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Abstract

In this thesis, I report the study of B — DK decay, using a data sample of 366 million BB
pairs recorded at the Y(4S5) resonance with the Belle detector at the KEKB asymmetric
ete” storage ring. Several suppressed B — DK decays are measured. Moreover the
constraints for ¢3 by these measurements are discussed.
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Chapter 1

Introduction

CP violation in the standard model is explained by Cabibbo-Kobayashi-Masukawa model [1].
Its effects are able to be parametalized by unitarity triangle on p — 7 plane. These an-
gels and sides are related to physics process which fortunately appear in B decays. So
measurements of these are the precise test for the standard model(SM).

1.1 CKM model

The violation of symmetry between matter and anti-matter attract many physicists and
had not be able to solve. But Kobayashi and Maskawa solve that problem by introducing
6 quarks of 3 generations within the SM framework.

The interaction lagrangian is given by

‘Cmt(x) = _%Z/{LJVNVCKM,UDL,]'WM -+ h.c. (11)
where
d
L_{:(uct),D: s |, (1.2)
b

subscript L means light-handed part of these quark states, and

Vud Vus Vub
Vernvr = | Vea Ves Vo | (1.3)
Vie Vis Vi

In the above formalism quark states are states which diagonalize electro-weak interac-
tion. But generally mass eigenstates(U and D) differs from them and are given by

u=u,u,o=u,D (1.4)
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and U is related to Vog s through
Ve = Ul'Uy (1.5)

which gives quark-mixing.

There are many parameterization methods which define relative quark phase of Vg,
matrix elements. One of popular approximation methods is that of Wolfenstein [2] which
is

1-2 A ] AN (p —in)
Voxkm = -\ -2 AN? (1.6)
AN (1 —p—in) —AN? 1

where A\, A, p and 7 are real parameter. In this parametarization \ is Cabibo-supression-
factor and related to Cabibo angle as

A =sinf.. (1.7)

A and A are experimentally well measured. But p and n have not been measured with
accurately. So its measurements is main subject of B-factory experiment, Belle and BaBar.
In the SM, CKM matrix should be unitary for probability conservation law. The or-

thogonality of d-column and b-column lead to a relation as
VudVJb + Vch’}_?, + Vi {Z = 0. (1.8)

C

Since these terms are generally complex numbers, this relation can be represented as a
triangle in a complex plane. Usually the triangle is defined as bellow

(0,0) (1,1)

Figure 1.1: Unitarity triangle

where

ViaViy,
VeaVap

) (1.9)

o1 = w— arg(



‘/td fz;
_Vud Jb

YuaV ). (1.11)
_‘/Cd chb

¢y = arg( ) (1.10)

¢35 = arg(

If Wolfenstein parametarization is used, that triangle converts to the triangle on p —n
plane as shown in Figure 1.1(right) where

p=01-Z)p (1.12)
7=(1- A22)77. (1.13)

and sides are represented as

Rb = /ﬁ2+7_]2 (114)
R = J(1—p)?+i2 (1.15)

All these elements are determined from B decays such as shown in Table 1.1.

elements decay mode
¢ B’ — J/YK°
angle ¢y B — ntn~

¢3 B — DK~

Via B —py
slide V,, B — X,lv

Vo B — X.lv

Table 1.1: Relationship between CKM elements and B decays

1.1.1 BY— BY mixing and Time-dependent CP violation

assuming a time-evolutions of state are given by only linear-convination of basis, BY and
BO it should be written as

d (B (BN ([ Hy Hy)\ /(B
'L% ( _B_O > =H ( BO ) = < H21 H22 B—O (116)

Assuming the eigenstes of H are

By = pB°+¢B° (1.17)
B, = pB®—¢BY (1.18)
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and their eigenvalues are

A = my — Z%H (1.19)
AL = my — Z%L (1.20)
Then their time-evolution are given by
d
Z%BH’L = /\H,LBH,L (121)
— By (t) = e LBy 1(0) (1.22)
and these time-evolution can be converted to
1 1 , A
B® = %(BH + B) — B(t) = %(e_ZAHtBH + et py) (1.23)
1 1 . A
B0 = ?q(BH + B;) — BO(t) = 2—q(e_”\HtBH —e B (1.24)
and
1 , , . . _
Bo(t) — 5[(6_2)‘Ht + e—z)\Lt>BO + Z(e—z/\Ht - e—z)\Lt)Bo] (1'25>
BT(t) _ 5[(64,\1{1‘/ 4 efi/\Lt)BO 4 £<€4,\Ht . efi)\Lt>Bo]. (1.26)
In this line if we assume vy ~ vy ~ 7,
m = mH;_mL, om=my —my, (1.27)
_, eiAmt o pmidpt e—imte—%t(e—i%”t + 61‘57’"1:) (1.28)
; o 2 cos 2t
—imt ,—5t 2
c e ( —2i sin 9m¢ ) (1.29)
0 Yt 0 om q =, . 0m
B (t) = e 2 (B" cos —t — i—B%sin —t) (1.30)
2 P 2
vy, s ) )
BO(t) = e 2*(B°cos oy i’ BOsin —mt) (1.31)
2 q 2
This shows B — BY mixing.

Next let’s consider time-dependent CP violation. In this case we assume B? and B
decay to same final state and these amplitudes are defined as

A = < flH|B® > (1.32)
A = < flH|B® > .
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Then the amplitude of B decay to f in ¢, Apo_((t), is given by

7 ) —_—
Apo_4(t) = e 2'(Acos oy i Asin —mt) (1.34)
2 D 2
_ 2 6m I 5m
= Ae 2 (cos7t—szsm7t) (1.35)
a7 Omop o om
Ago_(t) = e 2*(Acos Tt—ngsm 725) (1.36)
< 3, om . 1. 0m
= Ae 2 (COSTt—Zp smTt) (1.37)
where
qA
= —. 1.
PEoa (1.38)
We define
21 21
A== g 2Mmp (1.39)
T T

and then decay rates are calculated as

A2
Ppoy = |2|(|p|2+1)e_7t[1—Acos5mt+Ssin6mt] (1.40)
_ _ & 22 2 —t . .
Ppo; = 5 |=17(lp|* + 1)e™"[1 + Acos dmt — S sin dmit]. (1.41)
q
(1.42)

This equations show time-dependent CP violation (experimentally |§]2 ~1,).

1.1.2 Direct CP violation

Direct CP violation means I'g_.y # I'5_,7. It is occurred by interference of multiple decay
diagrams which have different weak-phase and non-zero strong phase as shown in Figure
1.2.

In this case these amplitudes are written as

AB_,f = A1+A26iewei5 (143)
Ap_; = Ay + A 0weid (1.44)

where 6y is the relative CP violating weak phase between two diagrams and ¢ is the non-CP
violating strong phase.



