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{KQ - K’} Asymmetry in {D° Decays

Abstract

s his analpfid aims at carrping out meafurements to De-
termine an afpmmetry that bas been propofed to erif
in the vecay of DO mefon into various €F and DES
modes.” A detailed meafurement of the DO vecay into KOm® and
Kgno final ffates hasd been performed along with other neceffary
related decap moded. The refult from thid can be ufed to dif-
entangle the €F DO — Ko and DE€& D° — KO amplituves,
and contributes to the important goal of conftraining the firong
phafe Ok between DO — K-t and DO > Kt . 3his meafure-
ment i8 bafed on a fmall fraction of data fet accumulated by the
Delle detector at the KEKXD ete colliver, mith KO candivates
reconftructed ufing badronic clufers in the REMY together with
a DO maf confraint and D* tag. Shi8 afpmmetry i8 atin to a
generic procef of fymmetry breafing. While the main goal of the
Delle afpmmetric detector i3 to fudy the fpontaneous fpmmetry
breafing in the B-mefon fpfem®, the coloffal fize of the data
accumulated "off” the Y(4S) refonance alfo provides a fuitable
madyine for the tudy of the darm mefon fector.

a

CF and DCS stand for Cabibbo Fabored and Doubly Cabibbo Suppressed

b
The K and p identification system at Belle is known as KLM

c

CP or charge-parity violation
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Chapter 1

Experimental Situation and

Motivation

”I was born not knowing, and I
have only had a little time to
change that here and there”

Richard Feynman

in this Chapter....The theoretical motivations and the experimental back-
grounds of the measurement are described.



THEORETICAL MOTIVATION

iterature in High Energy Phyficd and Phenomenology hasd a few papers that have toudyed the phenom-
ena of {D — (Kg Ky )7t} afymmetry with a fummarty that divected for a grit vatber than worked a8
a folid bafis for carrping out this erperiment.

FTER this measurement was performed still more aspects have come up
A although they all lie in the precinct of experimental investigation. Nev-
ertheless this measurement has given a semi-quantitative evidence of the pro-
posed asymmetry in the process of neutral charmed meson’s decay. An early
phenomenological treatment that is available in the literature is one by Bigi
and Yamamoto where they have summarized the situation before this mea-
surement.! Extracting from their paper here is the summary of the physics of

the situation.

“Both Cabibbo allowed and Doubly forbidden transitions contribute coher-
ently to D — Kg,L + mmdecays. This leads to several intriguing and even quan-
titatively significant consequences, among them:

(i) A difference between (DT — Ksmr™) and (DT — K. ") and between
(D% — Ksm®) and (D® — K. 1% of roughly 10 %; similarly (Dt —
[Ks¥)k:117) # 1/47 (D+ — [K~ 1] 717), and more generally (D — KO+ 17's) #
2I'(D — Ks+1T's).

(ii) A change in the relative phase between the isospin 3/2 and 1/2 ampli-
tudes as extracted from the observed branching ratios for D* — Kgrr*,D° —
Ksr®, KTt

(iii) If new Physics intervenes to provide the required weak phase, then CP
asymmetries of up to a few percent can arise in D™ — Kgrtt vs D™ — KsrT,
DO — Ksr vs. D’ - Ksr®, DF — [KsmVk: 11" vs. D™ — [Ksm¥)k+ T~ etc.; an asym-
metry of the same size, but opposite in sign occurs when the Ksis replaced by
a K_ in the final state.

The weak decays of charm hadrons posses three layers, namely Cabibbo al-
lowed, once and twice forbidden transitions. The first two layers have clearly
been observed in D decays, while the third one is now emerging in the data.
In this note we want to point out that the existence of doubly Cabibbo sup-
pressed D(DCSD) channels has a subtle, yet significant impact on Cabibbo al-
lowed D(CAD) decays producing neutral kaons. The main results are:

nterference between Cabibbo allowed and doubly forbidden transitions in D — Kg| + 77's
Decays, [7]
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a) (D — Ks+ 1's) # (D — KL+ 17's) (irrespective of CP violation in K — 771
decays) and thus (D — Ko+ S) # 2I' (D — Ks+ 17's); the difference allows to
extract the amplitude for the DCSD mode D — K%+ 7's.

b) Ignoring DCSD leads to a systematic error of €/(10%) in the extraction of the
tinal state phaseshifts in the D — Kretc. channels.

c) If New Physics intervenes in DCSD and provides a weak phase, then D —
Ks+ m'sdecays would exhibit a direct CP asymmetry that

(i) cancels against the corresponding asymmetry in D — K| + 1'svs. D — K| +
m'smodes,

(ii) establishes the existence of physics beyond the KM ansatz for CP violation
and

(iii) can be interpreted in terms of the microscopic parameters of the New

Physics.

The search for D° — D° mixing has long been one of the most interesting
projects in charm physics. Publications by the FOCUS [1] and CLEO [2] collab-
orations have stimulated a series of new measurements, including an updated
ycp measurement by the Belle collaboration [3], reported at the summer con-

ferences.

An important quantity in the interpretation of D° — D° mixing results is the
phase difference ok between the Cabibbo favored (CF) and doubly Cabibbo
suppressed (DCS) neutral D meson decays. As has been shown in [4], new
information on & may be obtained by measuring the asymmetry between
the decay rates of D? intoK? 1° and K2 m° where the effect may be as large as
O (tar? 8;), i.e. at the 5% level.

In this thesis the author describes a detailed measurement of the D° —
KPm®/DP — K2m® decay rate asymmetry, using the Belle detector at the KEKB
e"e” collider with a new approach compared to the first such measurement
carried out at Belle before the author had joined the collaboration. In order to
cancel out most of the systematic effects of the detector, we extract the K?/KZ
relative detection efficiency from the ratio of K?rr" 1~ and Krr* 1~ modes via
the decay DY — K*~mr*. The presence of K*~ — K%~ in the decay chain en-

sures equal rates of K and K2 in this case.
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Throughout the thesis, the inclusion of CP-conjugate processes is implied. In
particular, the D0 — KETIO is combined with D° — KB m°, and so on. Thus the K|
and Ksare treated as CP-eigenstates® and it is assumed that direct CP violation
in D — Kmand K decays, if present, may be ignored at our present sensitivity.
At instances, however, study of only a particular decay mode or a set of modes
without inclusion of their corresponding charge conjugate modes will suffice
the purposes of such studies. The exclusion of charge conjugate modes will be
mentioned. The final analysis includes all relevant modes in a consistent way.
to be added more.......

2the error is negligible



Chapter 2

The Belle Detector and the

Experiment

in this Chapter.....The Belle CP violation Experiment and the Belle Detec-
tor are described. The detector is located in the enerqy asymmetric € e*
collider at Tsukuba, Japan where this measurement was performed.



BELLE EXPERIMENT

2.1 THE GOAL OF THE BELLE EXPERIMENT

Introduction

he current theory of fundamental particles and
their interactions is formally known as ”Standard
Model (SM)” of Particle Physics. These fundamental
particles are categorized into three generations of spin
-1/2 fermions, and the interactions between them are

mediated by spin -1 bosons.

The SM has been successful in explaining physical phenomena “transmitted”
by the fundamental forces viz. strong, electromagnetic and weak interactions,
but not gravity.

LMOST all experimental results to date are consistent with the SM. But,
A as we all have become aware, the SM is not the complete and final the-
ory: it contains many ad hoc numbers (such as fermion masses) and puzzling
phenomena (such as the presence of only left-handed weak interactions). We

expect to see and look forward to—evidence of new physics beyond the Stan-
dard Model.

2.2 FLAVOR PHYSICS

N THE Standard Model the complex phases of the 3 x 3 Kobayashi-Maskawa
(KM) quark mixing matrix are the source of CPviolation at the electroweak
scale and have their origin in the quark mass matrix of the Yukawa sector of
the theory. The study of CP violation and measurements of the KM matrix ele-
ments, including the complex phases, are very important for the development
of a more fundamental understanding of nature.
In the KM model, CP violation is attributed to complex phases in the quark
mixing matrix
Vud Vus Vub
Ved Ves Voo |- (2.1)
Via Mis Vib



2.2. FLAVOR PHYSICS

The nontrivial complex phases are typically assigned to the furthest off-
diagonal elements V,, and Vq. Unitarity of the KM matrix implies that
i VijVik = Ojk and 3 ; Vij\Vkj = &k, which gives the following relation involving
Vub and Vig :

VidVib + VedVep + VudVip = 0. (2.2)
This expression implies that the three terms form a closed triangle in the com-

plex plane, as shown in Fig. 2.1. The three internal angles of this so-called

“unitarity triangle” are definedas

Vchc*b) (VudVJb) <Vchc*b)
=ar ,p=ar ,p=ar = |- 2.3
21 9< ® 9 ViaVig ¢ 9 VodVis (2.3)

ViaVip

G

VebVed

Figure 2.1: CKM Unitarity traingle.

Wolfenstein suggested a rather convenient approximate parameterization of
the KM matrix [13],

1-1?/2 A A3A(p—in)
—A 1-A2%/2 A2A , (2.4)
ASA(l—p—in) —A2%A 1

where there are four parameters, A, A, p, and 1), that have to be obtained from
experiment. Of the four, A and A are relatively well determined; less is known
about p and n.
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2.3 THE Y(49)

HE Y(1S) MESONS are bound states of bb quarks with spin, parity and
T charge conjugation quantum numbers JP¢ = 1=, After the first ob-
servation of the Y(1S) in proton-nucleon collisions by the CFS collaboration,
the existence of the Y meson was confirmed by experiments at CESR [9] and
DORIS [8]. Fig. 2.2 shows the total € e~ annihilation cross section as a function

of the CM energy in the region of the Y resonances measured by CLEO [10].
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Figure 2.2: ete™ total cross section

The mass of the Y(4S) meson is just above the threshold for decay into BB
meson pairs, where B refers generically to a bound state of either bu or bd
quarks. It decays about 96% of the time into such BB pairs [10]. The cross
section of Y(4S) production at its peak position is about 1/3 of that of total
hadronic production ete” — qd (d=u,d,s,C), which is often referred to as
“continuum”. Therefore, although KEKB is operating at the Y(4S) resonance
to produce BB pairs, it produces three times more gq events that constitute a
major source of background to B physics. Due to the low invariant mass of the
qq pair, the jets from these light quarks are produced with a significant boost
factor. In contrast, the B and B mesons from Y(4S) decay are generated nearly
at rest, and so have a more spherical event structure. We will use this dif-
ference later to suppress continuum events with so-called shape variables. In
order to study the gg contribution cleanly, KEKB is sometimes operated at 60
MeV below the Y(4S) resonance. The data taken at the Y{(4S) resonance and 60
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MeV below are referred to as “on-resonance” and “off-resonance” respectively.
Around 10%of data taken by Belle are off-resonance. The ratio of the branch-
ing fraction of Y(4S) to B’B? and B*B~ has also been measured by CLEO [10]

and is:
A(Y(4S) — BTB")
2(Y(4S) — BOBY)

which is consistent with equal production rates for charged and neutral BB

—1.04+0.07+0.04, (2.5)

pairs. Here we follow the Particle Data Group (PDG) convention, which as-

sumes an equal production rate [11].

24 HISTORY OF THE BELLE EXPERIMENT

HE BELLE EXPERIMENT started at KEK in Tsukuba, Japan, in 1994. The
T construction of KEKB was completed in 1998. After half a year of KEKB
commissioning, the Belle detector was installed in the beam line in May 1999.
Physics runs started in June 1999. Physics runs are divided into “experiments.”
The period and accumulated luminosity for each experiment upto April 2005
are listed in Table 2.1. The accumulated luminosity and peak luminosity of
KEKB are shown in Fig. 2.3; as you can see, the daily measures (top three
graphs) continue to rise, indicating continuous improvement in the operation
of the accelerator. In May 2005, KEKB achieved the world record of the peak
luminosity of 15.81x 10°* cm~2s~! and up to June 12,2006, KEKB accumulated
a record integrated luminosity of 612fb~1. Today, about 1fb~! of data is taken
every day.

The main physics goal of Belle is to study CP violation in the B meson system.
Additionally, Belle has made significant achievements in charm, 7, and two
photon physics, as well as non-CP aspects of B physics.

2.5 THE KEKB ACCELERATOR

HE KEKB colliding-beam accelerator provides the electron-positron colli-
T sions at the heart of the Belle detector. It consists of two storage rings of
3.012km length each, one for the 8 GeV electrons (High Energy Ring, HER)
and one for the 3.5 GeV positrons (Low Energy Ring, LER), that were con-
structed inside the tunnel of the decommissioned TRISTAN accelerator. The
rings are positioned 11m underground. Since the two beams have different en-

ergies, separate beam pipes are used. To ensure that the circumference of each
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Table 2.1: Experiment numbers and integrated luminosity.

