data_|0:Merger_ird_req_r
gy - Merger_data_|O:Merger_iglobal_state 2h
& Merger_data_I0:Merger_jiempty_RXFIFO_opt1
S Merger_data_l0:Merger_iempty_RXFIFO_optd
&5 - Merger_data_iO:Merger_iDATA_FE_OUTSIDE[218..226] 0430 044h
&5 (£~ Merger_data_IO:Merger_iDATA_FE_INSIDE[218..226] 043h_§ 044
(b) At U2 Merger.
1] 160 320 480 640 800 960 1120 1280 1440 1600 1760 1920 2080 2240 2400 2560 2720 2880 3040 3200 3360 3520 3680 3840 400/
SR x|e T T T N R T T A N I P DN D T D
o= dato_U1 DOFOD(00FO0| [00F 00000000000000000... JPOF00000000000000000000000000... JPOFI0000000000000000000000000... JPOFO0000000000000000000000000... JPOFO00D
o dats_U2 OF00|00F00 | |00F D0000000000000000... §I0F00000000000000000000000000... ¥0F00000000000000000000000000... 3)0F00000000000000000000000000... JP0FO000
& cc U1 135 135
o e U2 135 135
BusiSignal X o 7[|I1 F[IIZ 7[‘I3 7[‘I4 ?[IIS ?[Ilﬁ 7[‘I7 7[‘IH 7[‘I9 71|[I 71|1 ?“IZ ?“Iﬂ 7:4 7:5 7‘:6 7‘:7 7‘:8 7“|9
o= dato_UL 00F00|00FO0 00F00000000000000000000000000000000000000000000000000000000 {740... })OF0000000000000000000
o dats_U2 OFO0 | 00FOD 00F00000000000000000000000000000000000000000000000000000000 % 749... JD0F0000000000000000000
o ec_UL 135 135
o cc_U2 135 135

(c) At UT3.

Figure 6.18: Clock counters synchronization at two Merger units and UT3 under
normal operation mode.
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DataPort[257]
DataPort[256]
DataPort[250]
DataPort[260]
DataPort[261
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1
1
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1

[
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[
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00FO0

=== =T === ===

00F00000000000000000.

0F00000000000000000000000000 0F00000000000000000000000000 0F00000000000000000000000000 0F0000

(b) From U2 Merger.

Figure 6.19: Wire hit patterns from two Merger units received by UT3.

6.4.3 Test Result of Data Player Mode

Switching between two operation modes is done by executing the VME func-
tion. Under data player mode, there is no data flow through the CDCFE - Merger

channels. Figure [6.20] shows the clock counter synchronization at UT3. After the

pseudo data patterns are inserted from VME to Merger, the patterns will be played

periodically, as shown in Figure |6.21]

N 1]} 160 320 480 640 800 960 1120 1280 1440 1600 1760 1920 2080 2240 2400 2560 2720 2880 3040 3200 3360 3520 3680 3840 4000
BusiSignal x|.° O DT T DO OO DN PO DU OUUL TN PO Ut FORN DO DU TUUU DO PRIt U DO IO PO
o data_U1 00000 |nooon 00000000000000000000000000000000000000000000000000000000000
o doto_U2 oooog o000 A e s T T T s T e S
o ee UL oet| oet
o ee U2 oc| oet
S— x| o 200 2005 20% 2095 2100 2105
o dota_U1 oooon|oooo D0D00000000000000RND00000000000R0DARDN000000000000NA00N0000
o dota_UZ oo0on|ooo0 D00000000000000ODRND00000000000N0DARDN00000C000000NADRND000
- | oot
o-cc_U2 oc1f oct

Figure 6.20: Clock counters synchronization at UT3 under data player mode.
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0 160 320 480 640 800 960 1120 1280 1440 1600 1760 1920 2080 2240 2400 2560 2720 2880 3040 3200 3360 3520 3680 3840 4000
| | | | | | | | | | | | | | | | | | | | | | | |

!
o data_U1 00000 |00000 fooooo.. Xooooon.. Bpooooo.. Bpooooon.. Bpooooo.. Bpooooo.. Bpoooooo.. Mpooooo.. Bpoogon.. Bpooooon... Booooor.. Bpoooog. K
o data_U2 0000000000 Foooooo. Mbooooo.. Moooooo.. Bpoooooo... Mpooood.. Bpooooo.. Rooooooo.. Rpooaooo... Boooaoo.. Bpoooooo.. Bpoooooo... Bpooooo.. K

o= ee_U1 09D 09D

Bus/Signal X o

o ce_UZ 09D 09D

470 475 480 485 490 495
| | | | | |

o data_U1 00000 (00000|  §0000000000000000000000000000000000000000000000000000000000

Bus/Signal X o

o data_U2 00000 (00000|  00000000000000000000000000000000000000000000000000000000000

o cc_U1 080|090
o-ee_U2Z 09D 09D

Figure 6.21: Merger data player result after pseudo data is inserted.

6.5 Summary

The Merger board works as a readout data simplifier and it plays a critical role in
CDCTRG. All the necessary functionalities, including core logic of trigger algorithm,
optical transmission, VME interface, and switching between operation modes, are
already implemented in Merger firmware. All the 73 boards are confirmed to be
robust with different operation tests and are installed in the Electronic-hut (Ehut)
in Tsukuba experimental hall in KEK in the beginning of 2015. Merger boards are

ready for commissioning.
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Chapter 7

Data Transmission in CDCTRG

7.1 Introduction

Figure is the data flow chart of CDCTRG. The whole system is a tree-
diagram network with optical connections. For the optical data transmission in
CDCTRG, we started from studying on open-sourced Aurora 8B/10B protocols and
then designed user-defined protocols, which are called raw-level protocols including
different encoding for different hardware components. Based upon the properties
of hardware and protocols, we also designed a flow control and synchronization

scheme for the whole system. The summary of all transmission-related hardware
components in CDCTRG is in Table [7.1]

7.2 Introduction to Hardware Components

7.2.1 Embedded Optical Module (AVAGO connector)

AVAGO connector transforms the electric signal from the circuit to optical sig-
nal which is transmitted through optical fiber cable. There are two types AVAGO
connector used in CDCTRG, including 7934WZ (Figure[7.1]) and 79Q4Z (Figure[7.2)).

149
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150 Data Transmission in CDCTRG

AVAGO HFBR-7934WZ

HFBR-7934WZ [68] contains four optical lanes and its transmission rate supports
from 1 to 3.125 Gbps per lane. 7934WZ is used in connections between CDCFE and
Merger. Since CDCFE will be at the high radiation level region (directly mounted
on Belle II CDC), we had a radiation hardness test with Co-60 source in Tokyo
Institute of Technology. The radiation hardness was tested to be 350+ 25 Gy, which

corresponds about 15 years of Belle II operation.

Figure 7.1: AVAGO HFBR-7934WZ connector.

AVAGO AFBR-79Q47Z

AFBR-79Q47 [69] contains four optical lanes and its transmission rate supports
up to 10 Gbps per lane approximately. It is used in the connections from Merger to

global trigger with higher transmission rate.

,.seﬂ"ﬁ:ﬂ

s
W

g n\@“ ..‘_v_e
=

Figure 7.2: AVAGO AFBR-79Q47 connector.
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7.2 Introduction to Hardware Components 151

7.2.2 FPGA Chips and Transceivers in CDCTRG

CDCFE

CDCFE (Figure is based on a Xilinx Virtex-5 FPGA [73] and its RocketIO
(high speed transceiver) is Virtex-5 GTP [74]. Virtex-5 GTP can support transmis-
sion rate from 0.1 to 3.7 Gbps per lane.

DA

Figure 7.3: CDCFE board.

Merger

Merger (Figure is based on two Altera Arria II FPGA [66] and its transceiver
can support transmission rate from up to about 6.375 Gbps per lane [75]. In one
Merger unit, Eight of the lanes are bounded with two 7934WZ and the other two of
them are bounded with half a 79Q47Z.

Universal Trigger Board (UT3)

UT3 (Figure is based on a Xilinx Virtex-6 FPGA [76] and its RocketlO
includes Virtex-6 GTX [77] and GTH [7§]. Virtex-6 GTX can support transmis-
sion rate from 0.6 to 6.6 Gbps per lane. Virtex-6 GTH can support transmission
rate within the ranges 1.24~1.397 Gbps, 2.48~2.795 Gbps, 4.96~5.591 Gbps, and
9.92~11.182 Gbps per lane. 40 GTX in UT3 are bounded with ten 79Q47 at daugh-
ter board and 24 GTX in UT3 are bounded with six 79Q4Z at main board.
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Figure 7.4: Merger board.

Figure 7.5: Universal Trigger board (UT3).

Data Transmission in CDCTRG

Type Component TRG board Supported lane rate (Gbps)

Optical module | HFBR-7934WZ | CDCFE, Merger
Optical module | AFBR-79Q47Z Merger, UT3

Transceiver GTP CDCFE

Transceiver GTX UT3

, 1.24~1.397, 2.48~2.795,
Tranceiver GTH UTs3 4.96~5.591, 9.92~11.182
Transceiver Merger Merger

Table 7.1: Summary of all hardware components used for CDCTRG optical trans-

mission.
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7.3 Aurora Protocols

153

At first, the open-sourced Aurora protocols [79] provided by Xilinx company

are the solution of CDCTRG data transmission. The design of raw-level protocols

are also based on our previous study on Aurora 8B/10B protocol with GTX. This

chapter mentions the basic firmware structure, user interface, and properties of

Aurora.

7.3.1 Firmware Structure

The basic Aurora firmware can be generated by the Core Generator tool [80] in

Xilinx software ISE [81]. The schematic view of Aurora firmware structure is shown

in Figure [7.6]

optical fiber

clock compensation

standard
c¢c module

Aurora core

Core logic of protocol
Encoding/decoding
Hardware control

cable
%
e

AVAGO
connector

User Interface

TX user data

REFCLK

protocol | signals

Frame gen

User data generator

Frame_check

User data checker

Transceiver
hardware RX user data
reset clock user_clk
logic module
1\ 1 reset signal from user

Figure 7.6: Schematic view of Aurora firmware structure.