A

Figure 1.2: Mechanism of direct CP violation

Then the decay rates is calculated as

D(B— f) = |Al|*+|As* + 2| A1||Az| cos(d + Ow) (1.45)
D(B— f) = |A|*+|As* + 2| A1|| Az cos(6 — Ow) (1.46)

This shows direct CP violation.
In a measurement of direct CP violation if those amplitude (A; and A,) are comparable,
large CP violation effect is expected.

1.2 Determination of ¢

The determination of ¢5 is still challenging, even if we use high luminisity B-factory. This
is because ¢3 measurements needs a diagram which includes V,;, and it strongly suppresses
a decay amplitude.

@3 is defined as

ViudViip
_‘/Cd SZ

o3 = arg(

) ~ arg(—Vu), (1.47)

where noted that in Wolfenstein parametarization (1.6), V,; is the only one in the expression
that has a complex phase. The measurement of ¢3 is equivalent to the measurement of
the phase of —V,,;,. Therefore we measure it through an interference between b — u(B~ —
DO(— f)K~) and b — c transition(B~ — D°(— f)K~), where D° and D° decay into a
same final state, f.



1.2.1 Dalitz analysis

Up to now, Dalitz analysis [3] is the one which gives a most strict constraint for ¢s.
This analysis uses B~ — D[K "7~ |K~ decay modes and Dalitz distribution of K ntn~
daughters.

Dalitz distributions are given by

B~ : M_(m?%,m%) = f(m%,m%) +rpe’®%) f(m? m?) (1.48)
Bt : My (m2,m%) = f(m2,m%) +rpe®) f(m?, m?), (1.49)

where m_(m_ ) is a invariant mass of K,m~ (K,n"), f is density function of m_ and m., and
rg is a ratio of B~ — DK~ and B~ — DK~ deacy. the density function f is determined
from charm-tagged continuum process ete~ — ¢ events assuming 15 resonances (two-
body decays such as K*(892)*7F, K} (1430)*nF, K;(1430)*7F, K*(1680)*nT, Kgp, Ksw,
Ksf0(980), Ksfo(1370), Kgf2(1270), Ksoy; and Kgoy ) and 1 non-resonance components
as

15
f(m%,m?) = > a;e"® Ay(m2,m2) + be'? (1.50)

=1

where j stands for j-th resonance, a; and b are amplitudes, a; and (3 are relative phase,
and A;(m?%, m?) is the density functions of each resonances.

For example in above expression for B~ Dalitz distribution f(m?,m3) (f(m?2,m?)) is
a contribution from B~ — DK~ (B~ — DK ™). If the CP violating phase ¢3 does not
exist , M_(m?2,m?%) and M, (m?%, m?) are symmetric for m_ and my. While if there is a
certain size ¢3, we can measure it thorough the difference of Dalitz distributions as shown
in Figure 1.3.

However this method has a fault. It is the large model dependence. Belle collaboration
measured ¢3 using this method and the result [4] is

¢g = T7°T100 (stat) + 13°(syst) + 11°(model). (1.51)

This model dependence comes from the determination of the density function f. To de-
termine the relative phase «;, we use only each branching fractions. So we can not avoid
assuming models to determine it.

1.2.2 GWL method

One of GWL method [5] feature is no model dependence such as Dalitz analysis.
We can determine ¢3 using interference between b — u and b — ¢ decay processes
which has same final state. One of interesting final state of D decays is CP eigenstate
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Figure 1.3: Dalitz distribution of D — Kntn~ from Bt — DK™ (a) and B~ — DK~
(b). m_(my) is a invariant mass of K n— (K,r™). [4]

such as KTK~, mtn~ (CP-even eigenstates called D;) and K,n°, Kw, K¢, K.n (CP-
odd eigenstate called D). Since CP phase convention is arbitrary, following the phase
convention CP(D°) = DO, CP eigenstate D mesons are represented as

So amplitude of B~ — D, 2K~ is given by

A(B™ — D1,K™) = \}5[14(3‘ — D'K™)+ A(B~ — D°K™)]

In this equation, the angle between these amplitudes is given by (without strong phase ¢)

VsV
Vav) ™ (V)

0 = arg(—

where noted that in Wolfenstein parametarization (1.6), V,,; is the only one in the expression
that has a complex phase.
So amplitudes of BT — D, KT are written as

A(B~ — DK™ = \}ﬁ[yA(B — DYK7)| + e et A(B™ — DOK )] (1.52)
A(BT — DKT) = ! [JA(BT — DK ™*)| + ™93¢t A(BT — DOK™)|] (1.53)

Sl

2
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A(B™ — DyK™) = [|A(B — DYK7)| — e et A(B™ — DVK )] (1.54)

%\

A(BT — DyK™) = —=[|A(BT — D°K™)| — e3¢ | A(BT — DOKT)|| (1.55)

ﬁ
where §(= 6p — dp) is strong phase difference between B~ — DK~ and B~ — DK~
decay.

By these amplitude observable values which have sensitivity for CP violation are derived
as bellow

B(B_ — DLQK_) — B(B+ — D1’2K+)

A = 1.56
1,2 B(B_ — DLQK_) + B(B+ — D1’2K+) ( )
_ 37’3 sin 0’ sin ¢3 (1.57)
1+ 75+ 2rpcosd cos¢s
RDl,Z
Ris = “RD0 (1.58)
= 1473+ 2rgcosd cos ps (1.59)
where
A(B~ — D°K")
= 1.60
= Vg pore) (1.60)
;o for D,
o= { o+m for D, (1.61)
gpia = BB = DiKY) (1.62)
B(Bi — D1 27Ti)
B — DOK*
gpt — BBT = DUKY) (1.63)

B(B* — DOr¥)
In these formalism we have 3 unknown values, r, ' and ¢3, and experimentally can
get 3 independent equations (We can measure Aj, Ay, Ry and Ry, but one value is not

independent because of the relation, AjR; = —AsR5). So in principle we can solve this
equation. However a fault of this method is a low sensitivity.

1.2.3 ADS method

A method which has more sensitivity of CP violation using other D decay mode is sug-
gested [6]. Tt is doubly-Cabbibo-supressed decay mode such as D° — K*7~. Considering
B — D[K*7n~]K~ there are two diagrams as shown in Figure 1.4.

Its CP asymmetry depends on the difference of decay amplitude between B — D[Kt7~ | K
and B — DOY[K+7r~]K~. Actually its ratio is given by

B(B — DIK*a |K7) |VcbV* |215’(D0 — Ktn)
B(B — D[K+rn-]K-) ~ "“'VuVr' B(DY — K+r-)

~ 1 (1.64)
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Figure 1.4: Feynman diagram of B~ — D[K 7~ |K~ /7~ decay
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where ). is color-suppression-factor(~ 0.35 [7]) and M = 0.0060 [8] from other

B(DV—K+n—

experiment. As Figure 1.4 in this decay mode since two diagrams are comparable the
interference effect is expected to be sizable. And these branching fractions are calculated

as

B(B~ — [K'n |K")
B(Bt — [K~7T|K™)

where
B

D
Ap
Ap

)

(1 + 1% + 2rprp cos(8 — 63))| As[2|Ap
(r% + 12 4 2rgrp cos(8 + ¢3))|As|*|Ap|?