ExpNo Integrated luminosity ( fb~1) |
On resonance Continuum Energy scan Total
3 0.02 0.002 0.009 0.03
5 0.24 0.019 — 0.26
7 5.86 0.589 0.084 6.53
9 4.38 — — 4.38
11 8.32 1.216 0.124 9.66
13 10.8 1.209 0.065 12.1
15 12.8 1.412 — 14.2
17 12.1 0.848 — 12.9
19 29.1 3.645 — 32.7
21 4.41 — — 4.41
23 6.30 1.449 — 7.75
25 259 1.675 — 27.8
27 25.6 3.755 — 294
29 — — — —
31 18.1 2.425 — 20.5
33 17.7 2.734 — 20.4
35 16.8 1.959 — 18.7
37 62.6 6.091 — 68.7
39 50.3 — — 50.3
41 64.9 — — 64.9
Total 376.2 29.03 0.283 405.6
Luminosity of KEKB
Oct. 1999 - Feb. 2004
i A
; sn%i‘f’!?”%%‘?f?f“'i'“”'éﬁ i) IR B0 ——
EEEeE S
“g 202} A 'ﬁﬂm o A A BB R R ] 5:7-.7254%//73‘:)?;5
Eig b T P gl
2 b EErE f_,‘;— 197.5 /fb
35_E Ty :
D:' hgg“"uu" 07/01 U1/U1/2IUDT ! 07/01 ‘ UVIEIVZEIU‘Z U‘7/|El1‘ ! UI1/D1/Z‘UD'3 : 67/01‘ 01/'01/2034
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Figure 2.3: KEKB luminosity history.
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Figure 2.4: KEKB e"e collider configuration.

ring is precisely the same, a second cross-over of the two beam pipes occurs
in the “Fuji” area. The configuration of the KEKB storage ring is illustrated in
Fig. 2.4. The electron and positron beams are created and accelerated to their
tinal energy in the linear accelerator (Linac) and then injected into KEKB in
the Fuji area. The two beams cross at the interaction point (IP) in the Tsukuba
experimental hall at the center of the Belle detector [12]. At the IP, electrons
and positrons collide with a finite crossing angle of £11 mrad. In order to
compensate for the energy loss of the beams due to radiation as they circulate
in KEKB, two kinds of RF cavities—normal conductive cavities called Accel-
erator Resonantly coupled with Energy Storage (ARES) and superconducting
cavities (SCC)— are installed. The positron beam passes through wigglers that
are installed in order to reduce the longitudinal damping time of the LER.

KEKB was designed to achieve a luminosity, .Z, of 10%* cm—2s 1 based on the

formula:

1 IE
— bl ) = (221095 (.

B g

where e is the elementary electric charge, re is the classical electron radius,

< (2.6)

¢y is the vertical beam tune shift parameter, fB; is the vertical 8 function at
the IP, y is the Lorentz boost factor, | is the beam current and E is the beam
energy. The units of L, |, E and B; are given in cm 2571 A, GeV and cm
respectively. We assume that B and ¢, are the same for both beams, because

unequal parameters cause incomplete overlap of both the beams during the
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Table 2.2: Main parameters of KEKB.

Ring LER HER Unit
Energy E 3.5 8.0 GeV
Circumference C 3016.26 m
Luminosity & 1x10% cm 2571
Crossing angle O« +11 mrad
Tune shifts éx/ &y 0.039/0.052 m
Beta function at IP B /By 0.33/0.01
Beam current I 2.6 1.1 A
Natural bunch length o 0.4 cm
Energy spread Ok 7.1x10%  6.7x104
Bunch spacing S8 0.59 m
Particle/bunch N 3.3x100  1.4x10%
Emittance &/&  18x1078/3.6x 10710 m
Synchrotron tune Vs 0.01~0.02
Betatron tune Vx/Vy 45.52/45.08 47.52/46.08
Momentum compaction factor  ap 1x10%~2x104
Energy loss/turn Ug 0.811/1.5% 35 MeV
RF voltage Ve 5~10 10~20 MV
RF frequency frRE 508.887 MHz
Harmonic number h 5120
Longitudinal damping time Te 431/23% 23 ms
Total beam power P 2.71/4.5% 4.0 MW
Radjiation power Psr 2.11/4.0% 3.8 MW
HOM power Pyowm 0.57 0.15 MW
Bending radius P 16.3 104.5 m
Length of bending Ip 0.915 5.86 m

T: without wigglers, 1 with wigglers.

collision. This assumption requires | E; =1_E_, so the LER current is higher
than the HER current. The design parameters of KEKB are listed in Table 2.2.

2.6 THE BELLE DETECTOR

HE BELLE DETECTOR is a general purpose detector surrounding the inter-
T action point (IP) to detect the particles from e"e~ collisions. In order to
study the B meson and other related physics at KEKB, the Belle detector con-
sists of a beam pipe, Extreme Forward Calorimeter (EFC), Silicon Vertex Detec-
tor (SVD), Central Drift Chamber (CDC), Aerogel Cerenkov Counter (ACC),
Time of Flight Counter (TOF), Electromagnetic Calorimeter (ECL), solenoid
magnet, K-Long (K|) and Muon ( ¢ ) detector (KLM), trigger and Data Acqui-
sition system (DAQ), and off-line software and computing facilities. We define
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the right-handed coordinate system for Belle by aligning the z-axis with the
positron beam and its positive direction opposite the motion of the positrons.
The y-axis points upwards and the x-axis is perpendicular to both (pointing
away from the center of the KEKB rings). The polar angle 6 is measured rela-
tive to the positive z-axis. Due to the boost of the Y(4S) resonances, the compo-
nents of Belle are asymmetrical in z This is apparent in Fig. 2.5 and 2.6, where
the components are shifted towards the forward direction relative to interac-
tion point (IP). The detector is divided into three regions: the barrel section,
which is parallel to the beam axis, and the two endcaps, which extend radially
from the beam axis at the forward and backward ends of the detector. The
polar angle coverage of each of the three sections is shown in Table 2.3.

Table 2.3: Polar angle coverage of the Belle detector.

Region Polar angle coverage

Barrel 34 <06<127
Forward endcap 17 <0 <34
Backward endcap 127 < 6 <150

Following is a brief description of the components of the Belle detector.

Superconducting Solenoid

Electromagnetic o
Calorimeter (ECL)

! o
] 3 -
T =

~MCentral Drift
] B

lihamber (CDC)

i)

Silicon Vertex Detector (SVD) K; and muon Detector

Figure 2.5: Cut away view of the Belle detector



14

BELLE EXPERIMENT

ECL KLM /TOF

Ml

i

Figure 2.6: Side view of the Belle detector

Beam Pipe

The beam pipe is designed to minimize multiple scattering and energy loss of
charged particles between their production and their measurement in the SVD
and CDC, since these effects degrade the vertex resolution. The beam pipe
configuration is shown in Fig. 2.7. It consists of two beryllium cylinders, with
radii 20.0 mm and 23.0 mm, and with 0.5 mm thickness for each. The 2.5 mm
gap between cylinders is filled with helium gas for cooling. (The beam-pipe
is heated by ohmic currents and high order mode losses in the material as the
beam bunches circulate.) The outer beryllium cylinder is covered with a 20 um
thick gold film to absorb low energy X-rays from the HER. The total material
thickness of the beam pipe corresponds to 0.9% of a radiation length.

Extreme Forward Calorimeter (EFC)

The extreme forward calorimeter is designed to extend the polar angle cov-
erage for the Belle detector. Photons and electrons are measured by the EFC
in the extreme forward and backward area that is not covered by the ECL
(see section 2.6). The EFC is placed around the beam pipe close to the IP,
where a very high radiation level exists. The radiation-hard crystal bismuth
germanate (BGO), BisGe3O1y, is used as the scintillating material, and a pho-

todiode is used to read out the signal. The EFC covers the polar angle range
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Figure 2.7: Configuration of beam pipe

6.4° < 6 < 115° for the forward detector and 1633° < 6 < 1712° for the back-
ward detector. Both forward and backward detectors are segmented into 32
sections in @ and 5 in 6. Figure 2.8 shows the EFC configuration. The forward
and backward crystals correspond to 12 and 11 radiation lengths respectively.
The EFC is also used for online luminosity monitoring based on the rate of
Bhabha scattering mechanism. Figure 2.9 shows the history of a typical beam
fill in the early days of operation. The real Bhabha rate is calculated by sub-
tracting the EFC fake rate (< 10%) from the EFC raw Bhabha rate.

Silicon Vertex Detector (SVD)

The primary purpose of the SVD is to determine the z-axis position of the B
meson decay vertex, which is essential for time-dependent CP analysis. Fig-
ure 2.10 shows the configuration of the original SVD in a side and end view
perspective.

It has three layers of double-sided silicon strip detectors (DSSD) and covers
the region of 23° < 8 < 139, corresponding to 86% of the total solid angle.
As shown in the end view, the three layers consist of 8, 10 and 14 full ladders
respectively for the inner, middle and outer layers around the beam axis. Each
tull ladder is made of two 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). In total, there are 32 ladders and 102
DSSDs. The DSSDs are essentially reverse-biased diode-strip detectors. They
are produced by Hamamatsu Photonics and were originally designed for the
DELPHI micro-vertex detector [14]. They are 300um thick and have an area
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Figure 2.8: EFC configuration

of 57.5 x 335 mm?. Each DSSD contains 1280sense strips and 640 readout
pads. One side is p doped silicon with p* readout strips parallel to the beam
to measure @. The other side has n* strips oriented perpendicular to the beam
to measure the z coordinate. The p* and n" strips have pitches of 24um and
42um, respectively. As shown in Fig. 2.11, a charged particle traversing a DSSD
will create electron-hole pairs, which will drift to the appropriately biased side
of the DSSD, where their charge is deposited and read out.

The signals from the DSSDs are read out by VA1 chips [15] mounted on a ce-
ramic hybrid. As the VA1 has 128 channels, five chips are mounted on each
hybrid to read out all 640 pads on a DSSD. The VA1 chips are fabricated with
a 1.2um CMOS process by Austrian Micro Systems and can tolerate radiation
levels of up to 200 krad. Signals from the VA1 chips are digitized by flash
analogue-to-digital converters (FADCs), which are located in the adjacent Belle
electronics hut. Online digital signal processors in the FADC modules perform
common mode noise subtraction, data sparsification and data formatting. As
mentioned before, the main purpose of the SVD is to determine the B meson
decay vertex and to improve the charged tracking. For studies of time depen-
dent CP asymmetries, the z-axis distance of the two B vertices for an Y{(4S)

decay must be measured with the precision of about 100um . As shown in
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Figure 2.9: EFC rates and the beam current during beam injection

SVD sideview
SVD endview > CDC

Figure 2.10: Configuration of SVD1
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Figure 2.11: Double-sided silicon-strip detector from the SVD
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Figure 2.12: Impact parameter resolution of charged tracks with associated
SVD hits.

Fig. 2.12, the momentum and angular dependences of the impact parameter
(the closest approach of tracks to the IP) resolution behave like the following;:

Oyy = 193 50(pBsin®20)1um (2.7)

0, = 36 42(pBsin”?6) Lum, (2.8)

where @ indicates a quadratic sum. The momentum p is given in units of
GeV/c. The impact parameter resolution for a 1 GeV track is around 55um.

In summer 2004, the three-layer SVD1 was replaced with a four-layer SVD2.
Several improvements were made. SVD2 has a larger angular acceptance of
17° < 8 < 150°. The innermost layer is closer to the primary interaction point
at a distance of 2 cm instead of 3 cm in SVDI1. This is possible with a signifi-
cantly smaller beam pipe. The fourth layer is accommodated by a redesign of
inner region of the CDC (see section 2.6). The four layers of SVD2 contains 6,
12, 18 and 18 full ladders from inside to outside as shown in Fig. 2.13. Each
half ladder consist of 1, 2 or 3 DSSDs. The DSSDs for SVD2 have 512 readout
channels in both r —zand r — @, or in total 110,592 readout channels. The num-
ber of DSSDs for each half ladder is displayed in Table 2.4. A hadronic event
recorded by SVD?2 is displayed in Fig. 2.14.

For the SVD1, the limited radiation tolerance of the VA1 front-end readout chip
was an important issue. It was replaced by a VAITA chip [16], manufactured
by IDEAS. It is implemented in a 0.25um CMOS process and is expected to
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Figure 2.13: Sideview of the SVD2 geometry.

Figure 2.14: Frontview of the SVD2: A typical hadronic hit.

Table 2.4: Number of detectors in each half ladder of the SVD.

number of DSSDs in

forward / backward halfladder

Layer 1:
Layer 2:
Layer 3:
Layer 4:

1

1
2
3

1

2
3
3




2.6. BELLE DETECTOR

have a stable performance up to a radiation dose of at least 20 MRad [17].
More information on SVD1 and SVD2 can be found in Refs. [18, 19, 12].