Aurora core

Aurora core is the core logic of this protocol design. Its functions include en-

coding for transmitter side (TX), decoding for receiver side (RX), channel bonding,

control on hardware side, user interface clock (user_clk) generation, provide protocol

signals to user interface, and so on.
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In the FPGA curcuit design with RocketIO, the reference clock (REFCLK) is a
not a global pin bit a local pin which is directly connected to the transceiver. Since
high speed transmission requires a clock source with better quality, REFCLK is not
free running in the rest part of firmware design. The RocketIO use a Phase-locked
Loop (PLL) and clocking module to generate user_clk, which is distributed to user
interface. In user interface, data needs to be transmitted/received aligned to the
edge of user_clk. The frequency ratio between REFCLK and user_clk is limited to
be some specific rational number since clocking module is based upon a frequency

multiplier /divider.

For stability, the data is usually encoded under the optical serial transmission.
For instance, each 8 bits pattern would be encoded into a differential pair of 10 bits
with 8B/10B encoding, and each 64 bits pattern would be encoded into a differential
pair of 66 bits with 64B/66B encoding. Following are the transmission lane rate

estimation with these two encoding cases:

e 8B/10B encoding:

10
Lane rate = g X user_clk x data path width, (7.1)

where data path width is the user data size which is transmitted per lane
per user_clk. The inflation factor % is due to 8B/10B encoding. For 8B/10B
encoding, data path width must be multiple of 8 bits. For instance, if we
choose data path width = 16 bits and lane rate = 2.54 Gbps, user_clk would
be 127 MHz.

e 64B/66B encoding:

66
Lane rate = 51 user_clk x data path width. (7.2)

The inflation factor % is due to 64B/66B encoding. For 64B/66B encoding,

data path width must be 64 bits. For instance, if we choose lane rate = 11.176
Gbps, user_clk would be 169.33 MHz.

User interface

Here are the protocol signals provided from Aurora core to user interface to

control/detect:
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e user_clk: All the transmission works in user interface need to be done aligned

to the edge of user_clk.

e channel up (lane_up): Flag signal. This signal indicates the status of hardware
connection. If two ends of the connection are driven with same configuration
(protocol, encoding, lane rate, REFCLK and so on) and the connection itself

is healthy, channel up would be 1.

e TX DST_RDY_N: Flag signal. When TX_DST_RDY_N = 0, the Aurora core

is ready for user to transmit user data.

e TX SRC_RDY_N: User-controlled signal. After TX_ DST_RDY_N = 0, user
can switch TX_SRC_RDY_N to 0 and send to user data to Aurora core at the

same time to start transmission.

e RX_SRC_RDY_N: Flag signal. When RX_SRC_RDY_N = 0, data from another

end is available at this end and user should read it simultaneously.

In Figure [7.6] Frame gen is the user TX module, in which the TX work is done
by detecting TX_DST_RDY_N and control TX_SRC_RDY_N. Frame_check is the
user RX module, in which the RX work is done by detecting RX_DST RDY_N
and receiving data passively. The behavior and control of protocol signals in user

interface are shown in Figure [7.7~7.8|

Standard cc module

In regular cases of serial transmission, the configurations of two ends of a link
are usually driven by the same REFCLK source and the same user_clk. Under a
stable transmission, the buffers inside Aurora core should be written/read with a
constant speed. If the clock sources are different, the tiny frequency difference would
cause the buffers to be overflowed/empty. By checking the status of buffers; clock

compensation signal will be generated to resolve this circumstance.

Reset logic

The reset logic module is connected to user interface. User can send send a pulse
signal to reset logic module to reset the firmware configuration of Aurora core and

the transceiver hardware.
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7.3.2 Firmware Test Results

The test result of firmware with Aurora 8B/10B protocol are shown in Fig-
ure for UT3 and Merger, respectively.
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(b) RX result at frame_check.

Figure 7.7: Test result of firmware with Aurora 8B/10B protocol for UT3.
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Figure 7.8: Test result of firmware with Aurora 8B/10B protocol for Merger.

7.3.3 Long-Term BERT on Aurora 8B/10B Protocol

We built up a test bench with Merger and GTX in UT3 to test stability of Aurora
8B/10B protocol in NTU. The test bench is shown in Figure . GTX in UT3 and
Merger are both driven with a general 156.25 MHz clock source. The middle two
channels are both bounded with two lanes, which are configured with a lane rate
of 6.25 Gbps. The remaining four channels are bounded with four lanes, which are
configured with a lane rate of 3.125 Gbps. There is no bit error observed in 1 week
and the combined bit error rate < 1.56 x 1077,
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uT3’ 4 lanes bounded channel Merger
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(a) Schematic view.

(b) Hardware setup.

Figure 7.9: Long-term BERT on Aurora 8B/10B protocol with UT3 and Merger.
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7.4 Raw-Level Protocols

Mainly due to the long latency, the open-sourced Aurora protocols can not fit
our request in the CDCTRG data flow. Therefore, NTUHEP group designs an user-
defined streaming protocol from scratch for optical transmission, which is called

raw-level protocols, in order to resolve the latency issue.

7.4.1 Design of the Protocols

The firmware structure of raw-level protocols is shown in Figure [7.10, The in-
terface to transceiver hardware (transceiver wizard) is generated from Xilinx Core
Generator [80] and Altera MegaWizard Plug-In [82], and they provide the simplest
interface to utilize the RocketIO hardware, including GTP [83], GTX [84], GTH [85],
and Merger’s transceiver [86]. The whole design of protocols is realized by the three
additional manual modules (protocol core, lane connection, and reset logic), with
which we control the transceiver hardware and provide protocol signals to user in-
terface. There are two version of raw-level protocols with two types of encoding:
8B/10B and 64B/66B. The 8B/10B version can be applied with GTP, GTX, GTH
and Merger. The 64B/66B version can be applied with GTH.

+ User Interface
REFCLK
Frame_gen
i TX user data
i User data generator
Protocol i protocol| signals
core Frame_check
; User data checker
optical fiber A 1' RX user data
cale AVAGO | Transceiver | | Lane !
>| connector | hardware connection |
reset i
logic i
: user_clk

Figure 7.10: Schematic view of raw-level protocols firmware structure.
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Lane connection module

Before starting the operation of protocol core logic, we need to check the status
and health of the link. The lane connection module provides lane_up signal to im-
mediately reflect the status of each optical lane. With different types of transceiver,
different signals are utilized to construct lane_up. The following situations are used
to define health of a lane:

e GTP with 8B/10B encoding:

— In the 16 bits data, 2*8 bits patterns are swapped or not.
— RXVALID: Reflected from transceiver. Indicates the RX data is available

or not.
— RXDISPERR: Indicates if RX data was received with a disparity error.
— RXNOTINTABLE: Indicates if RX data is the result of an illegal 8B/10B
code and is in error.

e GTX with 8B/10B encoding:

— In the 16 bits data, 2*8 bits patterns are swapped or not.
— RXVALID: Reflected from transceiver. Indicates the RX data is available

or not.
— RXDISPERR: Indicates if RX data was received with a disparity error.
— RXNOTINTABLE: Indicates if RX data is the result of an illegal 8B/10B
code and is in error.

e GTH with 8B/10B encoding:

— In the 16 bits data, 2*8 bits patterns are swapped or not.
— GTHINITDONE: Indicates the process of programming the bits from the

configuration memory to the registers in the GTH primitive is completed.

— RXVALID: Reflected from transceiver. Indicates the RX data is available

or not.
— RXDISPERR: Indicates if RX data was received with a disparity error.
— RXCODEERR: Indicates if RX data is the result of an illegal 8B/10B

code and is in error.

e GTH with 64B/66B encoding:

d0i:10.6342/NTU201601179



160 Data Transmission in CDCTRG

— For a unhealthy lane, the 64 bits RX pattern would keep showing
X”5555555555555555” or X" FEFEFEFEFEFEFEFE” or
X”0100009C0100009C”.

— GTHINITDONE: Indicates the process of programming the bits from the

configuration memory to the registers in the GTH primitive is completed.

— RXCODEERR: Indicates if RX data is the result of an illegal 8B/10B

code and is in error.
e Merger with 8B/10B encoding;:

— In the 16 bits data, 2*8 bits patterns are swapped or not.
— RX_FREQLOCKED: Indicates the receiver clock data recovery (CDR)

lock state.
— RX_DISPERR: Indicates if RX data was received with a disparity error.
— RX errdetect: Indicates if RX data is the result of an illegal 8B/10B code

and is in error.

Figure [7.11] shows other protocol signals’ reaction to lane_up’s flip. In this case,
we remove the optical fiber cable to make the transceiver unconnected intentionally.
Then, the lane connection module detects the instability of link and turn down the
lane_up signal. Hence, the protocol interface (TX_DST_RDY_N, TX_SRC_RDY_N,
RX_SRC_RDY_N) goes back to the initial state and waits for resumption of connec-

tion.

/protocol_core iftx dst_mdy n 1

/protocol_core_i /RX_SEC_RDY_N

0
Jprotocol_core i /TX_SRC_RDY N 1]
0
1

- 0o o o

Jprotocol_core_i /LANE_UP |
o~ lprotocol_cove /RH_DATA 00000{00000p0.. 0000... p0000... jpoond. J16¢ . X FEFEFEFEFEFEFEFE
o= tprotocel_core_UTH _DATA x 00000 |00000h0... 0000... 300000... Jp0000... ) 0000... ) 0000000035E7 DAFE

Figure 7.11: The lane_up signal provided by the lane connection module.

Reset logic module

The reset logic module is responsible for initialization and reset of hardware. It
confirms the stability of link’s health by monitoring on lane_up. After confirmation
of stability, the core logic of protocol will start to work. Otherwise, th reset signal

will be asserted to transceiver hardware interface for recovery. The work flow chart
of reset logic is shown in Figure [7.12]
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' N
FPGA is configured. Stability confirmed.
Check the stability of channel | | Laneup <="1".
for a certain duration. Start work flow of the protocol.
AN 4
not stable Tafter reset
- ~
Send reset to hardware.

p J

Figure 7.12: Work flow chart of reset logic module.

Protocol core

The protocol core module is core logic of the protocol design. After the lane
is confirmed to be healthy, which means, reset logic module finishes initialization
and lane_up signal is stable, the protocol core modules will start their own work
flow. The basic concept of the design is utilizing the switch between pre-defined
specific patterns to represent different states in the work flow state machine, and
protocol core contains two parts of logics, which are TX and RX. The work flow
chart of the protocol core logics are shown in Figure and for the 8B/10B
version and 64B/66B version, respectively. With this design, we can provide the user
interface whose usage is the same as Aurora’s (TX_DST_RDY_N, TX_SRC_RDY _N,
RX_SRC_RDY N).