A(B~ — DVK™)
’A(B* — DOK*)’
AD* — K+77)
|A(D0 — K—7r+)|
A(B~ — D°K")
A(DO — K~ 7h)
o+ 0p

dp(dp) is the strong phase difference between the two B(D) decays.

We have already know rp, Ag, Ap from other measurements and essentially the values
we want to know are ¢3, rg and ¢. if we combine another result of D decay mode such as
D — Kgn°, we can get 4 equation. So we can solve this equation. Moreover if we combine
more modes we can give a more strict constraint for ¢s.

14
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Chapter 2

Belle detector and KEKB accelerator

We need large BB samples to study sides and angles of CKM unitarity triangles thor-
ough B-meson decays. Asymmetric ete™ collider KEKB at KEK(High energy Research
Organization) can produce BB pairs with high luminocity. The Belle detector is a large-
solid-angle spectrometer to accumulate the B-meson decays and have been constructed at
the interaction point(IP) of KEKB.

In this chapter, details of the KEKB accelerator and the Belle detector are described and
figures are taken from [9].

2.1 KEKB accelerator

The KEKB is specially designed to produce B-mesons with high luminocity. To determine
the time-dependent CP violation we have to measure the time difference between CP-
side and tag-side of B-meson decays. Since this time difference is too small to directly
measure it, we measure it using Lorentz boost. So the KEKB is asymmetric ete™ collider.
The energy of electron and positron beams are 8 GeV and 3.5 GeV, respectively. This is
concerned to avoid ion trapping, which happens only at low energy, in electron ring. Its
center-of-mass energy is 10.58 GeV, just T (4S5) resonance, and the Lorentz boost parameter
(B is 0.425. By this Lorentz boost B-meson can typically flight 200 gm which is measurable
for experimentalists. The KEKB has two beam rings as shown in Figure 2.1. The electron
ring is so-called HER(High Energy Ring) and the positron ring is so-called LER(Low Energy
Ring). These rings located in TRINSTAN tunnel with circumstance of about 3 km. A only
interection point is located in Tsukuba Area. KEKB has a finite crossing angle of 11 mrad
to avoid parasitic collision near the interaction point.

In Decemmber 19th 2005, we archive 1.6270 x 103*cm=2s~! and our accumurated lunoc-
ity exceeded 0.5ab~!.
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LER HER unit
Horizontal Emittance 18 24 nm
Beam current 1730 1261 mA
Number of bunches 1388
Bunch current 1.25 0.909 mA
Bunch spacing 2.1 m
Bunch trains 1
Total RF volatage Ve 8 15 MV
Synchrotron tune —0.0249 —0.0226
Betatron tune 45.505/43.535 | 44.511/41.577
beta’s at IP 59/0.65 56,/0.62 cm
Estimated vertical beam size at IP 2.1 2.1 mm
beam-beam parameters 0.110/0.092 0.073/0.056
Beam lifetime 140@1700 179@1261 min.@mA
Peak luminosity 15.62 10% /em? /sec
Luminosity records per day / 7days/ 30days fbt

1.178/7.358,/29.02

Table 2.1: The machine parameters of KEKB

WIGGLER

o
w
|
9]
Q
2

Figure 2.1: KEKB accelerator
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Detector Device Configuration Readout Performance
Beam pipe Beryllium Cylindrical Helium gas cooling
double-wall ~ r=2.0—1.5cm Be/He/Be
SVD1 Double 3 layers, 300pm-thick oy = 19 ® 54/pBsin*? fum
Sideed r=3.0~5.8cm 81.92K 0. =42 ® 44/pfF sin®? fpm
(2 Si Strip 23° < 0 < 139°
SVD2 4 layers, 300pm-thick Or_g = 22 ® 36/pBsin®? Gum
r=2.0~5.8cm 110.59K 0. = 28 ® 32/pfFsin®? fum
17° < 6 < 150°
CDC Small Cell Anode: 50 layers o/pe = (0.20p; ® 0.29/3)%
Drift Cathode: 3 layers A: 84K
Chamber r=8~88cm C: 1.5K Oagjde = 10
2=-79~+160cm
ACC Silica Barrel: 960
Aerogel Endcap: 228 1,788 K/m1.2 < p<3.5GeV/c
n=1.01~1.03 FM-PMT readout
TOF Scintillator ¢:128 segmentation oy = 100ps
r=120cm 128%2 K/mp < 1.2GeV/c
Length=3m
TSC ¢:64 segmentation 64
ECL CsI(TI) Barrel:r=125~162cm 6624 op/E =13%/VE
Endcap: 1152(FWD) 0,05 = 0.5cm/vE
z=-102/+196cm 960(BWD)
Solenoid r=170cm Nb-Ti-Cu alloy
magnet B=1.5T
KLM RPC Barrel:14 layers 0:16K Kp:Af, Ap = 30mrad
Endcap: 15 layers 9:16K
EFC BGO 2x1.5x12cm? 0:5
0:32

Table 2.2: Sub-detectors of Belle detector
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KLM TOF

Csl

PID
EFC
17°

T E——]
| —

Belle

CDC
150°
SVD

Figure 2.2: Side view of Belle detector

Figure 2.3: The definition of belle coordinate
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2.2 Silicon Vertex Detector / SVD

SVD is located in most inner part of Belle. Its main purposes are vertexing of B-meson
decay points. SVD is most important detector to measure time-dependent CP violation.
We measure time-dependent CP violation through measurements of z position difference
in two B-mesons decays.

SVD sideview
SVD endview \ CDC -

Figure 2.4: SVD1 configuration

Belle used SVD1 and is using SVD2. SVD1 is designed to have radiation tolerance up
to 1 MRad. Since in summer of 2002 its radiation exceeds its limitation, SVD is replaced.
In that time some up-grade is also applied for SVD. Its main feature is not only increase
of radiation tolerance but also close to IP in oder to improve vertex resolution.