Central Drift Chamber (CDC)

The main purpose of the CDC is to measure the momentum and the energy
deposition of charged particles (dE/dX). The dE/dxinformation is used to pro-
vide information for particle identification (PID), i.e. identifying kaons, pions,
protons and electrons. All components in Belle out to the ECL (described in
section 2.6) are contained in a 1.5 T magnetic field supplied by a solenoid mag-
net (see section 2.6). The field is nearly uniform and directed in the positive z
direction. When a charged particle moves through a magnetic field, it follows
a helical path along the field direction. The helix can be decoupled into a cir-
cular motion in a plane, being defined by three parameters, and a motion in a
straight line, being defined by two parameters. From these five independent
parameters it is possible to determine the closest approach of the helix to the
IP and the components of the particle’s momentum parallel and perpendicular
to the magnetic field. These momentum and impact parameter measurements
are the primary purpose of the CDC. Figure 2.15 shows the CDC structure.
The length of CDC is 2,400 mm, and the inner and outer radii are 83 and 874
mm, respectively. It covers the polar angle range from 17° to 150°. The CDC
is a small cell drift chamber consisting of 50 anode sense wire layers and three
cathode strip layers. The 50 anode layers consist of 32 axial wire layers and
18 small-angle stereo wire layers. The axial wires are parallel to the z direc-
tion and the crossing angles between the stereo wires and z-axis vary from
42.5 mrad to 721 mrad. There are 8,400readout channels for the anode wires
and 1792channels for the cathode strips. The cell configuration is shown in
Fig.2.16. We obtain three-dimensional track information from the anode wires.
As well as tracking, the CDC provides a vital component to the particle iden-
tification (PID) system. From the pulse height at the anode wires, a measure
of the mean energy deposition due to ionization of the gas (dE/dX) can be ob-
tained for a particle traversing the CDC. As the energy loss depends on the
boost of the particle, for a given momentum, dE/dx will depends on particle
species. A 50% helium-50% ethane mixed gas fills the chamber to minimize
the multiple Coulomb scattering contribution. The pulse height and drift time
of the ionization are measured to provide the information of energy deposit
and the distance from the sensor-wire. The transverse momentum (p;) resolu-

tion is shown in Fig. 2.17; the resolution is a function of p itself behaving like
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BELLE Central Drift Chamber
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Figure 2.15: Configuration of CDC.

(0.19p; ¢ 0.30)%. The dE/dx resolution is 7.8% for pions from Ks decay and
6% for energetic electrons and muons. The scattering distribution for dE/dxis
shown at Fig. 2.18. The separation between the different particles can clearly
be seen. The CDC is described in [12, 20] in more detail.

Aerogel Cerenkov Counter (ACC)

The aerogel Cerenkov counter is designed for K* and 7 separation with mo-
mentum between 1.2 GeV/c and 3.5 GeV/c. The ACC detects the Cerenkov
light emitted when a particle travels through a medium faster than the speed of
light in that medium. Specifically, for a medium of refractive indexn, Cerenkov

light is emitted if the velocity of the particle, 3, satisfies:

n>1/B=4/1+(mc/p)? (2.9)

where mand p are the mass and momentum of the particle, respectively. Thus,
depending on the refractive index of the medium, there will be a range of ve-
locity for which pions emit Cerenkov radiation but kaons do not. The barrel
ACC consists of 960 aerogel counter modules segmented into 60 cells in ¢ di-
rection. The forward end-cap ACC consists of 228 modules that are arranged
in 5 concentric layers. There are five different types of aerogel with refractive
indices of n = 1.010, 1.013, 1.015, 1.020 and 1.028, arranged according to polar
angle. The alignment is shown in Fig. 2.19. The typical counter module con-
sists of silica aerogel filled in 0.2 mm-thick aluminum boxes and viewed with
one or two fine mesh-type photomultiplier tubes (FM-PMTs). The FM-PMTs
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Figure 2.16: CDC cell structure.
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Figure 2.18: dE/dxdistribution versus momentum.
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Figure 2.19: Alignment of ACC.

can be operated well in a 1.5T magnetic field. Figure 2.20 shows a schematic
drawing of the ACC module. There are 1560 readout channels in the barrel
part and 228 in end-cap. A more detailed description of the ACC can be found
in Reference [21].

Time of Flight Scintillator (TOF)

The time of flight detector provides complementary information for the parti-
cle identification in the ACC in order to distinguish K* and 1= mesons up to
1.2 GeV/c, where the K/ separation power for ACC and CDC is less effec-
tive. The TOF also provides fast timing signals for the trigger system, which
requires a timing resolution of 100ps. The flight time, T, for a particle of mass
mto travel a length L is given by:

)2, (2.10)

The TOF measures the time elapsed between the collision at the IP and its pas-
sage through the TOF barrel. Thus a particle’s mass can be calculated once its
momentum is known. This enables particle species to be differentiated by their
measured times-of-flight. The mass distribution calculated from TOF measure-
ments is shown in Fig. 2.21. Clear separation between kaons, pions and pro-
tons can be seen. The module TOF structure is shown in Fig. 2.22. TOF coun-
ters and TSCs are made of fast scintillators and FM-PMTs that are mounted



26

BELLE EXPERIMENT
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Figure 2.20: Schematic drawing for typical ACC module: (a) is the barrel ACC
module and (b) is the forward end-cap module.

directly to the scintillator. Two TOF counters (4 cm thick) and one TSC (0.5 cm
thick) form one module. The TSC is used to produce trigger signals, taking
a coincidence with the TOF counters to reduce the trigger hit rate. The TOF
system consists of 64 TOF modules located in the barrel region just outside the
ACC and covers the polar angle region 33° < 6 < 121°. Each module is made
up of two TOF counters, read out by two FM-PMTs attached at both ends,
and one trigger scintillation counter (TSC), read out by one FM-PMT attached
at the backward end. The time resolution of the TOF scintillators is gy = 100
ps. The TOF hit efficiency is 95% for single-end hits and 88% for both-end
hits in €"e~ — pT U~ pair events. For more information on the TOF system,
see Refs. [12, 22]. Information from the TOF combined with the ACC and the
dE/dxmeasurement from the CDC give the Belle detector more than a 30 sep-
aration between charged kaons and pions over the whole momentum range
up to 3.5GeV/c.
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Figure 2.21: Hadron mass distributions calculated from TOF measurements
for particles with momentum below 1.2 GeV/c. The points are from data, the
shaded histogram is from Monte Carlo.
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Figure 2.22: TOF Configuration.

Electromagnetic Calorimeter (ECL)

The electromagnetic calorimeter (ECL) measures the energy and position of
photons from 7° decays and radiative B decays with high efficiency and good
resolution for energy and position. The ECL is also used for electron identi-
tication. In addition to this the ECL information is significantly used for the
reconstruction of the K| mesons which are poorly measured in the Belle detec-
tor as they don’t decay inside the detector. The analysis K| forms an important
part of this dissertation. is The ECL is composed of an array of tower-shaped
CsI(T?) crystals. Each crystal is arranged so that it points to the interaction
point. (There is a small tilt angle so that photons do not pass through a gap
between crystals without interacting.) Figure 2.23 and Table 2.5 shows the ECL
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Table 2.5: Geometrical configuration of the ECL.

| | 0 coverage Oseg.  @seg. # Position ||
Forward endcap | 124° <6 <314° 13 48to144 1152 z=196cm
Barrel 322° < 0 <1287° 46 144 6624 r =125cm
Backward endcap | 130.7° < 8 < 1551° 10 64to144 960 z=196cm
Total 8736

configuration.

The length of each crystal is 30 cm, which corresponds to 16.2 radiation
lengths. Each crystal is read out by a pair of silicon PIN photodiodes. The
energy resolution of the ECL is measured to be [23]:

= - %066@%5/3@1.18(%), @.11)
where the energy E is given in GeV. Here, the first term is from the contribu-
tion of the electronic noise, while the second term and part of the third term
come from incomplete containment of the electromagnetic shower. The third
term also includes systematic effects such as the uncertainty of the calibration
of the light output from each crystals. The spatial resolution is found to be
0.2733.4/vE @ 1.8/EY* mm. The energy and position resolutions are shown
in Fig. 2.25. In addition to the measurement of the energy of photons and elec-
trons, the ECL plays an important role for electron identification: a charged
track that points at an ECL cluster is identified as an electron (or positron)
if the energy and momentum are consistent, among other criteria. The ECL
also provides trigger information and online luminosity information [24]. The

trigger system is described in section 2.7.

Solenoid Magnet

The superconducting solenoid provides a 1.5 T magnetic field parallel to the
beam pipe for charged particle momentum measurement. The superconduct-
ing coil consists of a single layer of niobium-titanium-copper alloy embedded
in a high purity aluminum stabilizer. The coil is wound around the inner sur-
face of an aluminum support cylinder of 3.4 m diameter and 4.4 m length.
Indirect cooling is provided by a liquid helium circulation through a tube on
the inner surface of the aluminum cylinder. The layout of the superconducting

solenoid is shown in Fig. 2.26.
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KL and Muon Detector (KLM)

The K| and muon detector (KLM) is designed for detection of K mesons and
muons with momentum larger than 600 MeV /c. The detector is placed out-
side the solenoid and consists of 15 layers of Resistive Plate Counters (RPC)
with 14layers of 4.7 cm thick iron plates in the barrel region and 14 RPC layers
in the endcap region. One RPC super-layer contains two RPC planes to pro-
vide 6 and @ information. The iron plate is also used as return yoke for the
magnetic field produced by the super conducting solenoid. The configuration
of an RPC is shown in Fig. 2.27. The KLM covers the polar angle region of
20° < 6 < 155. Signals are read out from cathode strips in both 6 and ¢ direc-
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Figure 2.25: Energy (left) and position (right) resolutions of the ECL.
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tions. There are 21, 856 readout channels for the barrel detector and 16,126 for
the two endcap detectors. The position resolution for K mesons is 30 mrad
for both 6 and @ and the time resolution is a few nanoseconds. All the ma-
terial in the Belle detector up to the KLM corresponds to about one hadronic
interaction length for K| mesons. The iron plates in the KLM provide a further
3.9 interaction lengths of material, which is necessary for detecting K mesons
with high efficiency. When the K_ meson interacts with matter, it initiates a
shower of hadrons, leaving a cluster of hits in the KLM that is not associated
with a charged track. Muons can be discriminated from K| mesons as they will
have an associated charged track and a line of KLM hits rather than a shower
pattern. For muons with a momentum of above 1 GeV/c or more, the KLM
has a detection efficiency greater than 90% with a fake rate of about 2% (from

non interacting pions and kaons).

2.7 TRIGGER AND DATA ACQUISITION

HE ROLE OF THE TRIGGER is to decide when the various subsystems of the
Belle detector should record an event. Once a particular particle colli-

sion satisfies the trigger criteria, data from all the subsystems are read out
and stored for possible use. The word eventis used interchangeably to repre-
sent the physical particle collision or the stored data representing the collision.
The decision to read out is based on criteria carefully chosen to remove back-
ground events while retaining events of interest at a high efficiency. Once an
event is triggered, the data acquisition (DAQ) system transfers the raw data
from the detector to the data storage system. The main sources of background
events are undesirable interactions between the electron-positron beams, col-
lisions of a beam particle with a residual gas molecule or with the beam-pipe,
and synchrotron radiation from the beams. Events of interest are primarily
hadronic (e"e”— qqor ete” — Y(4S) — BB) and QED events (ete” — efe™ or
efe” — utu  orete — 171 ), used for physics analyses as well as detec-
tor calibration and luminosity measurements. For this analysis the hadronic
events are of interest and the following discussion focuses on the hadronic
trigger. Event rates for both physics and background events at the design lu-
minosity of 10** cm~2s1 are about 100 Hz each; but to accommodate higher
backgrounds, the trigger is designed to operate up to 500 Hz. Figure 2.28
shows an overview of the Belle trigger system. It consists of the level 1 hard-
ware trigger, the level 3 software trigger implemented by an online computer
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Figure 2.27: The barrel and end-cap RPC.

farm and a level 4 trigger, which runs in the off-line Belle computing system
and performs more elaborate background reduction based on full event recon-

struction.

The Level-1 (L1) trigger

An overview of the level-1 trigger system is shown in Fig. 2.29. It consists of
the sub-trigger system and the central trigger system called global decision
logic (GDL) [25]. By design, all the subtrigger signals arrive at the GDL within
1.85us after the event occurs. The L1 final trigger signal is issued 2.2usafter
the event crossing. The timing of the trigger signals must be accurate since the
trigger signal determines the readout timing. We determine the timing of the
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final trigger by the TOF trigger or, in its absence, the ECL trigger.