K character with 8B/10B encoding

The basic unit of pattern size with 8B/10B encoding is 8 bits and the available
data path width includes 8 bits, 16 bits, and 32 bits. For instance, if data path width
is 16 bits, 2*8 bits patterns are bounded and transmitted /received in 1 user_clk. To
make sure the boundary of each 2*8 bits in not shifted, we utilize a property of
8B/10B encoding called comma alignment. Comma means a special 8bits pattern
and it is called K character for 8B/10B encoding. For instance, K28.5 is X”BC”.
We also have to control tx_charisk to 1 to indicate the 8 bits X”BC” is not user data

but K character. An example of K character utilization is shown in Figure [7.13]

In the beginning of 8B/10B transmission, transmitted data will be crashed and
the boundary of patterns will be shifted without any K character transmitted. There-

fore, the frequent appearance of K character in early stage is necessary for the qual-

d0i:10.6342/NTU201601179



162 Data Transmission in CDCTRG

ity of transmission. As shown in Figure [7.14] the pre-defined patterns in core logic
(patternKO and patternK1) are both with K character.

[201 202 203 204 205 206 207 208 299 300 301
| ! | | l | | | ] | |

0100} 0zec)pan3 X 0605 ) 0807 ¥ 0A09 ) DCOBY DEODY 100F %1211 ¥ 1413 %

01 X

4645 1 4647 J 4A49 J 4CAE) 4E4D ) 504F ¥ 5251 5453 ¥ 5655 5857 L 5459 }

Figure 7.13: K character with 8B/10B encoding.

7.4.2 Test Mode

The transmission test mode provides a simpler interface for BERT with the raw-
level protocols. Under the normal operation, user (Frame_gen and Frame_check in
Figure have to detect and control the protocol interface (TX_DST_RDY_N,
TX_SRC_RDY_N, RX_SRC_RDY_N) to transmit/receive user data. Under test
mode, there is only testing data flow inside the protocol for BERT, and user can
check the status of BERT by the additional interface:

e test_ mode: This signal is connected to VME interface and is used to switch
between the normal operation and test mode for a transceiver which is imple-

mented with the protocol.
e TX testing: This signal indicates that TX of this end is sending testing data
e RX_testing: This signal indicates that RX of this end is receiving testing data

e crr_count: The counter of bit error.

7.4.3 Test Result on Raw-Level Protocols

The test result of raw-level 8B/10B protocol core module is shown in Fig-
ure [7.16, which illustrates the core logic of the protocol design (patterns’ switch:
patternK1—patternB0—user data), and Figure shows the test result at user

side.

The patterns’ switch design (patternA—patternB0—user data) of raw-level 64B /6B

protocol core module is shown in Figure [7.18], and Figure [7.19 shows the test result
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Sending patternKO.

Wait till initialization done.
" (All lane_up = 1) test_mode = ‘0’ or

lane_up= ‘0" v lane_up = ‘0’

Keeps sending patternK1. )
test_mode =1’ or Wait till RX receives patternK1.

lane_up= ‘0’ \L ‘L

Keeps sending patternK1. (Tf test_-mode = *1”:
If test_mode = ’0’: \Sends patternB1 for only 1 clk. )
TX_DST_RDY_N = ’0’ to user. - : ‘l’ ~
Wait till TX_SRC_RDY_N = 0’ from Keeps sending dummy data. i
user. ) testing_tx = ’1’ to user.

¢ S

[Sends patternBO for only 1 clk. ’

A\ 2

test_npode = ‘1’ :

i, ‘HH[Keeps sending user data. ]
lane up=‘0’or

TX SRC RDY N =4

(a) TX work flow chart.

lane up= ‘0" or

lane_up= ‘0’ or
receive K character )

(Keeps receiving patternKO. receive K character

)

LWait till RX receives patternKl.J

|

LKeeps receiving patternK1. 1

<
<

(The other end finishs initialization.)

v J/

patternBO appears for 1 clk. patternB1 appears for 1 clk.
(normal mode) (test mode)

v v

Receives user data. Receives dummy data.
Turn RX_SRC_RDY_N = ’0’ to user. Turn testing_rx = ’1’ to user. |—
Frame_check(user) can get user data. err_count is valid.

(b) RX work flow chart.

Figure 7.14: Work flow chart of the raw-level 8B/10B protocol core logic.
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(Keeps sending patternC.
Wait till initialization done.

v

(All lane_up = '1’) test_ mode = ‘0’ or
lane_up= ‘0’: 12 - lane_up =0
Keeps sending patternA. )
test_mode = ‘1" or \Wait till RX receives patternA. )
lane_up= ‘0’ l ‘L
Keeps sending patternA. ) (If test_mode = ’1°:
If test_mode = °0’: \Sends patternB1 for only 1 clk. )

] y

TX_DST_RDY_N = ’0’ to user. e : ~

Wait till TX_SRC_RDY_N = ’0’ from Keeps sending dummy data. i

user. ) testing_tx = ’1’ to user. )
v

LSends patternBO for only 1 clk. J

v

test_mpode = ‘1’ :

= ‘mo_e‘,gor[Keeps sending user data. }
lane up="‘0’or

TX SRC RDY N=%

(a) TX work flow chart.

lane_up= ‘0" or lane_up= ‘0’ or
Continuous patternA or w Continuous patternA or

Continuous patternC (Keeps receiving patternC. Continuous patternC

>~

LWait till RX receives patternA.

Keeps receiving patternA.
(The other end finishs initialization.)

v J«

[patternBO appears for 1 clk. ] [patternBl appears for 1 clk. }

(normal mode) (test mode)

v v

Receives user data. Receives dummy data.
Turn RX_SRC_RDY_N = ’0’ to user. Turn testing_rx = 1’ to user. —
Frame_check(user) can get user data. err_count is valid.

(b) RX work flow chart.

Figure 7.15: Work flow chart of the raw-level 64B/66B protocol core logic.
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~ patternK.1 (K character)

patternBO

165

user data

o~ DataPort

00BC| 00BC

©= DataPort_1 01 01
o= Data?ort_ﬁ? 00BC| 00BC
©- DataPort_3 01 01

0oBC

01

00BC

01

Figure 7.16: Test result of raw-level 8B/10B protocol core module.

o r— =l o | 515 516 517 518 519 520 521 522 523 524 525 526 527 528 529 530
] | | ! ! ! 1 | ] | | ] | ! ] |
o txdata 304330435 ) 3246 ¥ 3247 ) 3248 ) 3249 ) 324 ) 3248 )_324C J_324D ) 324€ ) 328F ) 3250 ) 3251 ) 3252 ) 3253 X_3258 ) 3255
© txcharisk 0 0 0
o rxdata 3020(3020F ¥ 3230 ¥_ 3231 %3232 X 3233 % 3234 ) 3235 ) 3236 ) 3237 ) 3238 ¥_3230 Y 323A N 3238 X_323C % 3230 ¥ 323E Y 323F
© rxcharisk 0 0 0
o rx_ex 3020(3020F ¥ 3230 ¥_ 3231 %3232 X 2233 % 3234 ) 3235 J_ 3236 ) 3237 ) 3238 ¥_3230 Y 323A N 3238 X_323C % 3230 ¥ 323E Y 323F
o diff 0000|0000 0000
o err_count oo| o0 00

Figure 7.17: Test result of raw-level 8B/10B protocol at user side.

at user side.

Bus/Signal X [o] Iz ]1 % “l ;I! ? 4I 5‘
fquad0_gthreset_i 0 0 2
fprotocol _core_i/tx_dst_vdy_n_r 1 1 —\
fprotacol _core_i/TX_SRC_RDY_N 1 1
fprotocol_core_i /R¥_SRC_RDY_N 1 1
Jprotocol_core_i /LANE_UP 1 1
o Iprotocol_core_i/RX_DATA ABCDA |ABCDA ABCDABCDABCDABCD
o Iprotocol_core ifTX_DATA x  |ABCDA|ABCDA ABCDABCDABCOABCD } FEOFETI ?M}M}ﬁw
| patternA ! L user data from frame_gen
patternB0 -
(a) TX.
wsow  [x|o| 0 W W B G wowwowoww w2 D
fquad0_gthreset_i 0 0
fprotocol _core_i/tx_dst_rdy_n_xr 1 1
fprotocol _core_i/TH_SRC_RDY_N 1 1
fprotocol _core_i /RX_SRC_RDY_M 1 1
fprotocol _core_i /LANE_UP 1 1
o Iprotocol_core_ilRX_DATA [ABCDA |ABCTA ABCDABCDABCDABCD fm,,
patternA I 1 user data to frame check
patternB0O
(b) RX.

Figure 7.18: Test result of raw-level 64B/66B protocol core module.

7.4.4 Long-Term BERT on Raw-Level Protocols

For the long-term BERT on raw-level 8B/10B, we use the four transceivers with
7934WZ among 73 Merger boards and connect them to each other. All the con-
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20 60 140 220 300 380 460 540 620 700 780 860
1 | | | | | | | | | |

fquad0_f rame_check] /R¥_SRC_RDY_N 1 1
o= fquad0_frame_checkl/err_count_r 00 o0 (11}

o fquad0_frome_checkl/RX_D Lelioy goTTo. ______________|
o= fquad0_frame_checkl/nc_pattern_x 00000 |00000( |000000...
1 i

522

BusiSignal X 0 iy

519 520 521

Bus/Signal X (o]

| | | |
fquad0_f rame_check1/R¥_SRC_RDY_N 0 0
o= Jquad0_freme_checkl/exr_count_x 00 00 0o

o Iquad0_freme_checkl/RX_D
o= lquad0_frame_checklirx_petterm_x

0000000000 | "} 0000000CT087DFAT

00000 {00000 [ X 0000000C7087DFAT
(.

J__0000000C7097DFA4
X 0000000C7037DFAS

X 0000000C7097DFA2 K 0000000C7097DFA3
{__0000000C7097DFA2  }_ 0000000C7087DFA3

Figure 7.19: Test result of raw-level 64B/66B protocol at user side.

nections are implemented with raw-level 8B/10B and 2.54 Gbps lane rate. The
total number of lanes is 1168. There is no nit error observed in two weeks and the

combined error rate < 2.95 x 10719,

For the long-term BERT on raw-level 64B/66B, we use three UT3 boards with
the connections in Figure [7.20] 12 GTH are used and are implemented with raw-
level 64B/66B and 11.176 Gbps lane rate. The total number of lanes is 24. In two
weeks, one lane’s bit error count is 2, another is 4, and another one’s error count is
overflowed, which is due to jitter and is ignored in bit error rate estimation. The

combined error rate is 9.45 x 10718,

UT3 UT3 UT3
4 lanes
GTH quad0 GTH quad0 GTH quad0
GTH quad] |«emp{| GTH quadl
GTH quad2 GTH quad2
GTH quad3 GTH quads
GTH quad4 GTH quad4
GTH quad3 GTH quad3

Figure 7.20: Hardware setup for BERT on raw-level 64B/66B protocol.