SVD1 SVD2
number of layers 3 4
radius of inner layer 3.0 cm 2.0 cm
acceptance 23° < 0 < 139° 23° <6 < 139°

Table 2.3: Comparison of SVD1 and SVD2

Figure 2.5 and Figure 2.6 shows a configuration of SVD2. SVD2(SVD1) has 4(3)
cylindrical detectino layers consisting units of Double-sided Silicon Strip Detectors(so-called

19



End ring DSSD Lodder
Quter cover FSSU 00060

Figure 2.5: Side view of SVD2

o

Figure 2.6: End view of SVD2
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DSSD) with 300 pm thickness. As shown in Figure 2.7 the impact parameter resolution at
IP for SVD1 is
(192 @ 240 o 6)
or_e = (19. ——sin pm
v pp

31.9
0. = (42.2 @ ——sin®?0)um
( 3 )

and in the case of SVD2 one is
35.5
Or_ = (21.9® —sin*? ) um
o= 3 )

31.9
o, = (278 Yl sin®/2 §) um

where the first term is detector native resolution, the second term is an effect of
coulomnb mulitiple scattering and & stands for quadratic-sum.

drho dz
1607“vvr""x""x""x""x""x""w"" 1607\"'x"'w""x""x""x""x""x""
i SVD1 Cosmic o SVD1 Cosmic
140 |- 19.2®-54.0/ppum ] 140 -, 42.2®-44.3/pum ]
120;“ 4 SVD2 Cosmic i 120 ;“ 4 SVD2 Cosmic i
I 21.9 ®-35.5/pum [ 27.8®-31.9/pum
é 1001 1 é 100 1
= | =
S 80, s S 80 1 .
= " E [
2 H 2 i
g 60 | : g 60 ! :
[ * r
40 ‘& N 40 - A B
L N + A
L A P ey A——1777I777‘7777L
20, * B 77;777 T e 207 ]
0 1 1 1 1 1 1 1 0 | | | | | 1 1
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
pseudo momentum (GeV/c) seudo momentum GeV/c

Figure 2.7: Impact parameter resolution of SVD for r — ¢ and z

2.3 Central Drift Chamber / CDC

Roles of CDC are tracking, momentum measuremnts and particle identification(PID) using
dE /dx measurements of charged tracks.

Figure 2.8 shows configuration of CDC. CDC covers the poler angle region 17° < 6 <
150° and the region from 8cm to 88cm in the directino of radial. CDC has a total of 50

21



2204

702.2 | 1501.8

A
Y

790.0 1589.6

880

N B
JE R, e L e L T B R
e- et
Interaction Point
10
Cathode part
, ,
L.« L.
100mm 100mm

Figure 2.8: CDC configuration

sense wire layers (32 axial wire layers and 18 stereo wire layers) and 3 cathode strip layers.
The stereo angles range from 42.5 mrad to 72.1 mrad. A 50% helium-50% ethane gas
mizture is used in CDC. In oder to minimize Coulomb multiple scatterings, a gas which
has low atomic number is selected. It contribute to good momentum determinations.

The spatial resolution is about 130 pm. The tranceverse momentum resolution is

ot/pr = (0.20p, ® 0.29/8)%

In CDC the measurement of dF/dx plays a important role for particle identification.
The kind of particles are distinguished by the difference of energy loss in the drift chamber
which is given by Bethe-Broch formula as

dE 47TN02264§[IH( 2mu?
I(1-p?)

Cdr T mr A

) — 3%
where

Ny : Avogadro’s number

Z : atomic number

A : the atoms mass number of gas
I : effective ionization potential

m : mass of passing particle
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Figure 2.10: CDC momentum resolution
Figure 2.9: CDC spatial resolution

Actually some kind of particles are separated by dFE/dxr measurements as shown in
Figure 2.11. Of cource, CDC also has enough dFE/dx resolution to identify the kind of
particle effectively as shown in Figure 2.12.

2.4 Aerogel Cherenkov Counter / ACC

ACC is a threshold Cherenkov Counter. ACC is also the sub-detector for particle identifi-
cation and compensate lack of PID ability of CDC(dE/dx measurement) and TOF (Time-
of-flight) as shown in Figure 2.13.

Figure 2.14 shows configuration of ACC and Figure 2.15 shows a module of ACC. ACC
has 960 modules for barrel region and 228 modules for forward endcap region. Due to
KEKB asymmetric beams, final state particles which have high momentum are emitted
with large poler angle and one which have low momentum are emitted with small poler
angle. So ACC take into account of this condition and is optimized by varying refraction
indices depending on the position of each ACC module.

When a particle passes a medium by the velocity which is faster than light speed in the
medium, a cone of Cherenkov radiation is emitted. The half angle, 6,, of it is given by

1
cosf. = = 1+ (

nf n )

m
p

where 3 = v/c(v is velocity of a particle), n is refraction index, m is mass of a particle
and p is momentum of a particle. In ACC fine-mesh photo-multiplier-tube(FM-PMT) is
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Figure 2.11: CDC dFE/dx measurement
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employed for the operation in magentic field, since usual photo multiplier doesn’t work
in magnetic field. It’s schematic view is shown in Figure 2.16. And its performance is
certainly confirmed in magnetic filed as shown in Figure 2.17.

10
i
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“\ i ,7
% \\\ ~ 77
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.001 77N 30 deg. (3.0E-3) ]
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= i
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.0001 .
0 0.5 1.0 1.5
B (Tesla)

Figure 2.16: FM-PMT schematic view

Figure 2.17: FM-PMT performance with
magnetic field

Actually for particle separation, ACC uses light yield of FM-PMT as shown in Figure
2.18. For K/m separation, ACC works well in over 1 GeV/c momentum region as shown
in Figure 2.19 and provide low miss identification probability as shown in Figure 2.20.

2.5 Time Of Flight / TOF

TOF provides us with K /7 separation information in the low momentum region below
about 1.2 GeV/ec.

Figure 2.21 shows TOF and TSC module. Belle TOF subdetector consists TOF module
and Trigger Scintillation Counter(TSC). TOF is located at the position of 120 cm in radius
from IP. TOF has 128 TOF modules and 64 TSC modules which are segmented in the
direction of ¢. TSC is used for trigger timing signal of Belle.

By TOF, mass of a particle is determined as

1 cIror

m® = (@ - 1)p2 = ((

where Tror is a measurements of TOF and L., and p? are determined by CDC. Figure
2.22 and Figure 2.23 show particle identification performance of TOF.

)’ —1)p?

Lpath
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2.6 Electromagnetic Calorimeter / ECL

ECL is mainly designed to detect photons and to identify electrons.
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Figure 2.24: ECL configuration

Figure 2.24 shows a configuration of ECL. Figure 2.25 shows a module of ECL. ECL
is located inside of Solenoid Magnet to improve potion and energy resolution of photons.
ECL has 8,736 CsI(T1) crystals in total and covers polar angle region 17° < § < 150°. In
Belle we use CsI crystal which is doped with thallium to increase light yields.

Electrons and photons are detected using electromagnetic shower. When a particle
passes the crystal, it make a cascade of pair-prodction and brehmstrahlung. And then
finally visible photons are created and they are read-out by photodiodes. In the case of
electron and photon, its energy typically losses almost of their energy. The total light yields
are proportional to their energy. To prevent the shower leakage ECL crystal has 30 cm
length which corresponds to radiation length (Xj) of 16.1. The ECL energy measurements
are calibrated crystal by crystal using a large sample of Bhabah events. Energies of Bhabah
event are well known and given by a function of scatter angle. Actually its resolution is

op/E = (0.066/FE ©0.81/E"* © 1.34)%
and position resolution is

0: = (3.4/F ®1.8/EY* ® 0.27)mm
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Figure 2.25: ECL module

where the unit of energy, F, is GeV.

2.7 Solenoid Magnet

To measure momentums of particle using curvature of particle’s trajectory, Solenoid Magnet
provides Belle with 1.5 T magnetic field in the direction of z-axis, beam.