Sub-triggers

The GDL receives up to 48 subtrigger signals. As shown in Fig. 2.29, there are
trigger signals from the CDC, TOF, ECL, KLM and EFC systems. Their trigger
systems will only be mentioned very superficially here; for more information,
see Ref. [29]. The CDC provides two types of triggers: the r — ¢ trigger and
the ztrigger [27]. The r — @ trigger is based on the signals from six axial super-
layers, while the z trigger is formed by signals from the cathode strips and z
information inferred from the axial and stereo layers. The TOF produces trig-
ger signals based on the hit multiplicity and back-to-back topology. The ECL
trigger is based on trigger cells (TC) formed of 4 x 4 crystals combinations. It
also provides triggers based on the 6 — @ segmentation, where the number of
isolated cluster is calculated from the TC hit patterns. The KLM detects muons
using four (two) layers in the barrel (endcap) parts and sends trigger signals
to the GDL. The EFC provides two types of triggers: the EFC Bhabha trigger is
based on the forward and backward coincidence, while the two photon trigger
is based on a single hit. Another important subtrigger is the random trigger,
which is useful to understand the background noise hits in the detector ele-

ments.

Global Decision Logic (GDL)

The GDL receives up to 48subtrigger signals and aligns their timing by adding
an appropriate delay to each channel. It then performs trigger logic operations
to the subtrigger signals and generates 48 types of triggers. (Since exp. 21, the
number of trigger types is increased to 64.) The GDL issues the final trigger
2.2 us after the event’s e"e collision. For the hadronic trigger, the GDL has

four main triggers:

¢ Two-track trigger: This requires the following information from the
CDC: two tracks with r — @ and at least one track with z triggers and
an open angle of at least 135°. This trigger also requires TOF hits and
ECL clusters.

¢ Three-track triggers: This is similar to the two-track trigger, but with
CDC r — ¢ information required for three or more tracks. Several dif-
ferent types of triggers are formed depending on the number of tracks,
opening angle, TOF hits and ECL cluster hits.
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Figure 2.28: An overview of the Belle trigger system.

¢ Isolated cluster counting trigger: This requires four or more isolated ECL
clusters, which avoids Bhabha events.

¢ Total energy trigger: This requires that the analogue sum of energy de-
posited in the ECL be greater than 1 GeV. It is vetoed by the ECL Bhabha

and cosmic triggers.

¢ Combined trigger: This is a combination of track trigger, energy and clus-
ter trigger.

Each trigger provides 90% to 97% efficiency for BB events [28]. Because the
track, energy and cluster triggers are almost independent, we expect more
than 99% efficiency for BB events when using the overlap of these triggers.
The trigger rate is correlated to the beam currents and the luminosity, but also
depends on the beam background condition. In spite of the reduction of beam
background and the modification of the trigger logic, the trigger rate gradually

increases as the beam currents and the luminosity increases.

Level-3 (L3) and Level-4 (L4) Triggers

The aim of the level-3 trigger is to reduce the number of events to be stored.
The L3 trigger first checks the L1 trigger information but passes some cate-
gories of events, such as Bhabha events and random trigger events. If an event
does not belong to these categories, the L3 trigger performs a fast reconstruc-
tion and discards the event if it has no track with |z < 5 cm at the IP. A large
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Figure 2.29: Belle level one (L1) trigger.

part of the beam background events are discarded by this procedure. The L3
software has been activated since Experiment 11 and results in a factor of two
reduction of stored events while retaining an efficiency of more than 99% for
hadronic and 1-pair events. The level-4 trigger filters events just before the full
event reconstruction takes place [30]. The basic strategy of this trigger is to use
a fast tracker to reconstruct tracks in order to reject tracks originating away
from the IP. Events rejected by the L4 trigger still remain in the raw data. Thus
the L3 trigger (and the L1 trigger) reduce the data size to be recorded, while
the L4 trigger reduces only the CPU time for DST production. The L4 trigger
rejects about 78% of triggered events while keeping nearly 100%of B meson

events.

Data Acquisition (DAQ)

The role of the DAQ system is to record events specified by the trigger up to
its limit of 500 Hz, while keeping a dead-time fraction of the detector of less
than 10% To achieve this, a distributed-parallel system is used. The overview
of the Belle data acquisition system [26] is shown in Fig. 2.30. The DAQ sys-
tem is segmented into 7 subsystems to handle the data from each subdetec-
tor. The signals from most subdetectors go through a charge-to-time (Q-to-T)
converter and are processed by a time-to-digital converter (TDC). The Q-to-T
converter produces a pulse whose width is proportional to the input charge;
the multihit TDC “digitize” the timings of the leading and trailing edges of
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Figure 2.30: Belle data acquisition system.

this pulse. Only the SVD uses flash analogue-to-digital converters (FADCs)
instead of TDCs. The KLM does not have a Q-to-T converter, since the pulse
height does not provide useful information. The readout sequence starts when
the sequence controller (SEQ), upon receiving a final trigger by the GDL, dis-
tributes a common stop signal to the TDCs. The data from each subdetector is
combined into a single event by the event-builder, which converts “detector-
by-detector” parallel data streams into “event-by-event” data. The output data
of the event-builder is transfered through the level-3 trigger to the online com-
puter farm. The quality of the data is monitored by the online data quality
monitor (DQM) in the online farm. Finally, the data is sent via optical fiber to
the mass storage system at the KEK computing center, where it is stored on
tape. The typical size of a hadronic event is about 30kB, which corresponds to
a maximum data transfer rate of 15MB/s for a trigger rate of 500Hz.

Data Processing

The events accepted by the L4 trigger are reconstructed and the information
is stored on data summary tapes (DST). In this stage, raw data, which are di-
rect logs of the data acquisition devices, are converted into physics objects of
momentum 3-vector, closest approach to the IP and associated particle iden-
tification information. A basic summary of the reconstruction procedure is as
follows. Charge tracks are reconstructed using signals from the CDC. They
are extrapolated inwards to the SVD and outwards to the ACC, TOF, ECL and
KLM, where we look for associated signals. Hits in the ECL and KLM that
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Table 2.6: Examples of event classification.

Category Description
HadronB general hadronic events
HadronC | tight general hadronic events (< 5 tracks)
Bhabha Bhabha (efe” — e"e") events
RadBhabha | radiative Bhabha (e"e~ — ete y) events
GammaPair ete” — yyevents
MuPair ete” — ut U~ events
TauPair efe” — 171 events
LowMulti two photon events and others
Random random triggered events

have no associated track in the CDC will be deemed neutral particles (photons
or K. mesons). Four-vectors can then be assigned to the charged tracks and
neutral particles and PID likelihoods are determined. Various other flags and
variables are calculated and all the information is written to the DSTs. Events
are then classified into several categories based on certain selection criteria and
stored as skimmed data accordingly. Table 2.6 lists examples of the event clas-
sification. Most analyses, including this one, start from the HadronB sample.

2.8 SOFTWARE

COLOSSAL AMOUNT of software has been written and developed by

the members of the Belle collaboration. In addition to software for

DAQ operation and data processing described above, software has

also been written for analysis of data and simulation of the detector and physi-
cal processes. This is formally known as the Belle AnalysiS Framework (BASF).
It consists of a main kernel, user interface and modules that can be dynami-
cally loaded at run time. A typical user analysis can be written as a dynami-
cally loaded module without having to worry about the interface with external
software. BASF is also used for Monte Carlo (MC) generation, as described be-

low.

Monte Carlo Generation

N IMPORTANT part of high energy physics data analysis is comparing the
distributions of real data to expectations. Because of complexity of the
detector response and various physics processes that may mimic the signal be-
ing studied, this comparison cannot be made using analytically derived distri-
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butions. Instead, the physics process and detector response are modelled using
a Monte Carlo (MC) simulation. The real data distributions are then compared
to the corresponding MC distributions that contains considerably more events
(to reduce the statistical fluctuation of the simulated vs real data). This sim-
ulation is aware of the detailed geometry, response, and deficiencies of the
entire Belle detector. It is used to study detector response of very rare types of
events, enabling us to deduce ways to increase the sensitivity for such events.
Producing MC data takes place in two stages. First, the underlying particle
physics processes, from e*e~ collision to the subsequent decays of very short-
lived daughters, are generated. Then, the detector response to these particles
is simulated. The first step uses the so called QQ generator [33] developed by
the CLEO collaboration to study B meson decays created by the Y{(4S) reso-
nance. It incorporates particle properties and event production rates compiled
from many experiments in the form of world averages and also relevant in-
formation about the KEKB accelerator, such as electron and positron energies.
For newer analyses, the modern EvtGen [34] package is used to generate the
particle physics processes. It is thought to describe the angular distributions
of particles more accurately. Background continuum events are generated us-
ing the JETSET program [31] in which the subsequent hadronisation processes
are based on the Lund string fragmentation model [32]. About three times
the luminosity recorded in data is generated for the continuum events. The
generated events, whether from QQ or EvtGen or JETSET, are then passed to
a BASF module called GSIM. This module simulates the detector response; it
is based on the CERN package GEANT3 [35] and simulates the interactions
between the final state daughters and the detector response. The simulated
data is then reconstructed in the same way as real data, with the final MDSTs
containing the additional event generator information. Much effort is made
to make the simulation as accurate as possible. Background hits are added by
taking random trigger events and inserting their noise hits into the MC event.
The varying size and position of the IP is incorporated as are evolutions in the

subdetectors, such as appearance (or disappearance) of dead channels.



Chapter 3

The Measurement Techniques and

Signal Monte Carlo

"I have tried to avoid long
numerical computations,
thereby following Riemann’s
postulate that proofs should be
given through ideas and not

voluminous computations”

David Hilbert

in this chapter....The unique techniques employed in the measurement are
described. In addition the analysis performed in signal monte carlo is

described here.
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3.1 RECONSTRUCTION TECHNIQUES

A thorough description of the major reconstruction techniques in this mea-
surement analysis are given. We start with the reconstruction techniques for
the final state particles that are central to the analysis.

K? RECONSTRUCTION TECHNIQUE

key point in the analysis of final states containing K is

the reconstruction of its momentum. The technique pre-

sented below makes use of the KLM! subsystem of the

Belle detector [5], which consists of several layers of iron absorber

interspaced with resistive plate chambers.
/ bis foftem enables one to reconftruct muon trads a8 well a8 hadronic fbome@

Ghowers whidy do not have a matdying darged trad are afumed to be produced

by the KE, with the pofition of the fhower giving information about the flight
Direction of the K,‘_), Depicted in figure 3.1. Lhe direction refolution i3 improved if the KE
Depofitd energy in the electromagnetic calorimeter in front of the KEM?, in whidy cafe the
pofition of the calorimeter clufter i8 ufed to determine the KE flight direction, depicted in
fiqure 3.2.<he later are called a8 ecl type K,‘_) and the reft of the K,‘_) are called flm type
KP.

K “the belle electromagnetic calorimeter is called ecl /

To extract the magnitude of the K? momentum one needs to employ addi-
tional constraints. In particular to reconstruct D%s decay into KX where X is
a fully reconstructed system,? one can apply a DY mass constraint® and solve
the resulting 4-momentum equation with respect to the magnitude of the K
momentum, |E5KE| and exploit the D* tag* to reconstruct the signal®.

KL from [K? ] and M from [u], the K and p identification subdetector at belle

2that is, D — KX, where X is fully reconstructed, i.e. its 4-momentum is known from the
detector at Belle

Sassume that the decay products originated from DY so their combination has the known
value of mass of DY, colloquially known as DY mass hypothesis.

4D* — DO decay, mis a slow or soft pion, i.e. a low energy or low momentum pion, Tgjow,
because of the close proximity the starred and neutral D mesons in the mass spectrum of the
mesons. [in otherwords most of the energy of the D* is taken up by the DO for its mass alone.

SWe define all our signal by the distribution of the D* mass or its mass difference wrt the
DY mass
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Figure 3.1: This diagram exemplifies the identification of KE in the Belle De-
tector.

cluster of hits rengEEd as Klong
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Figure 3.2: The K{ that has interacted in the ECL in addition to its recognition
in the KLM detector has better direction resolution. This is known as ecl type
KP.
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If P is the projection of the 3-momentum of X°® along the K? direction, eis the
energy of X, pis the 3-momentum magnitude of X, M is the D mass and mis
the K? mass then coefficients of the quadratic equation for the solution of K

3-momentum magnitude are a, b and c; given by:
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Two body decay and a toy monte carlo scheme

/ﬁ a two body decay, a particle characterized by 3-momentum P and mz@
M, decays into a particle characterized by P, m; and another by B, mp. We
have an experimental situation where one of these daughter particles” is fully
reconstructed, the other particle’s energy or momentum is “missing” in the
detector. In addition the detector supplies the direction Py of the particle whose
energy is missing from the detector.

K say Py, mp /

Consider the case of the decay! D? — K 7°. In the DP rest frame this decay is

produced symmetrically in all direction. So the K? flux is spherically symmet-

rical which means to produce equal amount of flux at two different places on
the sphere one needs to distribute the flux in an equal range of polar angle ¢
but not 6.