7.4.5 Summary of Functionalities

e 64B/66B encoding for GTH (higher speed)

e 8B/10B encoding for GTP, GTH, GTX, and Merger
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e Detection of hardware setup (lane_up)

e Aurora-like user interface (TX_DST_RDY_N, TX_SRC_RDY_N, RX_SRC_RDY_N):

application to flow control and synchronization
e Streaming transmission
e Smaller latency than Aurora: the comparison is shown in Table [7.2]
e Initialization and automatic reset for hardware resumption
e Channel bonding: done with FIFO (outside of the protocol, at user side)
e Test mode for BERT

e Stability: confirmed by long-term BERT

Protocol Lane rate user_clk Link type Latency (ns)
Aurora 8B/10B 5.08 Gbps 2564 MHz  GTX-GTX 185~190
Raw-level 8B/10B 5.08 Gbps 254 MHz  GTX-GTX 132~136
5.08 Gbps 254 MHz  GTH-GTX 132~136
5.08 Gbps 254 MHz GTH-GTH 91~95
5.08 Gbps 254 MHz GTX-GTH 91~95

Aurora 64B/66B 10.16 Gbps 158.75 MHz GTH-GTH 296~302
Raw-level 64B/66B | 11.176 Gbps 169.33 MHz GTH-GTH 106~112

Table 7.2: Latency comparison between raw-level protocols and Aurora.

7.5 CDCTRG Data Flow

7.5.1 CDCTRG Data Flow

Figure shows the data flow of CDCTRG system. All of the optical links are
built with raw-level protocols. All the TRG boards and their optical transmission
modules are driven with a general 127 MHz/254 MHz clock source. Table [7.3| classi-
fies all the link types which are used in CDCTRG data flow with different raw-level

protocols and hardware configurations.

The details of CDCTRG data flow in all sections are listed as following:
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Type | Encoding lane rate user_clk data path width hardware link
D 31.75 MHz Inside TRG boards
1 8B/10B 2.54 Gbps 127 MHz 16 bits GTP-Merger
2.1 8B/10B  5.08 Gbps 254 MHz 16 bits Merger-GTX
2.2 8B/10B 5.08 Gbps 254 MHz 16 bits Merger-GTH
2.3 8B/10B 5.08 Gbps 254 MHz 16 bits GTH-GTX
3 64B/66B 11.176 Gbps 169.33 MHz 64 bits GTH-GTH

Table 7.3: Type of links with different raw-level protocols and hardware configura-
tions used in CDCTRG data flow.

Type-D:
Type-D is the data flow inside each TRG board. For all the TRG algorithms,
all the data patterns are processed under 31.75 MHz dataclk.

CDCFE—Merger (Type-1):

The links between 292 CDCFE boards and 73 Merger boards are configured as
Type-1. Each Merger board has four connections from four CDCFE boards.
Each connection between a CDCFE and a Merger is configured with four lanes
of Type-1. All the CDCFE—Merger links are summarized in Table [7.4] Total
number of used lanes is (292 CDCFE)*(4 lanes) = 1168 lanes.

SL | # of CDCFE # of Merger # of lanes
0 20 5 20*4
1 20 5 20%4
2 24 6 24%*4
3 28 7 28%4
4 32 8 32%4
5 36 9 36*4
6 40 10 40*4
7 44 11 44*4
8 48 12 48*4

Table 7.4: Summary of CDCFE—Merger links.

Merger—TSF (Type-2.1 and Type-2.2):

The links between 73 Merger boards and nine TSF are configured as Type-
2.1 and Type-2.2. Each Merger board has one connections to a TSF. Each
connection between a Merger and a TSF is configured with four lanes of Type-
2.1 or Type-2.2 (For SL7 and SL8 TSF, all the GTX are occupied, so they
need to use additional GTH for this case.). All the Merger—TSF links are
summarized in Table Total number of used lanes is (73 Mergers)*(4 lanes)
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= 534 lanes.

SL | Type RX  # of Merger # of lanes
0 2.1 GTX 5 5*4
1 2.1 GTX 5 5*4
2 2.1 GTX 6 6*4
3 2.1 GTX 7 7*4
4 2.1 GTX 8 8%4
5 2.1 GTX 9 9*4
6 2.1 GTX 10 10*4
7 2.1 GTX 10 10*4

2.2 GTH 1 1*4
3 2.1 GTX 10 10*4
2.2 GTH 2 2%4

Table 7.5: Summary of Merger—TSF links.

e Axial TSF—2D (Type-3):
The links between five axial TSF and four 2D trackers are configured as Type-
3. Each 2D tracker has five connections from five axial TSF (SL 0, 2, 4, 6,
8). Each connection between an axial TSF and a 2D tracker is configured
with two lanes of Type-3. Total number of used lanes is (5 axial TSF)*(4 2D

trackers)*(2 lanes) = 40 lanes.

e Stereo TSF—3D/NN (Type-3):
The links between four stereo TSF and four 3D trackers/four NN are configured
as Type-3. Each 3D/NN has four connections from four axial TSF (SL 1, 3,
5, 7). Each connection between a stereo TSF and a 3D/NN is configured with
two lanes of Type-3. Total number of used lanes is (4 stereo TSF)*(4 3D + 4
NN)*(2 lanes) = 64 lanes.

e TSF—ETF (Type-3):
The links between nine TSF and one ETF trackers are configured as Type-3.
ETF has nine connections from nine TSF. Each connection between a TSF
and ETF is configured with two lanes of Type-3 for SLO~4 and three lanes of
Type-3 for SL5~8. Total number of used lanes is (5 connections)*(2 lanes) +

(4 connections)*(3 lanes) = 22 lanes.

e 2D—3D/NN (Type-3):
The links between four 2D trackers and four 3D trackers/four NN are config-
ured as Type-3. Each 3D/NN has one connections from a 2D tracker. Each
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connection between a 2D and a 3D /NN is configured with three lanes of Type-

3. Total number of used lanes is (8 connections)*(3 lanes) = 24 lanes.

e ETF—3D/NN (Type-2.3):
The links between one ETF and four 3D trackers/four NN are configured
as Type-2.3. Each 3D/NN has one connections from ETF. Each connection
between ETF and a 3D/NN is configured with two lanes of Type-2.3 (GTX
of ETF to GTH of 3D/NN). Total number of used lanes is (8 connections)*(2

lanes) = 16 lanes.

e 2D/3D/NN—GRL (Type-3):
The links between four 2D /four 3D /four NN and GRL are configured as Type-
3. Each 2D/3D/NN has one connection to GRL. Each connection between a
2D /3D /NN and GRL is configured with one lanes of Type-3. Total number of

used lanes is (12 connections)*(1 lanes) = 12 lanes.

7.5.2 Balance between Sections by First-In-First-Out (FIFO)

For the data flow system with different sections driven by different clock rates,
the balance between them is essential in a long-term stable operation. Besides, a
TRG board usually has multiple input from different links, we also need to buffer
the latency difference between them. In order to do those, we use FIFO between
Type-D section (data flow inside TRG boards) and others (optical transmission).
FIFO module can be generated from Core Generator of Xilinx [80] and MegaWizard
Plug-In of Altera [82]. The supported configuration is 1 - 2"(n = integer), which
means the clock rate ratio between reading side and writing side. Table lists the
details of FIFO used in CDCTRG data flow.

W | FIFO type R size W size R clock W clock rate
1-4 64 bits 16 bits  31.75 MHz 127 MHz
4-1 16 bits 64 bits 127 MHz 31.75 MHz
1-8 128 bits 16 bits  31.75 MHz 254 MHz
8-1 16 bits 128 bits 254 MHz 31.75 MHz

wdvogr~ gw

OwOwrwOr

3-16 320 bits 64 bits  31.75 MHz  169.33 MHz
16 - 3 64 bits 320 bits 169.33 MHz  31.75 MHz

Table 7.6: FIFO types used in CDCTRG data flow.
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Regular type (take 1 - 4 FIFO as an example)

For instance, when the writing side is the Type-D with 31.75 MHz and reading
side is Type-1 with 127 MHz, the FIFO type is 1 - 4 FIFO since the ratio of clock
rate is 1/4. 1 clock of 31.75 MHz = 4 clocks of 127 MHz ~ 32 ns. In the period,
writing side will write 64 bits into the FIFO with 1 clock of 31.75 MHz, and reading
side will read out 4*16bits from the FIFO in 4 clocks of 127 MHz. The illustration
of the regular 1 - 4 FIFO’s operation is shown in Figure and its test result is

shown in Figure [7.23]

Writing side Reading side
31.75 MHz 127 MHz

64 bits 16 bits

Figure 7.22: Tllustration of a regular type 1 - 4 FIFO’s operation.

519 520 521 522 523 524 525 526 527 528 529 530 531 532 533 534 5%

| Bus/Signal |x | Oy

frd_rea_r 1 1

Jwr_req_r 1 1

Senpty_r i 0

o [deta_§4b_in_v (00000|00000[i000BS72A7ETFS 4 O00000BS7ZA7F306  J  OOODDOBG7ZAS0417 4 00000OBS72A31823 % 00000
o fdata_16b_out_ | FOCF| FOCF

Figure 7.23: Test result of a regular type 1 - 4 FIFO.

3 -16/16 - 3 FIFO

For the links configured with 64B/66B GTH (Type-3), the clock rate is 169.33
MHz, and the ratio between 169.33 and 31.75 is 16/3 (not 2"), so we can not use
the regular type of FIFO for the situation. A special type FIFO, which is called 3
- 16/16 - 3 FIFO is designed to solve the buffering issue between 169.33 MHz and
31.75 MHz. The basic idea is shown in Figure [7.24} 3 clocks of 31.75 MHz = 16
clocks of 169.33 MHz ~ 95 ns. In this period, writing side can have 3*320 bits in 3
clock of 31.75 MHz. The 3 - 16 FIFO, which is driven by 169.33 MHz clock, will use
15 clocks to transmit 3*320 bits (into 15%64 bits), and a dummy 64 bits pattern will
be transmitted in the remaining 1 clock. By sacrificing 15/16 of the bandwidth (=
1 clock of 169.33 MHz), it behaves like a 1 - 5 FIFO, and make the implementation
simpler. For the test result, Figure [7.25(a) shows how 3*320 bits is divided into
15%64 bits, and Figure [7.25(b) shows how 3*320 bits is reconstructed from 15%*64
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bits. The reconstructed 320 bits data will come in each 5-5-6 clocks of 169.33 MHz,
so we can still get 3*320 bits data in 3 clocks of 31.75 MHz averagely.