Belle Solenoid Magnet is made of supre-conducting niobium-titanium-copper. And its
cooling is provided by liquid helium circulating.

Using a curvature, we determine a momentum of charged particle as

pr = qBr
and if we use SI units, it’s able to change to useful formula as
pr = 0.3¢Br

where pr[GeV/c] is transverse momentum, ¢[C] is charges of particle, B[T] is magnetic field
and r[m] is curvature.

2.8 K;/u Detector / KLM

KLM is designed to identify p and detect K. In addition to these purpose KLM also
works as a return-yoke of Solenoid Magnet.

Figure 2.28 shows a configuration of KLM. Figure 2.29 shows a construction of super-
layer RPC(Resistive Plate Chamber). KLM has 14 or 15 layers for Barrel and Endcap
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Figure 2.28: KLM configuration
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part, respectively. In each region different shape RPC layers are used as shown in Figure
2.30 and Figure 2.31. Each layer consists super-layer RPC and 4.7 cm iron plate. KLM
covers polar angle region of 20° < 6 < 150°.
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Figure 2.30: Barrel RPC Figure 2.31: Endcap RPC

Because a difference of mass between p (106MeV) and 7 (140MeV) is too close to
distinguish by other sub-detectos we need a special i detector. There for u identification
is important. Because the gold-plated mode of sin2¢; measurements is B® — J/¢(—
pr ) K.

In KLM we mainly distinguish p from 7 using number of penetrated KLM laeyers.
Therefore because K7, is neutral hadrons detections of it is difficult. However K sometimes
plays important role in B physics (e.g. B’— > J/¢ K. This mode is used for extraction
of sin2¢;). So we detect K, using hadron shower.

2.9 Trigger and DAQ

The Belle trigger system has 3 layers, hardware trigger(Level 1), on-line software trig-
ger(Level 3) and off-line software trigger(Level 4).

The central trigger system of hardware trigger is called as Global Decision Logic(GDL).
GDL combines trigger signals from sub-detectors as Figure 2.32. In this stage events are
selected mainly based on track and energy deposit information. GDL roughly categorizes
events and makes a decision to take data within 2.2 usec from a beam crossing. GDL has
some flexibility to keep the trigger rate within tolerance of the DAQ system. For example
basically we do not have spacial reason to take Bhabha events for physic analysis. But we
need a few events for a luminosity measurement and ECL calibration. So we set the trigger
condition to take these events sometimes, not always. However its rate is suppressed not to
disturb data taking of physical interesting events. If GDL decide to take a event it provide
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sub-detectors with common stop signals of TDCs and gate signals of ADC. Then readout
data is transferred to the event builder.

Shipped data from the event builder is selected by on-line software trigger. On-line
software trigger consists ultra fast tracking finder which select about 60% events based on
the z vertex position. Then the selected events are sent to Offline Computing Farm.

The recored events are processed using more precise filter, off-line software trigger. The
events passing off-line software trigger are send to the Data Storage Tape(DST) production
chain. I n this stage tables of tracking, gamma energy, PID information and etc, are made
for physic analysis.

2.10 Monte Carlo

Belle corroboration use EvtGen to make Monte Carlo events based on the decay table
which is updated Belle corroboration frequently. That generated events are processed
using a detector full-simulator based on GEANTS3.

Using it ”generic” Monte Carlo and "rare” Monte Carlo is generated. It’s difference is
including decay modes and factor of data size. ”generic” Monte Carlo includes decay mode
up to O(107°) and has 3 times larger data set which corresponds to the real experiment
data. On the other hand "rare ” Monte Carlo includes decay mode up to O(10~7) and has
25 larger times data set to carefully check the effect of rare decay. Therefore we can also
make signal Monte Carlo we want. Signal Monte Carlo is usually used for an estimation of
signal efficiency.
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Chapter 3
B~ — DK™ analysis

In this chapter the procedure of B~ — DK™ reconstruction which consists event selection
criteria, backgrounds, and signal extraction, is described.

Although our interest is the suppressed decay, B~ — Dg,,[K 7| K ~, the favored decay,
B~ — Dy, [K~nt] K~ whose statistics is enough to suppress systematics uncertainties, is
also analyzed. Because the difference between suppressed and favored mode is only charge
of D daughters and their kinematics are same, by taking the ratio of these yields, most of
systematic uncertainties such as detection efficiency, PID cut, event shape LR cut and etc.
are cancelled.

In addition to B~ — DK~ mode B~ — Dz~ is also analyzed for cross check.

3.1 Data set

In this analysis, as shown in Figure 3.1 366 fb~! of data set (experiment number 7 ~ 41)
which corresponds to 386 million BB pairs recorded at the Y(4S5) resonance with Belle is
used.

3.2 Event selection criteria

Firstly a list of event selection criteria is shown. Then the detail description of that is
shown below the list. The same style is used for each selection criteria in this thesis.

3.2.1 Primary charged tracks

e |dr| <5 mm, |dz| <5 cm

To suppress beam backgrounds, charged tracks are required to have a point of closest
approach to the beam line within £ 5 mm of IP in the direction perpendicular to beam
axis, dr, and £ 5 cm in the direction parallel to the beam axis, dz.
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Figure 3.1: Belle luminosity

3.2.2 D reconstruction
e K tracks: LR(K/m) > 0.4
e 7 tracks : LR(K/m) < 0.7

e 1.850 < M(Kr) < 1.879[GeV/c?](2.50)

D mesons are reconstructed by combining two oppositely charged tracks.

To distinguish K tracks from 7 tracks, we use likelihood ratio between K and 7 which
is constructed using Kaon(pion) likelihoods, Lx(L,), based on dE/dX measurements,
Cerenkov counter(ACC) information and Time-of-Flight(TOF) and calculated as

LR(K[m) = Li/Lx

_ pdE/dx ACC TOF
EK,TF — ,CK’W X EK,W X £K,7r .

In this case we require LR(K/7) = Li/L; > 0.4 for K and LR(K/m) < 0.7 for 7. In
this momentum region K and 7 efficiencies are 0.987 and 0.986, and their fake rate(the
probability that m(K') tracks are identified as K (7)) are 0.051 and 0.079, respectively.
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Figure 3.2: PID performance of D daughters, K (left) and m(right). This shows the effi-
ciency and fake rate as a function of PID cut value. This data set is taken from Monte

Carlo.

D candidates are required to have an invariant mass within +2.50 of the nominal D
mass, 1.850 < M(K7) < 1.879[GeV/c?|. And to suppress contaminations from favored
decay if K and 7 mass assignments are exchanged and its mass is within D mass signal
region, the event is vetoed.

To improve the momentum determination of B mesons, tracks of D candidates are
refitted by constraining the invariant mass to the nominal D mass and the track origin to

the reconstructed vertex position (mass-vertex fit).