8 and @ are "simulated” i.e. these are considered two independent parameters
and a set of two numbers are generated randomly to mimic the direction of the
KQ over the sphere. The scheme of simulating the Ks direction, employing the
principles of two body decay and reconstructing P of D° by assuming its mass
M, described in figur3.3 constitutes the prototype of a monte carlo program

known as toy monte carlo.

In this simple yet effective scheme, 2400 events? were generated. Now we

know the direction of the KB for each of these events, i.e. P. B,, mp are known?.

Again since (P, my) and (P, mp) form the two body decay hypothesis of (P, M),

lthis is one of the important decay mode in our analysis

2Usually monte carlo events are generated in multiples of the size of any experimental
data sample, 2400 events are sufficient for this study

31°- is fully reconstructed
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employing the relativistic energy momentum equation and the 4-momentum

additions we have to solve for P;, the magnitude of K| momentum.

This results in a Quadratic Equation in P; which can be solved if M and my* are
given. Once we have P;, we can add (51, my) and (52, Mp) to form (|3, M). We
will thus know (P, M) without a distribution for D° mass M. Thats why we call
this a ”D® mass constraint method” or “D° mass method”. This scheme is also
applicable to a three body decay like D — (K2m) 71, where the 77T system has

complete information from the detector.

This toy monte carlo doesn’t have a real Belle data-event but is studied to see
that the method works. In a real data or monte carlo sample the “D° mass
method” is used throughout in this analysis to retrieve the missing energy of

the K.

Since the equation for the magnitude of the K momentum is quadratic there
may be up to two solutions. We have chosen the solution [-b— +/(D)]/2aand
call this the first solution and the other solution turns out to be non-physical.
Algorithm 1 shows a piece of code written for this purpose.

To test the validity of this approach first-hand an algorithm was developed
which generated 2400 events by simulating “the unknown direction” of a
K_ like toy-particle® in the two body decay via random numbers and recon-
structed the 4-vectors of the toy-particles by employing a mass constraint on
the D°.

A comparison of the generated and the reconstructed momentum dis-
tribution is shown in figure3.4. The second solution isn't useful
as can be seen in the figure 3.5. This shows that our method
of KL reconstruction is a promising technique for a K_ like particle.

*known value of invariant mass of D is 1.8645 GeV and K is 0.497 GeV
Sthe direction is known in the detector
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Algorithm 1: Algorithm for toy mc

float toymc::quadratic (float Y, float Z, float X_enery, float
K_long_mass)

{

float a = 4*((Y*Y) - (X_enery *X_enery));

float b = 4*7*Y;

float c = Z*Z - 4*(X_enery *X_enery)*(K_long_mass
*K_long_mass));

/ /solutions of the quadratic equation

float Pk1 = (-(b) - (sqrt(b*b - 4*a*c)))/(2*a);

float Pk2 = (-(b) + (sqrt(b*b - 4*a*c)))/(2*a);

cout << Pkl << "\t' << "\t' << Pk2 <<\t
Hist[2]->accumulate(Pk1,1.0);
Hist[3]->accumulate(Pk2,1.0);
toymc->column("momsoll",Pk1);

toymc->column("momsol2",Pk2);

}




46

SIGNAL MONTE CARLO

Figure 3.3: A "Toy” monte carlo scheme for a two body decay. The scheme
of simulating the K[’s direction by random numberss, employing the princi-
ples of two body decay P M — Pl,ml + Pz mp, to DO — KOX and reconstructing
momentum P of D° by assuming its mass M constitutes the prototype of a
monte carlo program known as toy monte carlo. The physics of two body
decay is described by 8 variables [P,mn =~ 4; P,omp = 4] and 6 equations
thereby posing two unknowns. On the generation side of the toy monte carlo
these two unknowns can be assigned to the direction of a K_ [two variables 6
and @] as on the reconstruction side the direction is known from the detector.

In the rest frame of D°(P,M)

E1 = (M?—m5+n%)/2M (3.4)
Py = [Bo] = (1/2M)[(M? — (my +mp)?) (M2 — (my — mp)?)]H/2 (3.5)
o dr = (1/32°)|M[(|P1|/M?) dgy d(cos(61)) (3.6Y

The decay is spherically symmetric which means the flux is flat in ¢ but not in 6; as
seen above. The decay is flat in cosine of 6; instead. In the generation of the monte
carlo (61,¢n), i.e, the direction of K| is assumed unknown and simulated by two ran-
dom numbers. Thus in the generation side there are 8 variables and all of them are
known. On the reconstruction side these two variables are obtained from detector so
constraining the D? mass [and the K| mass] makes all the variables known. With 8
equations and 8 variables solving for the K. momentum magnitude Py gives 2 solu-
tions from the resulting quadratic equation.

K flux is produced symmetrically

in DYest frme , _T_h_e_ 55 W|EH B

, momentum P,
and mass M |
 decaysto |
K (P,my) and
TP, my) i
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Figure 3.4: The generated and reconstructed momentum distribution for the
”K? like” situation described in figure 3.3 is shown with 2400 randomly gener-
ated events.
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Figure 3.5: Non-Physical solution in Toy Monte Carlo The second solution in
the "D mass constraint method” is non-physical as evidenced in the results of
the toy MC study.
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THE K2 RECONSTRUCTION TECHNIQUE

/ he Kg reconfiruction at Belle 8 daracterized by three parameters, ”Dr%
”pri”b and 03" that can be Ddefined from the K(S) verter and the beam in-
teraction point (IP). Thefe parameters of Kg verteg are fhown in endoiem in

figure 3.6 and in fideview in figure 3.7. A clean fample of Kg can be obtained with or >

500 M, b3 < 1cam, co3(dQ) > 0.95.

“dr is the Ks — m" 1~ vertex separation from the interaction point in the plane perpendic-
ular to the beam axis

bcogdg) is the cosine of the angle between the assumed Ks flight path from the interaction
point to the decay vertex and the reconstructed Ks momentum in the transverse projection
with respect to the beam.

°dz is the distance along the beam axis between the 1" tracks at the Ks vertex /

Figure 3.6: The Kgvertex, “dr” and “d¢@” are shown in the endview of the de-
tector. The vertex measurement greatly enhances the Ks reconstruction quality.

( )

dr is the |
minimum of drand

. dr, in the x-y plane
' where the z is the
' beam direction

—_—— e e e e e e e — = o

dois the angle !
. between |
'dr and Kg in !

The Endview of KDecay
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THE PSEUDO-K? (K0)

/ o monitor the performance of the “DO maf method” in retrieving the KE mtﬁ@
momenta 1e utilie the fame DO decayy modes but with K inftead of K in the
final ftate. In other words we ufe a Kg fample of data and reconftruct them a3

if we are reconftructing a K,?. We ufe the Kg flight direction reconftructed by it8 decay into

T 7% and apply ibf fame procedure of reconftruction a8 for KE: fudy Kg are referred
to a8 pfeuwaE or KB.

K “smear its resolution to match that of the K /

This works like a control mode and we have two such RE’ modes, one for the
signal K mode and one for the calibration K2 mode.® In addition since the
pseudo K are inherently Kg, their resolution is narrower than that of K. and
this is taken care of by smearing the resolution of K| to match that of the K.
This is achieved by using the codes laid out in the algorithm 2. This smearing
follows the relation between the old and new angles governed by the “resolu-

bsee subsection 3.2 for definition of signal and calibration modes

Figure 3.7: The Kgvertex “dZ’ in the sideview.

s

dz

et e

The Sideview 0fK Decay
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tions” of the angular distributions of Ksand K as given in the formula below:

¢ =@+ R\ (282 (L) (3.7)
=0+ Rg\/ (#Y)2— (#E,)? (3.8)
Algorithm 2: Algorithm for smearing resolution of pseudo-K.
int iDim = 2;
float rndm][2];

rnorml_(rndm,&iDim) ;// FORTRAN f uncti on
std:cout<<"random number 1 "<<rndm[0O]<<endl ;
std:cout<<"random number 2 "<<rndm[l]<<endl ;

float newphi = PseudoKIl.phi() + (sqgrt((klphires)*(klphires) -
(ksphires)*(ksphires)))*rndm[0] ;

float newtheta = PseudoKl.theta() + (sqrt((klthetares)*(klthetares) -
(ksthetares)*(ksthetares)))*rndm([1] ;
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3.2 STUDIES IN SIGNAL MONTE CARLO

SIGNAL SHAPE STUDIES

DEFINITION OF SIGNAL

/ bere are Dafically 4 decaty modes for fignal we are interefted in, in this mea(u%\
ment, fee table 3.1. Thefe decayy modes and their dyarge conjugate (cc) modes
are combined together for thefe ftudied. Where cc mobed are not included notes

are provided to mention this.” In the courfe of analyfis it can be feen that the cc mobdes effen-

tially badve the fame propertie@b a8 that of the defined modes, as this 8 not a EP violation
ftudy.

“This does not alter the analysis in any significant way

K bsuch as signal shape, branching ratio etc /

The first two modes are the decays of the D® where we intend to measure the
asymmetry of the Ks and the K_ and the second two modes are the decays of
DY where there is no such natural asymmtery, as Ks and the K| are supposed
to be produced at equal rates. These later modes are chosen as a calibration to
study and cancel any bias coming from reconstruction. At times we may use
the synonym “signal modes” for the first two decay modes and ”calibration or
refernce modes” for the second two decay modes. These decays are explicitly

mentioned in table 3.1. As a shorthand we can write out these decays as:

Definition of signal and reference/calibration modes
tagged by D** — DO, it = Tlow/soft
KL does not decay inside detector

sig, mode 1 D° — KOr: DO -Keomm, 10 —yy
_ — N N~
sig, mode2 D°— KOn®: D% — K2 m® — yy
——

0
ref, mode3 DO —K* m": DO —K*{KS—mm m}mt

DO — (K*7)mrt: -

ref, mode 4 DO — (K2 )t

10,000 events were generated and simulated by the Geant Detector Simula-
tion,” a module was written in C++ programming language that filtered out
events without a “D*+” in it and the ”"qq98” decay module was used to gener-

“the JETSET 7.3, Model 11 was chosen which takes care of the charm fragmentation.
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ate signals for the signal and calibration modes.® These conditions have been
summarized in table 3.1.

The K. does not decay inside the Belle detector because of its longer life time.
The Ks decays inside the detctor and therefore has a well measured vertex
which gives rise to a clean signal for decay modes involving the Ks. On the
otherhand the K suffers from poor identification and could be contaminated

by large amount of background events.

Decay modes involving the K_ demands a lot of ingenuity in their reconstruc-
tion. This goal can be achieved although by tedious data analyses despite of
the novel method of reconstruction strategy which involves powerful event
selction criteria and careful algorithm development. This has resulted in a
good signal quality for the analysis.

8The charge conjugate modes were not combined with these decay modes.
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PRELIMINARY RECONSTRUCTION OF SIGNAL

ith the event selection criteria tabularaized in table 3.2, 10000

signal monte carlo events were generated and the calibration

modes’ were analyzed. Description of the results are given in fig-

ures 3.8, 3.9, 3.10 and 3.11. More details of the analysis of the calibration

Figure 3.8: 10000 signal monte carlo events of D® — (KsiT~ ). 1T" were an-
alyzed with a event selection criteria summarized in table 3.2, using a re-
construction algorithm developed for this purpose. The signal distribution
is shown in D** mass, on top and deltaM (6M): the mass difference of D** and
DO on bottom. Note that the resolution on the reconstructed D** mass is much
wider than that on the dM which really corresponds to the mass of the slow
pion, the pions produced from D** in its decay to D° and 7. The slow pions
are clearly distinguished from the random pions which helps in reducing the
random pion backgrounds. The events have been vetoed to show only those
reconstructed events which matched the events at the generated level. This is
referred to as the monte carlo truth. The matching patterns for successful and
tailed events are shown in figure3.9.

a0 statistics
40 mean 2.016
MH LImS 0.02585
L L L J

DY — (K% )r" sienal monte carlo

600 mean 0.1461
400 F rms 0.00278

200 §M = M}5" — Mpo
” ) |

| | }

mode D% — (Kg) 1T are shown in figures 3.12, 3.13, 3.14, 3.15 and 3.16. The
statistics of the fitting have been shown in tables 3.3, 3.4, 3.5,3.6 and 3.7.

“mode 3 and mode 4, the corresponding charge conjugate modes are not included.
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Figure 3.9: The events at the generated level and the reconstructed level were
matched. The monte carlo truth results are shown for the candidate final state
particles for each sequence of the decay D° — (Ksm) 7T and its tag D* — DOrr.
”1” represents the case of a successful match. ”0” represents the failed match
in a situation when matching is valid to the daughter level, ”-1” represents a
successful matching to the daughter’s daughter level and so on.