31.75 MHz [
x3

evtA I evtB I evtC

A
1 [} ’
] ] ’
[
]

J, /I’
169-3?6MHZ [A/S IA/SIA/SIA/SIA/S 13/5 IB/SI B/SIB/SIB/S ] c/s |C/5 IC/SIC/SIC/S l
X

dummy
pattern
Figure 7.24: Design of the 3 - 16/16 - 3 FIFO.
evtA evtB evtC
Ec_. (o0... ooo... Jpoo... Jpoo.. #000..J000... 000... 000..)p00... 000... Jp00... )00...)p0o0... p00.. 00 JDC.. e
[ [ 1 [ 1 [ L
1 of 16: dummy \ \
pattern and take evtA take evtB from FIFO take evtC from FIFO
from FIFO
(a) 3 - 16 FIFO (3*320—15%64).
60 65 70 75 80 85

P | U | P | S S S| Y U || PR || I
JD00009BF 2DE2... JD00009BF 2DE2396... JO0000SBF2DEZ... JD00009BF 2DE2... JD00009BF2DE2397... JD00009BF2DE2... |

5 clks 6 clks 5 clks 5 clks 6 clks 5 clks

(b) 16 - 3 FIFO (15%64—3*320).

Figure 7.25: Test results of the 3 - 16/16 - 3 FIFO.

7.5.3 TRG Data Flow Control and Synchronization

The whole CDCTRG data flow system is a complicated tree-diagram network.
For each optical link, the time for it to be ready for transmission is different, and
there is also latency difference between different links. In order to control the data
flow and synchronize the timing for the whole system, we develop a scheme for data

flow control and synchronization by utilizing bi-direction of all links.
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Overview on the scheme

This scheme can be applied for any kinds of tree-diagram network system, and
we use a system with four TRG boards as an example to illustrate the concept.
The system is shown in Figure In this case, two CDCFE are the front-most
modules, Merger is the middle one, and TSF is the rear-most modules. The overview

work flow chart is shown in Figure [7.27 and discussed as following:

Front=2>Rear
(same direction
as data flow)

Rear=>Front

Figure 7.26: A simplified CDCTRG data flow.

e Step 1 (Front—Rear Scanning):
In the first step of flow control and synchronization, each module will keep
checking the links are ready or not (TX_DST_RDY_N = '0’). For FEs, all
the links are output. Once all links in CDCFE are ready stably, FE will turn
TX_SRC_RDY_N to 0’ to Merger.

For Merger, it is a module at middle stage with both input and output links.
Once all links in Merger are ready stably and it receives RX_SRC_RDY_N =
‘0" from CDCFE, Merger will also turn TX_SRC_RDY_N to 0" to TSF.

By doing so in all the other modules (checking if links are ready—send signal
to its rear side), information of optical links will be accumulated. When the
RX_SRC_RDY_N = "0’ reaches TSF (the rear-most module in the system),

TSF will know that all links in the whole system are ready to start operation.
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stepl
Front—Rear scanning

l

Wait for a revo(TSF).

step2
Send signal back to CD-

CFEs.
l

Wait for the "next
revo” (FEs).

Work.
CDCFEs start to send data.

Figure 7.27: Overview work flow of the flow control and synchronization scheme.

e Wait for a revo (TSF):

The revolution signal is the accelerator revolution clock and distributed from
FTSW, and it is the only standard of synchronized timing we can utilize in
the setup. The timing of revolution signal to each module is synchronized and
its revolution is 10 us, which is larger than the latency of the whole CDCTRG

system.

After step 1 is done and TSF has all the accumulated information, TSF will
wait for a revolution signal from FTSW, and then start to send TX_SRC_RDY_N

=0’ to all front modules.

Step 2 (Send signal back to CDCFEs):
In step 2, once a module receives RX_.SRC_RDY_N = 0’ from it rear side, it
will directly response to its front side, and then all the CDCFE will get the

information.

Wait for the "next revo” (CDCFEs):

After step 2 is done (All CDCFEs receive information from their rear side), all
the modules know all links in the whole system are ready to start operation.
Then, all CDCFE will wait for the "next” revolution signal. Since the latency
of step 2 is less the 10 us, all CDCFE will align to exactly the same revolution

signal which is the next one relative to the one TSF aligned to.

e Data flow starts:
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When all CDCFE receive the "next” revolution signal, they will reset the phys-
ical timing information and also start the data flow simultaneously. Therefore,
both the physical timing and data flow starting timing can be synchronized to

the accelerator revolution clock.

Error recovery

During operation, if there is any one of links becomes unhealthy suddenly, the
error recovery function will try to rebuild the data flow. Figure is an example
to illustrate the situation. when chl goes down, module B and C will detect it first,
then B will stop the operation (turn TX_.SRC_RDY_N to '1’) of ch0 and C will also
stop ch2. By doing so, when module detects problems from one link, other links’
operation will be stopped. Finally, the whole data flow will be entirely stopped and
all the modules will go back to their initial state of flow control. Then, flow control

will restart and try to resume the data flow.

A simplified data flow:

If chl is down
during a run.

Figure 7.28: Illustration of error recovery function in flow control with a simplified
data flow system.
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Detailed view on each modules

177

Figure[7.29] [7.30] and [7.31] shows the detailed flow control firmware design of the

front-most module, the middle module, and the rear-most module, respectively.

CDCFE has 1 link to Merger.

output

state0
Action:
None.
Condition:
TX_DST_RDY_N="0"
and stable(keep 0.1s).
Description: Wait for channel ready, then send signal to Merger.

Error recovery
1f
TX DST_RDY_N='1'or
Restart | RX_SRC_RDY_N="1'
(channel not stable)
Back to initial state.

l Condition fulfilled

statel
Action:
Send TX SRC_RDY_N='0" to Merger with patternl.
Condition:
RX_DST_RDY_N="0"(from Merger)
Description: Wait for signal from Merger.

l Condition fulfilled

state2
Action:
Send TX_SRC_RDY_N='0" to Merger with patternl.
Condition:
revo="1"
Description: Wait for the "next revo”.

Condition fulfilled

stated
Action:
Send TX_SRC_RDY_N='0" to Merger with patternl.
Condition:
revo="0"
Description: Wait for the "next revo” finishing.
(This state only keeps 1 clk.)

I Condition fulfilled

stated
Action:
Start to work,
then send TX_SRC_RDY_N="0" to Merger
with patternl— pattern2—data.
Description: Working state.

Figure 7.29: Detailed flow control firmware design of CDCFE (the front-most mod-

ule).
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Merger has 2 input and
1 output links.

ch0 chl

Data Transmission in CDCTRG

statel

Action: Error recovery
None. 1f

Condition: TX_DST_RDY _N_0="1" or
TX_DST_RDY_N_0='0" (CDCFE) TX DST_RDY N_1="1’ or
TX_DST_RDY_N_1='0" (CDCFE) TX DST_RDY_N_ 1" or
TX DST_RDY_N_2='0" (TSF) Restart RX_SRC_RDY_N_0="1’ or
RX_SRC RDY_N_0='0" from CDCFE RX_SRC RDY _N_ 1’ or

RX_SRC_RDY_N_1="0' from CDCFE

and all stable(keep 0.4s).
Description: Wait for 3 channels to be ready and signal from 2 FEs,
then send signal to TSF.

Condition fulfilled

statel
Action:
Sending TX_SRC_RDY _N_2='0" to TSF with patternl.

Condition: F-

RX_SRC_RDY_N_2="0’ from TSF
Description: Wait for the signal from TSF, then send signal to 2
CDCFEs.

Condition fulfilled

state2
Action:
Sending TX_SRC_RDY_N_0=0" and
TX_SRC_RDY_N_1="0’ to 2 CDCFEs.
Then, if detects patternl— pattern2—data from FE, store data

and works. H-

After starting to work, for the output, also sending
TX_SRC_RDY_N_2="0° to TSF

with patternl—pattern2—data.
Description: Wait for data from 2 CDCFEs, then start to work and
send output to TSF.

RX_SRC_ RDY_N_2='1" or
(channel not stable)
Back to initial state.

Figure 7.30: Detailed flow control firmware design of Merger (the middle module).

TSF has 1 link from Merger.

input

state0
Action:
None.
Condition:
TX_DST_RDY_N="0" (Merger)
RX_SRC_RDY_N='0° from Merger
and stable(keep 0.4s).
Description: Wait for channel to be ready and signal from Merger.

Error recovery
I
TX_DST_RDY_N="1" or
RX_SRC_RDY_N="1"
(channel not stable)
Back to initial state.

Restart

Condition fulfilled

statel
Action:
None.
Condition:
revo="1"
Description: Wait for the closest revo.

Condition fulfilled

state2
Action:
None.
Condition:
revo="0"
Description: Wait for the revo finishing.
(This state only keeps 1 clk.)

Condition fulfilled

state3
Action:
Send TX_SRC_RDY_N="0" to Merger.
‘Then, if detects patternl— pattern2—data from Merger, store
data and works.
Description: Wait for data from Merger, then start to work.

Figure 7.31: Detailed flow control firmware design of T'SF (the rear-most module).
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7.5.4 Operation Test

We use different kinds of simplified data flow system to test the flow control
and synchronization scheme. For the first case, the schematic view of the system is
shown in Figure [7.32] The system is with 6 CDCFE—3 Mergers—3 TSF—1 2D.

All the links in this system are built with the raw-level protocols.

Raw-level 8B/10B
(GTP/Merger/GTX)

11.176 Gbps

Raw-level 64B/66B
(GTH)

Figure 7.32: Schematic view of a simplified data flow system.

About the test result, the data flow is stable in a few days operation, which mean
the protocols can co-work with the flow control and synchronization scheme well.
At the 2D board, we also check the clock counters from 3 TSF are synchronized
as Figure [7.33] The latency of the system is measured to be 1.28 us (0.9 us) for
CDCFE—2D (CDCFE—TSF). Compared with the same system implemented with

Aurora links, 0.5 us is saved our our protocols.

o cc_TSES 00| 000l 001 002 003 X004 ¥ 005 ) 006 007 Y 008 } 009 } 004 },00B 4 00C)
o cc_TSES 000| ooo[ 001 002 X 003 X004 ¥ 005 ¥ 006 ¥ 007 X 008 X009 } 004 }{00B } 00C}
\ 002 ¥ 003 ¥ 004 ¥ 005 ¥ 006 ¥ 007 ¥ 008 X009 ¥ 004 },00B } 00C}

o= cc_TSF4 oo0| 000 oo

rd_req 1] 1]

-

Figure 7.33: Clock counter synchronization at 2D of a simplified data flow system.