3.2.3 B~ reconstruction

e prompt K tracks : LR(K/7) > 0.6
e prompt 7 tracks : LR(K/7) < 0.2
e 5.27 < My, < 5.29[GeV/c?|

o |AE| < 0.05[GeV]

B~ candidates are reconstructed by combining the D candidate which satisfies the condition
and a prompt particle candidate. For prompt particles, PID LR cut is tighter than daughter
tracks of DY candidates to suppress the contamination from B — D7~ mode for B — DK~

mode.
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In addition to these cuts, to identify the signal we use two kinematic variables, the
energy difference

AFE = ED -+ EK(’TI’) — Ebeam (33)

and the beam-energy-constrained mass

MbC = \/El?eam - (ﬁD +ﬁK(7T))2’ (34)

where Ep is the energy of the D candidates, Ex () is the energy of the K (m) and Epeam
is the beam energy, all evaluated in the center of mass (CM) frame. pp and Pk (r) are the
momentum of the D and K(x) in the cm frame. Figure 3.6 and Figure 3.5 show typical
distributions of AE and M,,.
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Figure 3.5: AE and M, distribution of B~ — Dy, 7~ signal Monte Carlo events

If there are multiple-candidates in a event, we choose the best candidate on the basis
of x¥? determined from

2 (mkﬂ' - mDOnominal)Q + M 2

X° = (3.5)

op (J']\/[bC

where o represents experimental resolution.
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3.2.4 ¢ continuum backgrounds suppression

e DK mode: LRksrw,coso) > 0.91

e Dx mode: LR(KSFVV,COSGB) > 0.74
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Figure 3.7: ete” —hadron cross-section

As shown in Figure3.7, around Y(4S) resonance there are 3 times lager ¢g background
than BB events. Actually as shown in Figure 3.8 and Figure 3.9 large ¢ backgrounds are
seen with ”uds” and ”charm” Monte Carlo. The difference between BB events and ¢g
background is only event topology. The decay shape of ¢G event is spherical, and one of BB
is jet-like. To suppress this large background from two-jet like ete™ — ¢q(q = u,d, s, ¢)
continuum processes, variables that characterize the event topology are used.

There are some methods to characterize it, thrust angle(Figure 3.10 left), super Fox
Wolflam method(so-called SFW. Figure 3.10 right) and improved SFW technique(so-called
KSFW. Figure 3.11). In detail, refer to Appendix A. So we compare these method as shown
in Figure3.12. By this result to suppress background and retain efficiency simultaneously
KSFW method looks most preferable than other methods. So in this thesis KSF'W method
is used for event shape characterization.
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Figure 3.8: ¢q background for B~ — D7n~ decay mode with "uds” and ”charm” Monte
Carlo. The numbers of events within AF signal region(inside of red lines) are shown.
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44



0.05

0.08F
0.07 ooal
0.06 -
0.05F 0.03f

0.04F
s 0.02
0.03F B
0.02F i
3 0.01

0.01k L 7

////// L
/////////////////// ! L
iyflriey i ﬂ'ﬂr d 0
6102 03 04 0506 07 08 09 1 e

|Cosethrust|
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plot blue hatched histogram is signal Monte Carlo and red histogram is M, sideband data.

Furthermore, cos 6, the angle in the CM system of the B flight direction with respect to
the beam axis, is also used to distinguish BB events from continuum events. The angular
distribution of BB pair is proportional to sin? §5 because the spin and parity of Y(4S) are
JP =17, while one of continuum background is essentially uniform as shown in Figure3.13.

These two independent variables, KSF'W and cos fz, are combined to form a likelihood
ratio

LR(KSFW,COSGB) = sig/(ﬁsig + £cont)
_ KSFW cosfp
‘C’Sig(cont) - ‘Cszg cont) X ‘Cszg(cont)’

where Ly, and Lo are likelihoods defined from KSFW and cos 6 distributions for signal
and continuum backgrounds, respectively.

We optimize the LR requirement by maximizing "figure of merit” (F.o.M) which is
defined as

S
VS+ N’

where S and N denote the expected number of signal and background events in the signal
region.

The expected number of signal events are calculated from B~ — Dy, /X~ previous
results by Belle [10]. The efficiency is obtained from signal Monte Carlo. For background

(F.o.M) = (3.8)
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Figure 3.11: KSFW value distribution. These plot shows KSFW value distribution of each
missing-mass-square bin. Blue hatched histogram is signal Monte Carlo and red histogram
is M. sideband data.
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Mode #(signal) #(background) | Expected B Efficiency (%)
B~ — Dy~ 56154 2654 1.9 x 10~* 38.3
B™ — Dgypm™ 197 1507 6.6 x 1077 38.7
B™ — Dyq K~ 3691 814 1.4 x107° 34.2
B™ — Dy, K~ 85.4 1955 3.2x 1077 34.6

Table 3.1: Expected number of signal and background events with 366 fb~! data set (386 x
105 BB pairs). These efficiencies are ones before event shape variable cut. These numbers
of background events are estimated from "uds” and ”charm” Monte Carlo events whose size
are 532 fb~! corresponding to 3 times events of experimental number 21 to 37(177.4fb™1).

its number of events are estimated from "uds” and ”"charm” Momte Carlo. Background
reduction rate depending LR cut point is obtained from M, sideband(5.2 < M. < 5.26
[GeV/c?] and |AE| < 0.2 [GeV]) data because of low reliability for QCD dynamics in
Monte Carlo. In M,, sideband ¢ events are dominant comparing to BB events. So M,
sideband data is a good sample of continuum background.

For B~ — Dy, K~ (7~) we require LR > 0.86(0.73), which retains 48.6% (66.9%) of
the signal and removes 98.0% (91.4%) of the continuum background as Figure 3.14 and
Figure 3.15. To cancel the systematics, same cut as the suppressed mode is applied to the
favored mode.

3.2.5 Peaking backgrounds
e KK veto: 1.843 < M(KK) < 1.894[GeV /c?| for B~ — Dg,, K~ decay

To check the background source, ”generic Monte Carlo” which consists decays up to
O(107°) and "rare Monte Calro” which consists decays up to O(1077) are used as Figure
3.16 and Figure 3.17.

For B~ — Dg,,K~, one can have a contribution from B~ — Dr~, D — KtK~ |
which has the same final state and can make peak under the signal region of M. and AFE.
In order to reject these events, the event satisfying 1.843 < M(KK) < 1.894[GeV/c?] is
vetoed.

Furthermore, three-body charmless decays B~ — KTK -7~ and B~ — Ktn 7~ can
peak inside the signal region for B~ — Dy, K~ and B~ — Dg,,m, respectively. These
peaking backgrounds can not be removed by veto. So their effects are estimated from the
AFE distributions of events in a D mass sideband, corresponding to £(2.5 — 10)c away
from the nominal D mass (1.807 < M(Kn) < 1.850[{GeV/c?] and 1.879 < M(Kn) <
1.937[GeV/c?]). We fit these distributions, which are shown in Figure3.18, using a proce-
dure similar to that used for signal event candidates(described later).
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Figure 3.18: AFE distribution of D mass sideband for B~ — Dg,,n (left) and B~ —
Dy, K~ (right) mode
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For B~ — Dg,,m~, the peaking background estimated by fitting the plot is consistent
with zero. Since the Standard Model prediction for the B~ — D, 7~ branching fraction
is smaller than 10~ [11], this background contribution is ignored.