~ 7750 true

Figure 3.10: In the D° — (KPm) mmode the K? and D® masses are assigned their
known values to retrieve the K? missing energy. Note that the D® mass shows
an erroneous value [true value is 1.865 GeV] because of an inefficient piece of
code which was fixed and the correct value was recovered for further analysis.
[known values were being passed in the algorithm using global options in-
stead of passing by reference which caused this, this way 500 events were lost
which were recovered by using the passing by reference method] This plot
shows the K*~ mass in D? — (K°m) 1t signal monte carlo which is quite broad.
Note that there is a selection cut on K*~, a fact that can be seen by the sharp
fall on both sides of the histogram. The reconstructed D** mass is fitted to a
gaussian distribution after vetoeing the events without a corresponding match
at the generator level [aka mc truth]. The statistics are shown on top of each
plot.
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o = 0.000025
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Figure 3.11: The K. momentum from signal monte carlo. The first and second
solutions for the K? momentum in D — (KPm) 1t are shown here. The second
solution for the missing energy /momentum of K turns out to be non-physical
as expected [study in toy monte carlo in preciding sections]. This result was
obtained using 10000 belle detector events [monte carlo] with full detector sim-
ulation as opposed to the 2400 events in the toy monte carlo.

—b— /b2 — dac

.
Pro | =

—b+ b2 — dac ]
2a it

400 & |ﬁxg\ _

2a

non — physical| |

2 4

Figure 3.12: The KQ invariant mass is fitted by a combination of two polyno-
mials of order (1) and two gaussian functions. The fit quality is shown on the
plot and the parameters of the fit functions are shown in table 3.3.

400‘ T

two Polynomial(1) o

300

200 [

100

0.468

+

two Gaussian
x° = 204.5
status = 3
CL =19.5%

1
0.488

0.478

D — (Kr™)mt

0.498

signal monte carlo

1 1
0.508 0.518

Figure 3.13: The K*~ invariant mass in D? — Kg7rrt mode is fitted to a signal
gaussian fucntion and a background threshold function with its offset fixed to
0.640 GeV. The results of this fitting are shown in table 3.4.
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Figure 3.14: The D invariant mass in D® — (Ksm) mmode is fitted to a gaussian
function for signal and a second order polynomial function for background.
Results are shown in table 3.5.

1200

T —
B DO — (Kg’]'['_ )7T+ signal monte carlo
1000 ]
L —
800 x° =619.5
# status = 3
600 CL =0.0%

Polynomial (2)

Gaussian

Figure 3.15: The D** invariant mass in D® — (Ksm) mmode is fitted to a signal
gaussian function and a background threshold function with its offset fixed to
1.1 GeV. The results are shown in table 3.6.

— T I T i
DO — (Ksﬂ-_ )7T+ signal monte carlo
600 || |

"
threshold + Gaussian

400 X2 = 369.2 _
status = 3

CL = 0.0%

200

1.98 2.18 2.38 2.58 2.78
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Figure 3.16: The reconstructed D** that has a matching generated D** decay.
The events that do not satisfy the monte carlo truth conditions are vetoed and
the signal events fitted to a Gaussian. See table 3.7.

240

L DO — (Kgﬂ'_ )7['+ signal monte carlo

200 - :
\

Polyn:)mial(Z) + Gaussian

160 |- . |

120

2 =170.3
status = 3

80 CL = 0.53%

40

1.980 2.000 2.020 2.040 2.060

Table 3.2: The event selection criteria used for a preliminary study of the four
decay modes in siganl monte carlo.

| VARIABLE / PARAMETER | CUT VALUE / VALUE ||

Ks SELECTION
dz 1.0 cm
dr 0.25 cm
do 0.1 rad
MEWer (- 10 MeV) 0.487672 GeV
Mg2P (+ 10 MeV) 0.507672 GeV
K*~ SELECTION
M2Yer (- 75 MeV) 0.81666 GeV
M PP (+ 75 MeV) 0.96666 GeV
DO SELECTION
MSWer (- 30 MeV) 1.8345 GeV
MpEP! (+ 30 MeV) 1.8945 GeV
D*T SELECTION
MOYer (- 30 MeV) 1.980 GeV
MpPPE (+ 30 MeV) 2.040 GeV
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Table 3.3: The Kg mass signal has been fitted to two Gaussians (G1, G2) and
their yield, mean and resolution are given with the corresponding errors in
this table [See figure 3.12]. Note that the Ks mass is close to its correct value
and the mass width is quite narrow. The parabolic error is symmetrical while
the minos error has asymmetrical values.

PARABOLIC() MINOS(H) MINOS(H)
G1 Yield 1788.5 223.4 218.2 234.2
G2  Yield 3129.7 250.3 264.6 240.5
Gl Mg« 0.497 0.00029 0.00032 0.00028
G2 Mg« 0.4978 0.000052 0.000051 0.000052
Gl o 0.0047 0.00057 0.00051 0.00062
G2 o 0.0016 0.000082 0.000083 0.0000796

Table 3.4: The K*~ mass signal is fitted to a Gaussian and the yield, mean
and resolution are given with their errors in this table [See figure 3.13]. The
background shape is fitted to a threshold function with its offset fixed to 0.640
GeV. Note the mass of K*~ is consistent with its correct value and the mass
width is wide and the errors are small. This width is higher than what we saw
in figure 3.11 as there is no invariant mass cut placed on the K*~ mass before
fitting [these are candidate K*~ here, fitted before any cut to get the full width].

PARABOLIC(£) MINOS(-) MINOS(+)

Yield 2055.1 125.3 123.0 126.5
Mg-- 0.89008 0.001528 0.001530  0.001528
o 0.02795 0.00178 0.001723  0.001831

Table 3.5: The D° mass signal is fitted to a Gaussian and the yield, mean and
resolution are given with the errors in this table [See figure 3.14]. The back-
ground shape is fitted to a polynomial function of order(2) with its offset fixed
to 1.1 GeV. Note the mass of D° coincides with its correct value and the mass
width is narrow and the errors are small.

PARABOLIC(£) MINOS(-) MINOS(+)

Yield 17994  49.89 49.51 49.53
Mpo  1.8648 0.00019 0.000187  0.000188
o 0.00621 0.000198 0.000195  0.000199




60

SIGNAL MONTE CARLO

Table 3.6: The D*" mass signal is fitted to a Gaussian and the yield, mean
and resolution are given with their errors in this table [See figure 3.15]. The
background shape is fitted to a threshold function with its offset fixed to 1.956.
Note the mass of D** coincides with its correct value and the mass width is
narrow and the errors are small. The width is slightly higher than that of D°.

PARABOLIC(£) MINOS(-) MINOS(+)

Yield 1614.7 49.83 48.61 48.69
Mp-+ 2.011 0.00021 0.000213  0.000216
o 0.00679  0.000259 0.000254  0.000264

Table 3.7: The trueD** mass signal is fitted to a Gaussian and the yield, mean
and resolution are given with the errors in this table [See figure 3.16]. The
background shape is fitted to a polynomial function of order 2 with all of its
parameter set free. Note the mass of D** is consistent with its correct value
and the mass width is narrow, narrower compared to the D** width without a
monte carlo truth veto.

PARABOLIC(£) MINOS(-) MINOS(+)

Yield 12953 38.84 41.56 41.71
Mp++ 2.010 0.000172 0.000172  0.000173
o 0.00548 0.000177 0.000191  0.000193
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K2 AND K RESOLUTION

hile the study is focussed in signal monte carlo part of the analysis it
is worth while to see what the resolutions of the K and K? angular
distribution are. The resolution is supposed to be much better for
the K as compared to the K? while for the two types of Ki sample described
earlier the resolution is supposed to be better for the ecl type. The results are

shown in figures 3.17 and 3.18 and are summarized in table3.8.

Figure 3.17: The K2 angular resolutions [”difference” in the generated and
reconstructed angular distributions] are given in terms of its angles, 6 and ¢.
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Figure 3.18: K? Resolution in 6 and ¢

DKL |
[RE* = 0.018

i
X _ 143744

ndf -

,,,,,, - [RE&E = 0.018
- X _ 17034
i nap |- 7034

Table 3.8: The angular resolutions of Ks and two types of K| are summarized
here. The result is from signal monte carlo. Note that the Ks resolutions could
be 7 - 15 times better than that of K. and the ecl type K| resolution could be 2
times better than that of klm type K as expected.

K2 KD ECLK? kLMK Goob EcLK? GOOD KLM K

Re 0.0024 0.0165 0.0122 0.0219  0.0122 0.0222
Rp 0.0019 0.0184 0.0135 0.0277  0.0137 0.0291
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CROSS CHECK OF MONTE CARLO WITH EXPERIMENTAL DATA

or the purpose of cross checking with experimental data a very small

sample of data viz. experiment 07 of Belle data was ”skimmed”!? and

was analyzed for the decay D° — (K2 ). ir*. 1! Results are described
in figures 3.19 and 3.20.

Figure 3.19: The experiment 07, belle data was analyzed for D® — (KQm )"
for cross check with monte carlo. The Kg, K*= D9 D**, dM distributions are
shown here. D*T mass is fitted with the selection window 0.143< oM < 0.147
defined as the signal window in delta-M (OM).
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Figure 3.20: In experiment 07 data, reconstructed D** mass (in DO — (Kg o)t
) with a veto on events without matching generated information is fitted to a
Gaussian and the yield, mean and resolution are given with the errors on the

plot.
i Eg 0 Bl
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HIGHER STATISTICS

more sofisticated set of software was developed to perform further

analysis. 100,000 monte carlo signal events were generated and ”sim-

ulated” through the detector for each of the 4 modes of our analy-

sis.!? A more studied set of event selction cuts inclusive of some of the previ-

ous cuts were used, see table 3.9 131415 The results of this study are shown in
figures 3.21, 3.22, 3.23, 3.25, 3.24, 3.26 and 3.27.

12In-fact the charge conjugate (cc) modes are not yet included.

13The Kgmrrr mode has 90,000 events for the analysis due to a technical snag

Yfor ete” — cC— fragmentation— D**,inclusive raise "inclusive particle type" in evtgen

ibraries of Belle software used are; evtgen: b20040727-1143, Geant: b20030807-1600, anal-
ysis : b20040727-1143
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Figure 3.21: The Ksm® mode analysis in signal monte carlo With the 100000
monte carlo sample all the 4-decay modes were analyzed, without their cc
modes. This corresponds to event selection in table 3.9. The Ksm® mode is
shown here.
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Figure 3.22: The signal distribution for K2 is shown in this figure.
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Figure 3.23: The K 7° mode analysis in signal monte carlo The K ° mode is
analyzed with 100000 events.
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Figure 3.24: The (Ksrm) mmode analysis in signal monte carlo. The candidates
selection for the (Ks7)mmode analyzed are shown in this plot.!

T T T T T

= 1124for 50- 8dof. | |

L fit status 3
| CL0.0%

D’ — (Ks'n™)m b
signal monte carlo e

15000 T
I x?= 270.3for 50- 8d.o.f.

3000

Function 1: Two Gaussians (sigma)
AREA 69138.

MEAN 0.49774
* SIGMA1 2.15000E-03

ARAREA  0.42314

DELM -1.82438E-03
10000 siGz/siG1 7.5723
Function 2: Polynomial of Order 1
NOR 3.96464E+06 2000
POLYO1 -1.40907E+07
OFFSET 0.44990

|

|

|

J

|

|

|- |
R
|

-

Function 1: Two Gaussians (sigma)
AREA 21570.

£ £
- |mMeaN 0.88873 + 9.2985E-04 7
” | |siamA1 998821E-03 = 1.6810E-03 i
5000 [ERSig0al monte carlo AR2AREA  0.85358 + 38731E-02
1000 |- |DELM 251070E08 = 1.5251E-0 =
SIG2/SIG1 31409 + 03962

E Function 2: Chebyshev Polynomial of Order 1

| |NORM 453857E+05 = 4823 i
CHEBO1 -0.15069 + 7.3380E-03
_______________________ L _‘x"“ MK*— \"\\ 4
oYL i Y B S S e o L O I O O e o)
0.470 0.480 0.490 0.500 0.510 0.520 0.80 0.84 0.88 0.92 0.96

b |
‘ Function 2: Chebyshev Polynomial of Order 1
- INORM 1.81446E+05 + 2324,
3000 CHEBO1 -8.83274E-02 =+ 1.3048E-02

DY - (K% )x™t

7= 151.4for 60 - 8d.o.f] My

4.58947E-03
0.26105
2000 -3.39097E-03

fit status 3
CL 0.0 %

1000 |~

1.80 1.82 1.84 1.86 1.88 1.90 1.92




70 SIGNAL MONTE CARLO

Figure 3.25: The signal distribution for (K3m) .