Another simplified system is also tested as shown in Figure [7.34 A 3D board
and a Global Reconstruction Logic (GRL) board are included. It is closer to the
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real setup as the number of serial stages is close to the real one. Since GRL also has

multiple input links from 2D and 3D in this system, we also check the clock counters
synchronization at GRL, as shown in Figure [7.35]

Aurora
8B/10B

Raw-level 64B/66B
(GTH)

Figure 7.34: Schematic view of a simplified data flow system with additional 3D

board and GRL board.

x|o’

Z 3 4 9 L} f 8 Y u 1 12 13

Bus/Signal | M | | | | | 1 1 | ] | | 1 |
-cc 2D 107| 107|001 {002 § 003 4 004 ¥ 005 X 006 X007 ¥ 008 X 009 } 00 X 008  00C ¥ 00D}
- cc_3p 0BC| 0BC {_| 001} 002 4003 } 004 X005 X 006 ¥ 007 %008 ¥ 009 ¥ 00A ¥ 008 X 00C 4 000)

Figure 7.35: Clock counter synchronization at GRL of a simplified data flow system.

7.6 Summary

NTUHEP designs raw-level protocols for optical data transmission in CDCTRG

in order to solve the latency issue. The raw-level protocols can be applied on all the

hardware transceivers and TRG boards in CDCTRG and the performance is proven

to be robust by long-term BERT. We also develop a scheme to control and synchro-

nize the data flow of all

links to the accelerator revolution clock in the whole system.

The scheme is tested to be working well under the interface of raw-level protocols.
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At the E-Hut in KEK Tsukuba experimental hall, we complete the basic structure
of CDCTRG data flow system with raw-level protocols, as shown in Figure [7.36
The data flow reaches the global trigger system (GRL) from CDCFE now.

8B/10B

64B/66B |

(GTH)

CDCFE
' ' ] ' ] ' ] ]
i | i | i i

- MG'RO [| M(;RZ (| M(;R4 [ MG'RG [ | M(;Rs [ M(;Rl [ M(;RS (| M(;RS (| M(;R7 |

— MPO
—— MPO-dLC-MPO
with patch panel

Figure 7.36: Status of CDCTRG data flow in KEK E-Hut.
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Chapter 8

Conclusions

This thesis presents two physics analysis on DY and BY decays at Belle, and the
FPGA firmware design for the Belle I CDCTRG system.

First, we have performed a search for D° decay to v and h™¢Tv, (h = K, 7, and
¢ = e, ) using the data sample collected with Belle detector at the KEKB asym-
metric energy ete™ collider. With charm flavor tagging method at the ete™ flavor
factory, we can tag on one of the two D mesons and utilize the recoil information
to search for the other D decaying to invisible signal, which provides an alternative
way for Dark Matter search. We obtain 6945051920 inclusive D yield by the charm
tagger. Since no significant signal is found, we set an upper limit of 8.8 x 1073
for the branching fraction of DY — v at the 90% confidence level. In addition,
the measurements of D° — h~ ¢y, are also performed and the measured branching

fractions are consistent with the PDG world averages.

The second topic is the search for B — pAn~y. The decay proceeds via the
b — sv radiative penguin process. We use the full T(45) data sample of 772x10% BB
pairs collected by Belle. The study is basically motivated by the observed hierarchy
of branching fractions in baryonic B decays modes. The result is also helpful to
understand the fragmentation and hadronization in B — Xv and is useful to tune
the parameters in JETSET. No significant signal yield is found and we set the upper
limit on the branching fraction to be 6.5 x 1077 at the 90% confidence level. We
also conclude that the decay under study does not follow the expected hierarchy;
instead, we find B(B® — pAn—v) < B(BT — pA~y).

In the Belle II CDCTRG system, we participate in the FPGA firmware design

183
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for CDCTRG Merger board and optical data transmission.

The CDCTRG Merger board is a data simplifier in CDCTRG. It receives the data
from the front-end readout system and the output is transmitted to Track Segment
Finder for further online tracking algorithm in rear-end of CDCTRG. Regarding
the firmware design, all the necessary functionalities, including core logic of trigger
algorithm, optical transmission, VME interface, and switching between operation
modes are already completed and tested. All the necessary 73 boards are confirmed
to be robust with different operation tests and are installed in the Electronic-hut
in Tsukuba experimental hall in KEK in the beginning of 2015. Merger boards are

ready for commissioning.

Regarding the data flow in CDCTRG, we use the optical fiber cables, embedded
optical modules, and high speed transceivers of FPGA chips to realize data trans-
mission. NTUHEP designs a user-defined protocol for optical data transmission in
CDCTRG in order to solve the latency issue. With the new design, transmission
latency can be reduced by a factor of 2~3 compared with the open-sourced Aurora
protocols. The protocols can be applied on all the hardware transceivers and TRG
boards in CDCTRG, and their performance is proven by long-term BERT. In addi-
tion, we also develop a scheme to control and synchronize the data flow of all links
to the accelerator revolution clock in the whole system. The scheme is tested to
be working well under the interface of user-defined protocol. At the E-Hut in KEK
Tsukuba experimental hall, the whole data flow network from readout to global

trigger is completed with our user-defined protocol implemented.
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Appendix A

Merger VME Functions

For all the functionalities related to Merger VME interface, the programs are
prepared in CPU server boards mounted on VME crate. Here are instructions about

how to operate Merger boards with the functions.

e Dip switch:
Dip switch is used to recognize the specific Merger board which we would like
to control through VME. As shown in Figure , the LSB 4 bits(1~4) of
SW403 are SL ID and 5~8 are local ID (In this case, SL ID = 0 and local ID
= 0). The MSB 2 bits are reserved for the flash memory configuration, and
they need to be always high.

LocallID SLID

Figure A.1: Dip switch of Merger board.

185
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186 Merger VME Functions

e VME_IF:
This one includes all the basic functions shown in Figure [A.2] The usage is:

./VME_IF [SL ID] [Local ID]

Then, the interface is shown in Figure[A.2] Some functions which are related

to Merger board are as following:

- 1) Read firmware variables: read the 32 bits signal corresponding to each
address. An example is shown in Figure After we type the address
(0x300), the board type, firmware version, and the 32 bits data will be shown.

- 2) Write one firmware variable: write 32 bits data to Merger

- 51) Multiple Unlock-Erase-Upload-Readback-Reboot for validation (for Merger):
This function item will erase the flash memory, download firmware (mgr.pof
at the same directory), and reboot the board. Therefore, the firmware in flash

memory will be updated to a new one.

- 52) Reboot: reboot the Merger board. If there is firmware loaded in flash

memory, reboot will make the board reload the firmware.

[belleE@lucath;t ~/new exe mgr]$ ./VME IF 1 0
Calling gefVmeOpen

———————————— VHME Access ————————————

1y Read firmware wariables

2) HWrite one firmware variable

3) Execute firmware uploading

4) EReadback CFG from Flash

11) Multiple Readback for wvalidation

12) Multiple Unlock-Erase-Upload-Readback-Reboot for validation

———————————— Play&Record ----———————-—

5) IO saving 6) play record 7) REM read g8) RAM write 9) FR_reset

13) VAL 0 IO saving 14) VAL 0 play_record

15) VAL 0 RAM read 16) VAL 0 RAM write 17) VAL 1-0 IO saving & RAM read

18) VAL 1-1 RAM write(l),play_record,RAM read,RAEM write (2),play record, RAM read
———————————— VHME for MergerVy - ————————

51) Multiple Unlock-Erase-Upload-Readback-Reboot for wvalidation(for Merger)

52) Reboot

0) Quit

Select master window action? I

Figure A.2: VME_IF.

e reload:
This is the function item 51) of VME_IF which is made as a standalone pro-
gram. Before executing the function, the firmware (.pof) needs to be moved

to the same folder and named as mgr.pof. The usage is:

./reload [SL ID] [Local ID]
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Select master window action? 1
Enter internal address to read: 0x300

| Version of Board : Mgr3 |
| Firmware ID : Merger|

| Firmware Version : 00000240
| Status : Q0000000 |
| 0x00000300 : Q0000000

Figure A.3: Read 32bits data by VME_IF.

To update firmware for all boards belonging to the same crate, use:

./reload_MGRX.csh
X =075

e reboot:

This is the function item 52) of VME_IF which is made as a standalone pro-
gram. The usage is:

./reboot [SL ID] [Local ID]
To reboot all boards belonging to the same crate, use:

./reboot_MGRX.csh
X =075

e operation:

This function is used to switch the board to different operation modes

Normal operation mode: execute

./operation [SL ID] [Local ID] O

Transmission test mode (for BERT): execute

./operation [SL ID] [Local ID] 1

Data player mode: execute
./operation [SL ID] [Local ID] 2

To control the operation of all Mergers at the same crate, execute:
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./switch_normal_MGRX.csh
./switch_test_MGRX.csh

./switch_dataplayer_MGRX.csh
X =075

e insert:

This function is valid only under the data player mode. By executing

X

./insert [SL ID] [Local ID] X Y

1 for U1
2 for U2

is location of data file.(not necessary)

Merger VME Functions

32%256 bits data patterns in the file test will be written to the board, then it

will start to play the patterns in running data flow. The argument Y is used

to indicate a specific data file, which is not necessary. If Y is not included

when executing insert function, the default data file is under TSIM _data. For
instance, if SL ID = 3, local ID =1, and FPGA is U2, the default data file is
TSIM_data/3_1_u2.dat.

e hit_count:

This function is valid only under normal operation mode. After data flow of

the system is on, by executing

./hit_count [SL ID] [Local ID]

the hit counters of all wires corresponding to the Merger will be read. The
outcome is shown in Figure [A4]

[belle2@localhost ~/new_exe mgr]§ ./hit_count 1 0
Calling gefvmeOpen

UlWireoo :

UlWireos :

UlWirel6 :

UlWire24 :

UlWire3z :

UlWired0 :

UlWire4s :

e hit_rate:

2904010f, UlWireol :

29040117, UlWire0? :

2904011f, UlWirel? :

29040127, UlWire25S :

2304012, UlWire33 :

23040136, UlWiredl :

2904013, UlWire4d :

29040110,

29040118,

29040120,

29040128,

29040121,

29040137,

2904013%,

UlWire02 : 29040111, UlWire03 : 29040112, UlWire04 : 29040113, UlWire0S :
UlWirel0 : 29040119, UlWirell : a9040lla, UlWirel2 : a9040llb, UlWirel3 :
UlWirel8 : a9040121, UlWirelS : a9040122, UlWire20 : 29040123, UlWire2l :
UlWire26 : 29040129, UlWire27 : a904012a, UlWire28 : a904012b, UlWire29 :
UlWire34 : 29040130, UlWire35 : a9040131, UlWire36 : a9040132, UlWire37 :
UlWire42 : 22040138, UlWire43 : 29040139, UlWired4d : a904013a, UlWireds :
UlWireS0 : 29040141, UlWireS1 : 29040142, UlWire52 : 29040143, UlWire53 :

29040114,

ag0401le,

29040124,

as04012¢,

29040133,

2904013c,

29040144,

Figure A.4: Result of hit_count.