For B~ — Dy, K™, its yield is also consistent with zero.

3.3 Results

3.3.1 Fitting the AFE distributions

Component Function Parameter Fit Dr DK
Signal Double-Gaussian area float
mean float—fix
o1 float—fix O O
areap /area; fix
09 / 01 fix
qq Linear function area float O O
slope fix
BB Smoothed-histgram area float O O
feed-across  Bifurcated-Gaussian area float
mean fix X O
o1 fix
09 fix

Table 3.2: fitting component for B~ — Dn~ /K~

To extract sinal yield, AF-fit is done assuming some fitting components as shown in
Table 3.2. Regarding signal although its shape is naturally Breight-Wigner function, it is
convoluted by experimental resolution as Gaussian. So in this case, double Gaussian which
is sum of narrow width and wide width Gaussian, is good approximation. The mean and
width are floated in favored mode fitting. In the suppressed mode, these values are fixed
to corresponding the favored mode results. The ratio of area and width are fixed to the
value of corresponding signal Monte Carlo.

Regarding gq background, its shape is modeled as a linear function. Its slope is deter-
mined from "uds” and ”charm” Monte Carlo.

Backgrounds from other B decays, distribute as shown in Figure 3.19. B~ — Dp~and
B~ — D*r~ distribute in the negative AFE region and make a small contribution to the
signal region. These background shape is modeled as a smoothed histogram from generic
Monte Carlo.
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Figure 3.19: BB background for B~ — Dy, 7~ (left) and B~ — Dy,, K~ (right)

For B~ — DK~ decay mode, there is an additional component due to feed-across from
D47~ as shown in Figure 3.19 by particle miss identification. Its contribution is modeled
as a Gaussian shape that has different widths on the left and right sides of the peak(so-called
Bifurcated-Gaussian), since the shift caused by wrong mass assignment makes the shape
asymmetric. The widths and mean are determined by B~ — Dy,,m~ data reconstruction
with changing mass assignment for K.

The fit results are shown in Figure 3.20. The numbers of events for B~ — Dg,,h~ and
B~ — Dy4h™ are given in Table 5.1.

Mode Efficiency(%)  Signal Yield
B™ — Dygpm™ 25.6 £0.3 15051 + 126.8
B™ — Dgypm™ 25.9=£0.3 52.2+£10.5
B™ — Do K™ 16.6 £0.2 723 £ 31
B™ — Dy K™ 16.8 £ 0.2 10.1 £5.9

Table 3.3: Efficiency and signal yields.

3.3.2 Ratio of branching fractions Rp;,

Ratios of product branching fractions, defined as

B(B~ = Dauph™) _ Npouyh=/€Douph-
B(B_ - Dféwh‘_> NDfavh_ /Gfowh_ ’

RDh =
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Figure 3.20: AE-fit result of B~ — Dyq,m (top right), B~ — Dy, (top left), B~ —
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E .46096E-12 + 3.2224E-06 - 0.000 + 1678
OMEAN 4.45131E-02 + 0.000 - 0.000 + 0.000
OSIGA 1.34583E-02 + 0.000 - 0.000 + 0.000
OsIGB 1.90876E-02 + 0.000 - 0.000 + 0.000

Function 3: Chebyshev Polynomial of Order 1

NORM 356.00 + 4114 - 39.94 + 4273
[OCHEBO1 -0.12463 + 0.000 - 0.000 + 0.000

Function 4: Smooth Histogram 201 31( 1) Normal errors

NOI 1.01885E-02 + 3.5312E-03 - 3.4642E-03 + 3.6486E-03
COFFSET 0.0000 + 0.000 - 0.000 + 0.000

15— I — I —

D q, K~ (bottom right) and B~ — Dy, K~ (bottom left).
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are calculated where Np_, »- (Np,,.»-) and €p, n- (€p;,.n-) are the number of signal
events and the reconstruction efficiency for the decay B~ — Dy,,h~ (B~ — Dyeyh ™), and
are given in Table 5.1. Weobtain

Rpi = (1.4 4 0.8(stat) + 0.1(syst)) x 1072,

Rpr = (3.5£0.7(stat)) x 1072

Since the signal for B~ — D, K~ is not significant, we set an upper limit as
Rpr < 2.8 x 1072 90% confidence level

where we take the likelihood function as a Gaussian distribution with width given by the
quadratic sum of statistical and systematic errors, and the area is normalized in the physical
region of positive branching fraction.

Most of the systematic uncertainties from the detection efficiencies and the particle
identification are canceled by taking the ratios, since the kinematics of the B~ — Dg,,h™
and B~ — Dy,,h™ processes are similar. The systematic errors are due to uncertainties in
the yield extraction and the efficiency difference between B~ — Dg,,h~ and B~ — Dy,,h~
as listed in Table 3.4.

Mode BT — DK™ B~ — D, K~
signal shape +0.4% +4.6%
qq background +0.2% +1.3%
feed-across shape +1.1% +0.1%
BB background +0.7% +0.8%
efficiency +0.4% +0.4%
total +1.4% +4.9%

Table 3.4: Systematic uncertainties for B~ — D4, K~ and B~ — Dy, K~ signal yield

The uncertainties in the signal shapes, the gq background shapes and feed-across shape
are determined by varying the shape of the fitting function by 4+1o which is fitting-error
of reference. The uncertainties in the BB background shapes are determined by fitting
the AF distribution in the region —0.07 < AE < 0.20 [GeV] ignoring the BB background
contributions. The uncertainties in the efficiency differences are determined using signal
MC.

The total systematic error is the sum in quadrature of the above uncertainties. The
ratio Rpg is related to ¢3 by the follwing equation

Rpr =15 + 15 + 2rprp cos ¢3 cos 6, (3.9)
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where [8]

A(B~ — D°K™)

_ 1

B ‘A(B_ N DOK_)‘ (3 O)
_ AD° - Ktr),

rp = \A(DO — K*w*)' = 0.060 =+ 0.003[PDG] (3.12)

and dp (dp) are the strong phase differences between the two B (D) decay amplitudes,
respectively. Using the above result, a limit on rg is obtained. The least restrictive limit
is obtained allowing +2¢ variation on rp and assuming maximal interference (¢3 = 0°,

d = 180° or ¢3 = 180°, 6 = 0°) and is found to be
repr < 0.23 at the 90% confidence level (3.13)

as shown in Figure 3.21. And we also compare this result with one of Belle Dalitz analysis [4]
and BaBar [14]. These results are consistent within these errors.