5000 | 1 1 T 1 I T T 1 T I 5M b MD*+ o— MDO
[ | ¥>= 203.9 for 60 - 10 d.o.f. | 753 ]
| — = 0,000 ]
L [Function 1: Two Gaussians (sigma) E772-03915-05 i

4000 H AREA 12755. R 4+ 7.6584E-02 _
[ | MEAN 0.14555 R |+ 18441E-05| 7]

SIGMA1 3.34016E-04 o |* 9.1630E-02
- | ARYJAREA  0.41258 7
- | DELM 5.57329E-06 R |= 1.6570E+09(
- | siG2/sigt 2.1523 S J& 6.5803E-05| -

3000 = 07.227208 _
- [Function 2: Threshold % G <
- INORM 1.10640E+09 : N
L |OFFSET 0.13944 i
| |POWER 1.3340 & it

2000 |-{COEFF1 -164.00 D" - (Kg'n )m"
i - Signal monte carlo
- fit status 3 g -
| CL00% <

1000 [~ _

0 [ L 1 1 L ]
0.135 0.140 0.145 0.150 0.155

Figure 3.26: The (K_7")m mode analysis in signal monte carlo. The K*~
candidates for the (K_7m)mmode.
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Figure 3.27: The distribution of D® — KPmrt signal in signal monte carlo of

100000 events.
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The idea of
factorization of
efficiencies is
checked in
signal monte
carlo. To match
the generated
K. with the
reconstructed
one an angular
veto is used on
the same. Kgetc
are matched by
using standard
belle software
modules.
[get_hepevt()]
The efficiency is
studied as a
function of the
lab momentum

of the particles.

FACTORIZABILITY OF EFFICIENCIES

nother important study that was performed at this level of the analy-
Asis was to verify the so called factorizability of the efficiencies. This
analysis is based on the understanding that many of the systematics

of reconstruction in the analysis are cancelled out by the ratio of calibration
modes to the signal modes because of same final state particles. In otherwords
the efficiencies factor out to cancel each other except for the Ks-K|_ efficiencies.
This is possible if the efficiency of the signal D* is a product of the efficiencies

of its candidates, viz, the 1°, Kg, 1t efficiency etc, for each mode.

This study is described in the following itemized steps.
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/ ¢ Plot the generated lab momenta p;. \
¢ Count the matching number of events reconstructed in each bin
¢ Obtain 1-dim. efficiencies as function of momenta eg €1(p1) etc
¢ Scatter plot the generated lab momenta pair wise

¢ Count the number of reconstructed D** events matching in each 2-dim.
bins

¢ Obtain the efficiency of D** as function of 2 momenta eg e (p1, p2)
& Plot e1(py1), €2(p2), €2 (p1, p2) and el(p1) x £2(py) [figure 3.28]
¢ Compare €2 (py, p2) and £*(ps) x £2(p)

¢ Check ratio of €2 (py, p2) to £1(p1) x £2(py), this should be flat, see figure
3.29. 7

¢ Lemma SDH(pl, P2, P3) = N3(p3) X SDH(pl, P2), since p3 is constrained by
D** kinematics, here N3 is some scale factor.

¢ Implication [€P (py, p2,p3)dps = [Na(ps)dps x €27 (p1, p2)

¢ Assume factorization, i.e. €27 (py, p2, pa) = €1(p1) x €2(p2) x €3(pa), this
= €% (p1, P2, ps) dps = [[ €3(ps) dps] x £¥(p1) x £%(py)

_ JNs(ps)dps

= Teapa)dps el(p1) x €2(p2), this

¢ Implication from the above 2" (py, py)
means the ratio is flat.

¢ The results for the D — Ksimt mode and the D — KT mode are partly
shown in [figure 3.30 and 3.30] . The D — (Ksm) T mode is shown in
appendix. The (D — K ) mmode was not studied.

a

A fit to this figure is summarized in table 3.10 for D — Kmmmode.

/
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Figure 3.28: Recognizing in the decayD — Ks7?, Kg's generated lab momen-
tum p; or pgen m’s generated lab momentum p; or pgen and 1T,'s generated
lab momentum ps or p3 " where g, is " from D** — DOrr* the follow-
ing plots show the individual reconstruction efficiencies (¢1(p1), £2(pz2) and
£3(p3)) of the final state particles (Ks, 0, ) as a function of their generated
lab momenta (p1, p2 and pz). Further recognizing the 2-D efficiency functions
EDH(pl, p2) as the efficiency of D** in the lab momenta p; and py and other
pair wise efficiency functions SDH(pz, p3) etc, this figure shows how the effi-
ciency €0 (py, p2) factors out into £1(py), £2(p2) and so on. To prove this we
take a ratio of €2 (py, pa) to the 2-D efficiency function formed by the prod-
uct of £1(py) and €2(py) and fit the resulting 2-D efficiency function. This ratio
should be flat as explained in Section 3.2.
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Figure 3.29: The ratio of €0 (p, p2) to the 2-D efficiency product of £(py)
and £2(py) is fited to a 2-D efficiency function of the form f(x,y) = (Py+PX +
PsX?) x (Py+PsY + PsY?).
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Table 3.10: The terms independent of X, Y are orders of magnitude bigger than
terms dependent on X, Y. This proves that the ratio fits well to a flat function
and the efficiencies factor out.

P, P (X) P3(X?) Py (YY) Ps(Y?)

Value 09977 0.08857 -0.01459 0.9977 0.08857 -0.01459
Error 1.6072 0.6595 0.1951 1.6072 0.6595 0.1951
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Figure 3.30: factorization in K| 7Tmode here.
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Chapter 4

Signal and Background in Inclusive
Monte Carlo

in this chapter...the measurement performed in inclusive monte carlo is
described and the signal yields and background modes are obtained.
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4.1 EVENT SELECTION

/ be data fample ufed for this analpfid amounts in total to an inteqrated Iumitﬂx
ity of 32 fbL of Belle erperimental data. The generic/inclufive monte carlo
fample analpzed i8 roughly 3 X erperimental data ufed. We felect D* can-

didates with reconftencted (caled momentum?, Xp, given by 0.6 < Xp < 1.0, whidy

refectd D*3 from B-mefon decaps and fuprefies the combinatoric badground.

“defined as xp = p*/ Egeam— M2, where p* is D* momentum in cms frame, Epgamis beam

\@rgy and M is mass of D*

In addition to the standard reconstruction procedure for =, m°, and Kg, the
daughter ys of the 70 are rejected if their energy is less than 50 MeV. The Ksare
also required to satisfy the following quality criteria:

the Ks — " vertex should be separated from the interaction point in the
plane perpendicular to the beam axis by more than 500 um;

the distance along the beam axis between the 7* tracks at the Ks vertex must
be less than 1 cmy

the cosine of the angle between the assumed Ks flight path from the inter-
action point to the decay vertex and the reconstructed Ks momentum in the

transverse projection with respect to the beam must be more than 0.95.

K? reconstruction involves a potential background source from KLM clusters
caused by unreconstructed charged particles, particularly when these particles
do not originate from the interaction region'. These are rejected by vetoing the
KLM clusters with a match, to calorimeter clusters of energy between 0.15and

0.3 GeV. This corresponds to minimum ionization energy.

The dominant part of the background is due to the pickup of arbitrary soft
pions when forming a D° candidate. A characteristic feature of such combi-
nations is that the D? mass is accommodated by assigning a large momentum
to the K9, which then accounts for most of the D° momentum. Therefore the
KO flight angle with respect to the D? boost? for this background tends to peak

le.g. in-flight decays of K and 11
2hereafter Bpk
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Figure 4.1: K9 flight angle with respect to the D° boost, fpk, in the true signal
[with a veto on non-signal in the inclusive monte carlo sample], from experi-
ment 07-13 charm montecarlo.Note that the RI are actually as Kgreconstructed
like K, so the plots show what the D9 mass method does to K.
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in the forward direction (Fig. 4.1) while for the signal the underlying distri-
bution is isotropic, with a slight tilt to the forward direction in the measured
distribution due to detector efficiency.

The sharp peak around cosfpk = —1 is due to the degenerate case when a
random 7° or T 7T system can form a “good” D? with a K® almost at rest
in the laboratory frame: to exclude these cases, we require cosfpx > —0.95.
The upper cut on this quantity needs optimization which was performed in
a previous study at Belle using signal MC and data in the Mp: sideband: we
require cosfpk < 0.2 for all four modes.

The invariant mass of the K7t~ combination in the (K%~ ) 7m" mode is required
to lie within 50 MeV/c? of the nominal K*(892) mass. In addition the invariant
mass of the 7T 7T~ pair is required to be less than 0.7 GeV/c? to make the signal
and the control modes kinematically similar, and to suppress the contribution
from K% decays.
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Table 4.1: The details of amount of data used in analysis, experimental data Vs
monte carlo, calculated from the logs of analyzed data.

EXPERIMENT #  DATA (IN fb™1) GENERIC MC (IN fb™1) DATA/MC
4S Cont. Total 4S Cont. Total Ratio
07 5795 0.588 6.383 14.086 1.687 15.773 247
09 4194 - 4194 11.566 - 11.566 2.76
11 7941 1.183 9.124 20.482 2902 23384 256
13 10.698 1.199 11.897 31.349 3.597 34946 294
13, ”R1to R531” 2.701 0.515 3.216 8.067 1546 9.613  2.99
07-13 28.628 2.97  31.598 77483 8.180 85669 2.71
07 - 13 R531 20.631 2.286 22917 54.201 6.135 60.336 2.63

4.2 EVENT COMPOSITION STUDY

be event compofition of the reconftructed fignal was ftudied in great detail in monf

carlo, whidy had 3 ftreams of mc data from Belle repofitory whidy amounts in

terms of [uminofty to nearly 2.7 times the fize of the erperimental data that was
nalyfed, detail8 of whidy are given in table 4.1.

Each of the decay mode that needed to be studied, including the background
decay modes are identified in the main body of the data analysis code by a
“tagging algorithm” at the level at which the decays were generated by Particle
decay modules. Then each of these identified decay modes are flagged as a
variable in the ntuple output. These decay modes can then be either vetoed or

allowed at the data-analysis (n-tuple) level by the corresponding variable/flag.

The following decay modes in relation to this analy-

sis were studied in the inclusive monte carlo sample:

Signal channels 0 Ksn'(958) DO — K (1270
DO — Kgr® 0 Ksfo(1370 DO — K fp(1710
DO — K, P 0 - Ksf(1270 DO — mtmr
DO — K*~(Ksm) DO — Ksfo(1710 D% — K2
DO — K*~ (K. ) D° — K. p° D0 — K
Background channels DY — KLw(782) DO — K~ "

D% — Kgp® D% — KN DO — K* K+

D% — Ksw(782) D% — K.n'(958)

D — Kgn
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The signal of the four decay modes of interest and the background modes
each combined with their charge conjugate modes can thus be identified
and separated from the rest of the feature and plotted against the latter.
From the plots that are shown below [ figures 4.2, 4.3, 4.4, 4.5, 4.6 and 4.7]
one can see the large peaks which represent the signal in the monte carlo.
Unexpectedly in some cases tiny peaks present under the signal peaks
were found. These are the so called “peaking background” the details of
which are shown after the above mentioned plots. For a colored output, all
the background are color coded in the following way to distinguish them
from each other. These are also numbered for the benefit of a situation
where colored output is not possible. In each of the signal decay modes®
the following color coding is followed for the plots in discussion above.
/ ¢ Signal is shown in hatched red (# legend 1)° \

¢ Other ct backgrounds except for the peaking features is shown in blue
(# legend 2)°

¢ bbbackground® is shown in cyan(# legend 3)
¢ All “ud s” backgrounds is shown in magenta(# legend 4)
¢ Broad resonance, K_Opo is shown in black(# legend 5)

& “Other” broad resonances? and unidentified peakings are shown in
green(# legend 6)

?signal comes from cT, both from ”off Resonance”(continuum) and ”“on Resonance”
bcombinatorics

‘both mixed and charged types
\_ “studied p°, w(782),17.n(958), fo(1370, 12(1270), fo(1710 /

3including two types of classification for the K data sample, ecl and klm type
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Figure 4.2: The D% — KZr is reconstructed in Monte Carlo with suitable event
selection criteria. This mode gives a very clean sample owing to the clean
measurement of K. This mode is almost free of any contamination. While the
combinatorics is negligible the peaking background present here can hardly
be seen. The details of this modes composition is shown later. See table 4.2.
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THE PEAKING BACKGROUNDS

A detailed description of the peaking backgrounds is given in this section. For

brevity of space here, the backgrounds which do not produce any peaking

components such as bb and udsand the non peaking components of cc will be

given in the Appendix.