UlWire06 :

UlWirels :

UlWires2 :

UlWireso :

UlWire3s :

UlWired6 :

UlWires4 :

29040115,

2904011d,

29040125,

as04012¢,

29040134,

2904013c,

29040145,

This function is valid only under normal operation mode. After

the system is on, by executing

./hit_rate [SL ID] [Local ID]

UlWireo7 :

UlWirels :

UlWires3 :

UlWires1 :

UlWire3s :

UlWired7 :

UlWiress :

29040116,

agos0lle,

23040126,

2904012d,

29040135,

2904013d,

29040146,

data flow of

d0i:10.6342/NTU201601179



Merger VME Functions

189

the hit rate of all wires corresponding to the Merger will be read. The outcome
is shown in Figure [A.5]

UlWireQQ
UlWireQl
UlWire02
U1Wire03
UlWire04
UlWire0s
UlWireO6
UlWireQ7
UlWireO8
UlWire0s
UlWirelD
UlWirell
UlWirel2

e reset_counter:

[belle2@localhost ~/new_exe mgr]$ ./hit_rate 1 0
Calling gefVmeOpen

30519.79101& /=ec,

30515.
30519.
30519.
30519.
30519.
30519.
305189.
30518.
30518.
30518.
30518.
30515.

Figure A.5: Result of hit_rate.

791016
791016
791016
791016
791016
791016
791016
791016
791016
791016
791016
791016

J/=ec,
/sec,
/sec,
/=ec,
/sec,
/sec,
f=sec,
f=sec,
[=ec,
[=ec,
[=ec,
[=ec,

The wire hit rate is calculated with the hit scalars and time counter. Both the

hit scalars and time counter can be reset to 0 by executing:

./reset_counter [SL ID] [Local ID]
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Appendix B

Inclusive DY under Different

tag/Xfmg modes

B.1 Inclusive D" under Different D!} Modes

tag

The inclusive DO fit results of data and six times data size generic MC under
different D{*) modes are listed in Table [B.1B.4

tag

ID Diag Dj,, Npo ratio
1 D’ — K—r+ 62547.50133512 9.01%
2 DY — K—ntq® 90360.207553 73 13.01%
3| D= K ntrtr 87668.307 3059,  12.62%
4 | D - K—ntrtr—n0 21748.2072829% 3.13%
5 DY — K9ntrn 11437.70 5150 1.65%
6 | D°— Kintm 70 7643.34T13570 1.10%
21| Dt = Krtr* 81833.70, 7.7  11.78%
22 | Dt - K-atntq® 30023.40195550 4.32%
23 Dt — Kor+t 4015.89140%3%  0.58%
24 Dt — Kortr0 8805.9373.73  1.27%
25 | DY — Kntatr 6047.2471150  0.87%
26 | DT — K*K—r* 10125.307 10352 1.46%
31 AP — pK—nt 15613.5011550r  2.25%
191
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Inclusive D° under Different Dgz /X frag modes

D Diag D, Npo ratio
32 AF = pK-ntrd 3842.31110040  0.55%
33 A} — pKY 1328.87133%8  0.19%
34 AF — Art 687.3373505  0.10%
35 A — Arta® 1339.59720:67  0.19%
36 | Af— Antata 1212.43733  0.17%
41 | Df - KtK nt 16718.601 19505 2.41%
42 Df — KoK+ 1220617237 0.18%
43 Df — KJK%r™* 177.727185  0.03%
44 | Df - KtK-ntz® 9895.03755007  1.42%
45 | Df - KYK+ntat 1161.407253  0.17%
101 DY — K—n+ D** — Dzt | 26061.20753357  3.75%
102 DY — K—rtqd D+ — D7+ | 32400.70737253  4.67%
103 | DY — K—rwtrtr~ | D' — Dzt | 30881.701 55508  4.45%
104 | D° - K—ntata—a® | D — DOzt | 4998.2673%051  0.72%
105 D — Kontm~ D** — DOzt | 4466.70193%0  0.64%
106 | D° — K%rtn—a® | D — Dzt | 2515.0577849  0.36%
201 D’ — K7t D*0 — D7% | 10916.507119%%  1.57%
202 DY — K—qtqd D*0 — DO7% | 14542.60718%27  2.09%
203 | D° — K-rntrtn— | D — D% | 12687.9071259%  1.83%
204 | D° — K—ntntr— 7% | D0 — DOz% | 2426.8275932  0.35%
205 DY — Kontm~ D* — DO7% | 1929.2178351  0.28%
206 | D° — KOrtn—7® | D* — Dx° | 1076.20%3937  0.15%
301 DY — K—7t D*0 — D% | 13170.30718277  1.90%
302 D° — K—ntnd D — D% | 16714.307 555 5)  2.41%
303 | DY — K-ntata— | D* = D% | 16929.60729%80 2.44%
304 | D° —» K—rtrtr—n | D — D% | 4652.66%15:52  0.67%
305 D° — K9ntn— D* — D% | 2306.3375227  0.33%
306 | D°— Komtm 70 D — D% | 13255578022 0.19%
121 | DY — K atat | DY - D™z | 8361.37155% 1.20%
122 | DF — K-ntrtr® | D — DTr0 | 22126415580  0.32%
123 Dt — Kint D+ — DTr0 | 441.98755%%  0.06%
124 Dt — Kortr0 D** — D*x0 | 805257351 0.12%
125 | DY — Kdrtntn™ | DY — DTz | 649.1675:55  0.09%
126 | DY = KtK—7t | DY - Dtz% | 887.2672,%  0.13%
441 | Df - K*K-nt | Dt — Dfy | 8424.65713518  1.21%
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ID Diag D}, Npo ratio
442 Df — KYK+ Dt — Di~y | 714.6873938  0.10%
443 | Di — KOK%n*t | Dt — Df~ | 85.38%13%% 0.01%
444 | Df - KTK-nt7% | D — Df~ | 2942.8011196% 0.42%
445 | Df — KOK*rtat | D — Dy | 541.197333  0.08%

Table B.1: Inclusive DY data fit results (Npo) under different

Dﬁ:g modes.

1D Dyag Dfag Nk ratio
1 DY — Kt 76813.613393%  5.43%
2 D — K—7tn® 279737 510558 19.78%
3 | D'—= K ntrntn 13578511673 9.60%
4 | D° = K—atato—qY 101763750792 7.20%
5 D° — K9ntr 13011.37552s  0.92%
6 D° — Klnta=n° 1771641195 1.25%
21 Dt — K—ntrnt 10429535710 7.38%
22 | Dt - K-rntntna® 113372132022 8.02%
23 Dt — K9t 5256.14 10852 0.37%
24 Dt — Kortr0 21699.9759712  1.53%
25 | Dt = Krtrtn 8684.11775397  0.61%
26 | DY = KtK—r+t 35405.2733220 2 50%
31 AF = pK—nt 14291.611252  1.01%
32 AF — pK—ntq® 13756.7114522  0.97%
33 A — pK? 1007.09743%  0.07%
34 AF — Ant 582.6997317%  0.04%
35 A — Arta® 2449.5470880  0.17%
36 | A — Antrtae 1166.571518)  0.08%
41 | Df - KtK-rnt 20678.4725050  2.10%
42 D — KK+ 1796.44723°%  0.13%
43 Df — KOK9n* 231.32377031  0.02%
44 | Df - KtK—nt7° 4794715538 3.39%
45 | Df — KYK*+rtat 2019.6272597  0.14%
101 DY — K—rt D*+ — DO+ | 25667.8125590  1.82%
102 D° — K—gtrd D* — DO+t | 41264.5728 7L 2.92%
103 | DY — K-wtatn— | D — DOxt | 29726.3721200  2.10%
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D Diag Dj,, Nock ratio
104 | D° = K—ntata—a® | DY — DOzt | 6681.647525 % 0.47%
105 DY — Kdrtm™ D* — DOt | 421747751990 0.30%
106 | D° — Kintn—7® | DY — Dz | 30489317532  0.22%
201 DY — K—7+ D* — DO7% | 12087.671452%  0.85%
202 D’ — K—mtqY D*0 — DO7% | 259754131380 1.84%
203 | D’ — K—ntata= | D — DO7% | 1547917555 1.09%
204 | D° — K-ntrtr—7% | D — D7% | 8564.237118%%0  0.61%
205 DY — Kintm~ D* — D70 | 1904.617500;  0.13%
206 | D° — K9ntr—n® | D*° = D% | 2040.7572%1  0.14%
301 D - K-t D*0 — D% | 20972.1+190-03 1 48%
302 DY — K—ntq® D*0 — DO | 58001.27309%7  4.10%
303 | D°— K-rntrtn~ | D — D% | 37660.721780  2.66%
304 | D° —» K—rntrtr—7% | D — D% | 23381373339 1.65%
305 D’ — Kdntnm~ D* — D% | 4044.457 30558 0.29%
306 | D°— Komtr— 70 D* — D% | 4530.6278¢37  0.32%
121 DY — K-atat | DY = D*x0 | 10630.271555%  0.75%
122 | DY — K—rtnta® | D — D+7% | 8966.69" 15355 0.63%
123 Dt — Kon* D* — D*7% | 603.0667351L  0.04%
124 Dt — Kortr0 Dt — D70 | 1724.8973597  0.12%
125 | Dt — Kdntntn~ | DY — D*¥n0 | 838.833%3-¢2  0.06%
126 | DY = KtK-—7t | DY = D*n0 | 2107.85%5%%  0.15%
441 | Df - KT*K-nt | D*f = Dy | 119193714264 0.84%
442 Df — KK+ Dt — Df~ | 834.31671074  0.06%
443 | D — KYKon™* Dt — Dty | 102.66371292 0.01%
444 | D - KtK-ntn® | Dt — Dy | 145264712020 1.03%
445 | DF — KAK*+ntrt | Dt — Dy | 918.73173247  0.06%
Table B.2: Inclusive D° data fit results (Nyy,) under different Dt(;k; modes.