The detailed features are shown with descriptions in the following pages.
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Figure 4.3: This plot shows the classification of different event types in the
D% — KPmP signal reconstructed by the KLM, the large peak is cC signal. The
blue curve is combinatorics and obviously free of any peaking features. The
magenta is bb [mixed and charged] and cyan is uds type combinatorics.
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Figure 4.4: This plot shows the classification of different event types in the
D% — KP0 signal reconstructed by the KLM and the ECL as evident by the
narrow peak compared to the KLM signal for this mode. The large peak is
cc signal. The blue curve is cC combinatorics and as before has no peaking
features. The non-cC combinatorics is shown in magenta and cyan.
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Figure 4.5: This plot shows the calibration signal D® — (K2rr)k-mr". This is
a clean signal wrt the combinatorics. Apart from the signal peak there is a
clear peak in black and one in blue although both are small. According to our
classification described above the black is the peaking background D — K2p°.
The blue is the unidentified peaking component. The other peaks present can’t
be seen here as they are tiny, they show up when plotted individually.
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Figure 4.6: The calibration mode [mode3, klm type K| ] has significant amount
of combinatorial background coming from continuum, bb and uds. There is
also a small but prominent peaking background coming from the broad res-
onance D% — K p®. All though negligible the component seen in green here
corresponds to roughly 1.1% of other broad resonances®, see table 4.3. Infact
kIm type sample in this mode is free of any other contamination unlike the
ecl type sample of the mode which contains several other peaking contamina-
tions.
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/ Peaking background in “signal modes” \

The only peaking background that is present in the signal modes” are the D° —
KRwhere Ris the so called broad resonances defined earlier” . But fortunately
the fraction of this background compared to the total yield is only 0.6% and
moreover the small branching fraction of these decay modes would further
ensure negligible error on the measurement. Also these peaking background
pollutes only one of the signal mode. viz. the D® — K21° mode, see figure 4.8.

“modes where we are trying to measure the asymmetry

Kbpo,n,w,fetc /

/ Peaking backgrounds in “Kg calibration modes” \

In mode D® — (K3~ ). 1", there are several peaking backgrounds present,
viz. DO — Kgpo, the “other” broad resonances, D° — KR, and D° — K11,
D — K*~K™ and D? — K*TK~, see figures 4.9, 4.10, 4.11, 4.12, 4.13.

K “R=p°,w(782),n,n'(958), fo(1370), (1270, fo(1710) /
/ Peaking backgrounds in “K calibration modes” \

We divide the other calibration mode, viz., D® — (Kf_)n“ )+ Tt into two types,
the ecl type and the klm type sample.

kIm: this mode is contaminated by only the broad resonances background
modes, D% — KZp® and the “other broad resonances” each of them peaking
under the signal. Any other peaking backgrounds do not contaminate this
sample, see figure4.21 and figure 4.22.

\_"p% (7821, (958), fo(1370), 12(1270, fo(1710 /
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Table 4.2: The yields of the signal and peaking backgrounds in inclusive monte
carlo for the signal modes. Note that all modes are almost free of any such
contamination.

YIELD KOp®+ KO + KOw+KOf ete K-t K*K*+ K* K-

DO — K2n®  13959+133.06  91.49411.07 (0.6%) - - -
DO — KKM®  8957.6+302.57 - - - -
DO — K&m®  5313.64+320.34 - - - -

Table 4.2 and 4.3 list all the peaking modes with the corresponding branching
fractions from PDG 2006 and their yields and percentage yields wrt the yield
of the signal.



YIELD KOp© KON +KOw+ KOf etc K~ 1r*

PDG 2006 BF (%) 0.75+0.6-0.8 3.84+0.07

DO — (Kgrr )7‘[+ 7937.6+101.70 521.96+26.49 (5.76%) 52.5948.23 (0.58%) 39.19+7.48(0.43%)

D — (KN™r )t 4665.5+121.76 354.22+37.89(6.98%)  55.88+19.94(1.10%) -

DO — (K& )t 2334.3+62.81  155.43+16.05(3.58)  35.1548.08(0.81%)  115.49+26.22(2.66%)
YIELD K*= K™+ K*tK— UNIDENTIFIED

PDG 2006 BF (%) 0.2+0.11 0.3740.08

DO — (Kgrr)r[+ 7937.6+101.70 86.114+9.56(0.83%) 78.54+8.91(0.87%) 334.57456.56(3.70%)

DO — (KKMm)rrt  4665.5+121.76 - -

DO (KEC'TI“)TL‘Jr 2334.34+62.81 30.124+46.03(0.69%) 72.00421.56(1.66%) 1595.84+307.71(36.78%)
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4.2. EVENT COMPOSITION STUDY

Figure 4.8: Broad Resonaces in D° — K2r® mode. The “peaking” broad res-
onaces K5p0+KSr7+ Ksw+Ksf etc in DO(K T[O) region, peaking "yield” realative
to signal yield is 0.6%.
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Figure 4.9: The K2p? peaking in D® — K2rr~ " mode, peaking to signal is 5.76%.
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4.2. EVENT COMPOSITION STUDY

Figure 4.10: The Kgn +Ksw-+Ksf etc peaking in D® — K2rr~ 1" mode, peaking
to signal is 0.58%.
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Figure 4.11: The K~ m*peaking in D° — K2rr~ 1" mode, peaking to signal is
0.43%.
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4.2. EVENT COMPOSITION STUDY

Figure 4.12: The K*“K* in D® — K2~ it mode, peaking to signal is 0.83%.
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Figure 4.13: The K**K~ in D? — K~ " mode, peaking to signal is 0.87%.
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4.2. EVENT COMPOSITION STUDY

Figure 4.14: The unidentified component in D® — K~ " mode, peaking to
signal is 3.70%.
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BACKGROUND EVENT COMPOSITION

Figure 4.15: The K p® peaking in D® — K €' m~ mode, peaking to signal is
3.58%.
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4.2. EVENT COMPOSITION STUDY

Figure 4.16: The Ki.n + K .w+ K_f etc broad resonances peaking in D% —
KLl mode, peaking to signal is 0.81%.
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Figure 4.17: The K~ 1" in D? — K€%~ 11" mode, peaking to signal is 2.66%.
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4.2. EVENT COMPOSITION STUDY 101

Figure 4.18: The K*~K* in D — K¢~ it mode, peaking to signal is 0.69%.
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Figure 4.19: The K**K~ in D? — KEeC' 1" mode, peaking to signal is 1.66%.
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4.2. EVENT COMPOSITION STUDY 103

Figure 4.20: The unidentified bump in D? — K¢~ it mode. If we discard
all KBeCl, then loss in signal efficiency is 37.23% in signal mode. The corre-
sponding loss in calibration mode is 33.34%, peaking to signal is 36.78%.
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104 BACKGROUND EVENT COMPOSITION

Figure 4.21: The K p° peaking in D® — K2K™~ 11" mode, peaking to signal is
6.98%.
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4.2. EVENT COMPOSITION STUDY
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Figure 4.22:

The broad resonancesK n + K w + K f etc peaking in D° —

KE KM~ 17t mode, peaking to signal is 1.10%.
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Chapter 5

Experimental Data from Belle

in this Chapter....The yields of the signal obtained from experimental data
is described.
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Chapter 6

Results

in this Chapter......The results obtained from both inclusive monte carlo
and experimental data are analyzed to obtain a quantitative value for the
Asymmetry we intended to determine in our measurement with the error

we could ascribe to the methods.
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Results

6.1 ASYMMETRY AND ERRORS

1. Estimate of Peaking background from M.C.

y(i) = Yield of ith peaking background mode with statistical error from fit s(i)
a(i) = Generated B.F. of ith peaking background mode

B(i) =PDG B.F. of ith peaking background mode with uncertainty o(i)

Lgata = data size

Lmc = MC size

2. Bias of fit from MC

Ye(j) = Yield of jth signal mode with statistical error from fit sr(j) obtained
from fit to total MC, signal + background

Yg(j) =background subtracted signal yield = Yg(j) - 5 y(i)

Y7 (j) = Yield of truely reconstructed signal for jth mode with statistical error
from fit st (j)

3. Asymmetry in data
Y,; (j) = Signal yield in data with error S;: §)

Yé(j ) =background subtracted signal yield in data = Y,; () - S (scale) y(i), where
scale = (M)(%) (???)

Lmc
, Yé(l)—vé@)(jé(j)
Thus A = —E}() where 1, 2, 3, 4 are the four (signal and calibration)
()25
B Bl @)
modes.

4. pseudo-K? and K¢ sample

Divide the data into two samples of size L1 and L>
Calculate the asymmetry, A" similar to A

5. Multiple candidates

fraction of events with more than 1 candidates per event with error. f(j) and

st(J)

6.2 CONCLUSION



Chapter 7

Summary

in this Chapter....We draw a conclusion to our measurement.
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Summary

KEKB and Belle

KEKB is first to achieve luminosity above 10°*!!

The peak lurninosity of the KEKE asymmetric B factory exoeeded 10%/cm s this enables
Belleto accumulate mome thana half million B-anti B pairs per day,
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Figure 7.1: The KEKB accelerator and Belle Experiment
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Figure 7.2: The Japanese duo who won the Nobel-2008 depicted in this anima-
tion. They had correctly predicted the quark mixing which is evidenced in the
Belle B-meson studies.






Appendix A

Monte Carlo

A.1 GENERATING SIGNAL IN QQ98

DECAY VPHO

CPTAG

MATRIX 1. 0. -1.

CHANNEL 0 1.00 D*+ D*-
ENDDECAY

DECAY D*+

HELICITY 1.000

CHANNEL 0 1.0 D*+ PI-
ENDDECAY ;

DECAY D*+
ANGULAR_HELICITY -1 1. 0. -1.
ANGULAR_HELICITY 00. 0. 1.
ANGULAR_HELICITY 11. 0. -1.
CHANNEL 0 1.0 DO PI+
ENDDECAY ;

DECAY D0

HELICITY 1.000

CHANNEL 0 1.0 K*- PI+
ENDDECAY

DECAY K*-
ANGULAR_HELICITY -1 1. 0. -1.
ANGULAR_HELICITY 0 0. 0. 1.
ANGULAR_HELICITY 11. 0. -1.
CHANNEL 0 1.0 KB PI-
ENDDECAY

; End

A.2 RESOLUTION OF K|

The resolution of K| was studied in more detail and the results are shown here.
See Figure A.1,A.2,A.3 and A 4.
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Monte Carlo

Figure A.1: KECL Resolution in 6 and ¢

The angular resolutions of the E(}L}yp_e;KE.# )
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A.3 FACTORIZATION OF EFFICIENCIES

The factorizability of efficiencies in the D — Ksrr~ 1t is shown here. The study
performed on the DY — Kgm® and the D% — K| 7° modes has been shown earlier.
See figure A.5,A.6,A.7.

A4 THE K TMODE BACKGROUNDS IN INCLUSIVE
MC
This mode fortunately has no contamination. the broad resonances which are

dominate peaking backgrounds in many modes have no presence here. See
A8.
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Figure A.2: "Good” KECL Resolution in 6 and ¢

The angular resolutions of ECL type Ks for events in the 3 ¢ region.
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A.5 cC, bb AND UUSBACKGROUNDS IN INCLUSIVE

MC

The c¢, bband ud sbackgrounds are shown in the plots in figure A.9, A.10 and

A1l
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Figure A.3: KM Resolution in 6 and ¢

The angular resolutions of KLM type K°.
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Figure A.4: KKtM Resolution in 6 and ¢

KKM Resolution in 6 and @ for events in the 3 o region.
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Figure A.5: Factorizability in D — Ksrt" 17

04 08
035 Moo, et 07 _._+ P +
07 pom —+—_+_ 06 +
02 A 05 2pgem + | 1: Ky
02 0.4
0.5 03 + 27
01 02
5 . st
Mo ai 3: Tslow
o 1 2 3 4 5 0 1 2 3 4
D*‘*’(piq.cn,pgcn) (pIM) x 2(pgM)
4 ]
[u] BECEEEEEE
* Oo #loo0d000oooo
3 oopQ0o 00 00
25 dodo 25 (@0 oo
.| B000 , 18 0
goooo ‘0O
#logOOoeo] |
(0ogdodooOd ¢
os D0OOOOOO0OOD| s L
oooooooodo b
o 1 2 3 4 01 B
4

ODoooooof ]
Oooo0oo0oO0doo

joool]
oooood
[ooodoooogl]
oool [0 OO
ool]o

=
=
-
~
~
n

OO ]o
looo
O]o

%
N
IS



A.5. cC, bb AND UUSBACKGROUNDS IN INCLUSIVE MC

121

Figure A.6: Factorizability in D — Ksmtmm
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Figure A.7: Factorizability in D — Ksrt" 1
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Figure A.8: The klpi mode backgrounds

The K mmode has no peaking contamination, The Ksrtmode is also very clean
except for a negiligible peaking backgrounds a) all broad resonances in ECL
type b) all broad resonances in KLM type c) the c-cbar background in klpi
d)the c-cbar klm background in klpi

figures/ peak_bkg/fit/klpi_gflilguoad/eelakeppkg/ fit/ kl pi _all broad_kl m

figures/peak_bkg/fit/klpi_qgébguresl pepk bkg/fit/klpi _gcbar kI m ep:
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Figure A.9: The continuum [cc] background

The continuum [cc] background a) ccbar kspi b) ccbar klpi, klm c) ccbar klpi,

ecl d) ccbar in klpipi, klm
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Figure A.11: uds background

figures/ peak bkg/ uds. eps
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