ID Diag Dj,, Npo ratio

1 DY — Kt 237981153348 7.22%

2 DY — K—ntqd 32391875712, 9.83%

3| D'—= K rntntn 32139273203 9.76%

4 | D° - K-rtrtrqd 114832191538 3.49%
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D Diag D, Npo ratio
D° — K9rtn— 41581.9150545 - 1.26%

6 D° — Kyrtr—n° 30170.373055% 0.92%

21 Dt — K-ntrnt 361274772258 10.97%
22 | DY - K—ntatqd 148495195550 4.51%
23 Dt — Kor+t 15674471059 0.48%
24 Dt — K9nt70 35362.87 1109 1.07%
25 | DT — Kntrtn— 29354.8753058  0.89%
26 | DY — KtK—7*t 37435.675,2%  1.14%
31 AF = pK—nt 122098156580 3.71%
32 | A = pK-ata® 30628.97575-%  0.93%
33 AF — pKY 8800.7111135  0.27%
34 AF — Ant 5051.15757  0.15%
35 A — Artn® 7645.38T 15253 0.23%
36 | Af— Antrtae 18852.7117322  0.57%
41 Df - KtK—rnt 81942.8T7%52T  2.49%
42 D — KK+ 904513113597 0.27%
43 Df — KYKon™* 1429.037232%  0.04%
44 | Df - KtK-ntz® 63216.773507%5  1.92%
45 | D — KOK*tntrnt 10381971539 0.32%
101 DY — K—7+ D*+ — DO+ | 165057133024 5.01%
102 DY — K—ntq0 D+ — D7+ | 19695978049 5.98%
103 | D°— K—rwtrtr— | D' — Dzt | 18694378109  5.67%
104 | D° - K—ntata—a® | D*F — Dzt | 29334.572879%  0.89%
105 DY — Kontm~ D*+ — DO+ | 26697.4722246  0.81%
106 | D° = K%rtn—7® | D* — DOzt | 16044.7722542  0.49%
201 DY — K—7+ D* — DO7% | 69702.673500  2.12%
202 DY — K—rtqd D* — DO7% | 83038.5715020  2.52%
203 | D’ — K—ntata~ | D0 — D70 | 7201227335350 2.19%
204 | D° —» K—ntrata—n® | D0 — D70 | 13946.973030%  0.42%
205 DY — Kontnm~ D* — DO7% | 10806.27137-9%  0.33%
206 | D° — Kntr—x® | D — D70 | 6761.14775557  0.21%
301 D - K—nt D0 — DOy | 74772.4138240 2 97%
302 DY — K—7tq0 D* — D% | 90066.375080  2.73%
303 | D°— K-ntatn~ | D — D% | 94042373730 2.85%
304 | D° — K—rtrtr—n0 | D0 — D% | 21741575550 0.66%
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D Diag Dj,, Npo ratio
305 | D°— Kirtm~ D0 — DO | 12725.7716329 0.39%
306 | D — K9ntr—n® | D — D% | 7605.11712545  0.23%
121 | DY - K—atat | DY = D*n0 | 60218.8737352 1.83%
122 | DY — K—ntnta® | D — D+7% | 16889.1733532  0.51%
123 Dt — Kor+t Dt — D70 | 294337110098 0.09%
124 | DY — Kortn® | DY — D*n0 | 4929.387113%  0.15%
125 | DT — Kdntntn— | DY — D¥a0 | 44159715539 0.13%
126 | DY - Kt*K-7t | DY — D*x° | 5700.05711%88  0.17%
441 | Df - K*K—7nt | Dt — D}y | 78220.27379-28 2 37%
442 Df — KK+ Dt — Df~y | 9428.46113949 0.29%
443 | Df — K9K9nt | Dt — D~ | 1379.697201  0.04%
444 | DY — KTK-nta® | Dt — D}y | 35857.2795992 1.09%
445 | DY — KOK*ntat | Dt — Df~ | 8703.93713924  0.26%

Table B.3: Inclusive DV six times data size MC fit results (Npo) under different D§;;

modes.

ID Diag Di,, Nyer, ratio

1 D - K-t 299409762020 4.13%
2 DY — K—ntqd 110946071355 08  15.30%
3| D°—= K rntrtn 6347807307010 8.75%
4 | D - K—ntntr—n® 5498741115588 7.58%
5 D° — K9ntr 61460.4730357  0.85%
6 | D°— Kintr n° 10325615552 1.42%
21| Dt = K ntnt 43170715030 5.95%
22 | Dt — K-ntrntn® 5840697115948 8.05%
23 Dt — Ko+t 19081.671723%  0.26%
24 Dt — Kortr0 92506.713015¢  1.28%
25 | DY — Kntrtr 48480.4137-15 0.67%
26 | Dt - K*K-nt 14801830558 2.04%
31 AP — pK—nt 91595.4139%%  1.26%
32| Af = pK 7ta® 88998.8T35540  1.23%
33 A} — pKY 5987.251 10555 0.08%
34 A — Art 3571797505 0.05%
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D Diag Dj,, Nk ratio
35 A — Artn® 14788.67125%  0.20%
36 | AF = Antata 13152.31122:8% 0.18%
41 | Df - KTK-nt 143816735551 1.98%
42 Df — KK+ 11479.87137 08 0.16%
43 Df — KYKon+* 2187.0615,%  0.03%
44 | Df — KtK—7tn® 263902135297 3.64%
45 | Df — KYK+ntnt 171932715797 0.24%
101 DY — K7+t Dt — DOzt | 172594735301 2.38%
102 D’ — K—mtqd D** — DO+ | 2641797588 3.64%
103 | D° = K—rntxtn— | DY — Dzt | 19966215028 2.75%
104 | D° = K-atata—a® | DY — DOnt | 46642.17320-10  0.64%
105 D — Kyrtrm™ Dt — DOzt | 29239.2723282 0.40%
106 | D° — Kdrtn—n® | DY — DOzt | 22251.37239%°  0.31%
201 DY — K7+t D* — DO7% | 76247.97333-00 1.05%
202 D’ — K—7tqd D — D70 | 1441537571 1.99%
203 | D° — K—ntata~ | D — D7% | 94835.8733121 1.31%
204 | D° — K-rntrtr—7% | D — DO7% | 51647.7735342 0.71%
205 D — Kintm~ D* — D70 | 12274.277320  0.17%
206 | D° — Kortn—n® | D — DO7% | 13402.97132 0.18%
301 DY — K-t D0 — DO | 117915153337 1.63%
302 DY — K—ntq® D0 — DO | 289114187256 3.99%
303 | D°— K—atata= | D* — D% | 222094755359 3.06%
304 | D° —» K—rntrtr—7% | D — D% | 153495752521 2.12%
305 DY — K9ntr~ D0 — DO | 24521.471955%  0.34%
306 | D° — Kntrn® | D — D% | 30084.6"2518 0.41%
121 | DY = K-atat | DY — D¥a0 | 75324.3730320  1.04%
122 | Dt — K-rwtrtr® | DY — Dta0 | 56215.97309-4¢  0.78%
123 Dt — K9nt Dt — D*r0 | 3406.8771557%8  0.05%
124 Dt — KYrtn0 D** — D*r0 | 10434.57133-32 0.14%
125 | DT — Kdrtnta™ | DY — D0 | 6802.2271095%  0.09%
126| Dt — KtK—nt | DY = D+7% | 11661.9715307  0.16%
441 | Df —» K*K-nt | D — Df~ | 92213.8739747  1.27%
442 Df — KK+ Dt — D~y | 9354.567120:95  0.13%
443 | D — KYKon* Dt — D~y | 1441173097 0.02%
444 | Df — KtK-nt7% | Dt — Df~ | 102533788041 1.41%
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D Diag D;

tag

445 | Df — KYK*rtat | DIt — Dy | 11576.871395  0.16%

N, bek ratio

Table B.4: Inclusive DY six times data size MC fit results (Ny) under different D

tag
modes.
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B.2 Inclusive D’ under Different X;,,, cases

The inclusive D° fit results of data and six times data size generic MC under

different X,,, cases are listed in Table B.8

1D X frag Npo ratio
0 nothing | 16170.6 1290  2.33%
1 n+ 115837150177 16.68%
2 70 22420.575052]  3.23%
3 S 121279159057 17.46%
4 rEnT 94087.4 737411 13.55%
5 rEpEa T | 172419771389 24.83%
6 o0 | 129050785050 18.58%
10 | with KK~ | 41182752882 5 93%

Table B.5: Inclusive D data fit results (Npo) under different Xy, cases.

1D Xfrag Nk ratio

0 nothing 1146.6477752  0.08%
1 mt 49494.3152837 3.50%
2 0 18282.5T10712  1.29%
3 70 248278765092 17.56%
4 nEnF 65049.8733540  4.60%
5 | atrtat | 446345752312 31.57%
6 rErta0 | 308119750550 21.79%
10 | with KtK~ | 259209+73599  18.33%

Table B.6: Inclusive D data fit results (Npe) under different Xy,q, cases.
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Inclusive D° under Different Dgz /X frag modes

1D X frag Npo ratio
0 nothing | 8124.457 10156 0.25%
1 o+ 339760757581 10.31%
2 70 55146.531001 1 67%
3 0 5926321109496 17 99%
4 rErF 497909750583 15.11%
5 | atatr® | 957673TMIL0 99 g7y
6 a0 | 82856814500 25.15%
10 | with KTK~ | 228247131431 6.93%

Table B.7: Inclusive D six times data size MC fit results (Npo) under different

Xfrag CasSES.

1D Xfmg Nbck ratio
0 nothing 3830751 o¢ 0.05%
1 m* 186619721081 2.57%
2 70 59577.373550%  0.82%
3 g0 10896407 153959 15.02%
4 rEnT 286795107000 3.95%
5 | wErErF | 2222600115373 30.64%
6 rErtn® | 1697440725923 23.40%
10 | with KTK~ | 1493380714222T 20.59%

Table B.8: Inclusive D° six times data size MC fit results (Ny) under different

X frag CaSES.
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