Belle Dalitz analysis : rp.pr = 0.26701%(stat) & 0.03(syst) £ 0.04(model) (3.14)
BaBar : repr < 0.23 at the 90% confidence level (3.15)

3.3.3 Charge separated yield

CP violating asymmetry is searched in the B¥ — D,,,,K* mode. The BT and B~ yields
separately are determined as shown in Figure 3.22. That yields are found to be 9.64 + 4.8
events for B~ — Dy, K~ and 0.00 &+ 3.4 events for Bt — D, KT. And expediently
quantities which related to these yields are defined as

B(B* — Dg,K*)

:l: p—
Bok = (BB = Dk )+ B(B® = DyuyK))2 (3.16)
Rpx = (0.0+0.9(stat) +0.1(syst)) x 1072 (3.17)
Rpr = (1.3£0.9(stat) +0.1(syst)) x 1072. (3.18)

Where systematic uncertainties arise from the Bt and B~ yield extraction (4%; deter-
mined as for Rpk), detector charge asymmetry (2.5%; determined from the B¥ — D g, 7"
sample), and PID efficiency of prompt K (1%) [12]. The total systematic error is obtained
by taking the quadratic sum.
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Figure 3.21: rp dependence of Rpx and comparison with results of Belle Dalitz analy-
sis [4](rp.pr = 0.26701%(stat) £ 0.03(syst) + 0.04(model)) and BaBar [14]
(rp.px < 0.23 at the 90% confidence level)

Yield extraction +4%
Intrinsic detector bias +2.5%
PID efficiency of prompt K  +1%
Total +4.8%

Table 3.5: Systematic uncertainties for A%
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MINUIT Likelihood Fit to Plot 101&10 MINUIT Likelihood Fit to Plot 102&20
de de

File: rec_dk.rz 1-FEB-2006 10:30 File: rec_dk.rz 1-FEB-2006 10:30

Plot Area Total/Fit 97.000 / 97.000 Fit Status 3 Plot Area Total/Fit 88.000 / 88.000 Fit Status 3

Func Area Total/Fit 96.976 / 96.976 E.D.M. 3.309E-06 Func Area Total/Fit 87.974/87.974 E.D.M. 1.569E-06

Likelihood = 48.6 Likelihood = 41.8

X’= 40.3for 40- 4d.of., C.L=28.7% X’= 37.0for 40- 4d.of., CL=421%

Errors Parabolic Minos Errors Parabolic Minos

Function 1: Two Gaussians (sigma) Function 1: Two Gaussians (sigma)

AREA 9.6397 + 4751 - 4465 + 5135 AREA 3.60590E-03 + 3.443 - 3151 + 3.809
OMEAN -1.33450E-03 + 0.000 - 0.000 + 0.000 OMEAN -1.33450E-03 + 0.000 - 0.000 + 0.000
USIGMAL 4.49955E-02 + 0.000 - 0.000 + 0.000 USIGMAL 4.49955E-02 + 0.000 - 0.000 + 0.000
COAR2/AREA 0.94164 + 0.000 - 0.000 + 0.000 COAR2/AREA 0.94164 + 0.000 - 0.000 + 0.000
ODELM 0.0000 + 0.000 - 0.000 + 0.000 ODELM 0.0000 + 0.000 - 0.000 + 0.000
0SIG2/SIG1L 0.27804 + 0.000 - 0.000 + 0.000 0SIG2/SIG1 0.27804 + 0.000 - 0.000 + 0.000

Function 2: Bifurcated Gaussian (sigma) Function 2: Bifurcated Gaussian (sigma)

A .37732E-0 + 3.4305E-03 - 0.000 + 1193 EA 6.60206E-07 + 3.4073E-03 - 0.000 + 2687
OMEAN 4.45131E-02 + 0.000 - 0.000 + 0.000 OMEAN 4.45131E-02 + 0.000 - 0.000 + 0.000
OSIGA 1.34583E-02 + 0.000 - 0.000 + 0.000 OSIGA 1.34583E-02 + 0.000 - 0.000 + 0.000
0SIGB 1.90876E-02 + 0.000 - 0.000 + 0.000 0SIGB 1.90876E-02 + 0.000 - 0.000 + 0.000

Function 3: Chebyshev Polynomial of Order 1 Function 3: Chebyshev Polynomial of Order 1

NORI 189.13 + 3040 - 2842 + 3117 NORM 170.90 + 2712 - 27.66 + 30.29
OCHEBO1 -0.12463 + 0.000 - 0.000 + 0.000 [OCHEBO1 -0.12463 + 0.000 - 0.000 + 0.000

Function 4: Smooth Histogram 201 31( 1) Normal errors Function 4: Smooth Histogram 201 31( 1) Normal errors

3.91200E-03 + 2.4591E-03 - 2.3383E-03 + 2.5290E-03 NORM 6.56442E-03 + 2.4932E-03 - 2.5191E-03 + 2.6928E-03
COFFSET 0.0000 + 0.000 - 0.000 + 0.000 COFFSET 0.0000 + 0.000 - 0.000 + 0.000
L S B B B B LA B B B B B F N N B B LA B B B B
10— -
8 -

Figure 3.22: charge separated AE distribution of B~ — D, K~ (left) and BT —
Dy, K (right) mode
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3.3.4 Constraint for ¢3

The constraint for ¢3 is determined with the result of B~ — Dgp K~ analysis. To give a
constraint, the result of Belle B~ — D, K analysis [13] as shown in bellow is used.

Rix = (0.040.9(stat) £ 0.1(syst)) x 1072 (3.19)
Ry = (1.340.9(stat) 4+ 0.1(syst)) x 1072 (3.20)
Ay = 0.07 £0.14(stat) £ 0.06(sys) (3.21)
Ay = —0.11+0.14(stat) £ 0.05(sys) (3.22)
Ry = 0.98 £0.18(stat) £ 0.10(sys) (3.23)
Ry = 1.29 +0.16(stat) £ 0.08(sys) (3.24)

Those observable are represented as

B(B* — Dg,K*)

£ = 2
Hib (B(B~ — DK ™) 4+ B(Bt — Doy K1))/2 (3.25)
= 15 +71h+ 2rprpcos(d £ ¢3) (3.26)
B(B_ — D1 QK_) - B(B+ — D1 2K+)
Al 2 = : : (327)
’ B(B_ — DLQK_) + B(B+ — D172K+)
_ 37’3 sin d,, sin ¢3 (3.28)
L+ rg + 2rp cosd, cos g3
RD1,2
Rip = RV (3.29)
= 147} + 2rpcosd,, cos ¢ (3.30)
/ dep for D,
Oup { Oep + for Ds. (3:31)

However A;» and R; - are not perfectly independent. There is the correlation as
AR = —AsRs. (3.32)

So to avoid a complicated situation on x? calculation with a correlation, A; and A, are
converted to AR which is defined as

AR = AlRl - A2R2 (333)

= 4rpsind, sin ¢s. (3.34)

We have 5 equations and 4 unknown values which are ¢s, rp, 6 and d.,. Changing these
parameters x? between measured value and equation is obtained in each parameter space.

Then using Ax? = x* — x2,,,,, favored regions for rp pr and ¢3 is determined. The result
is shown in Figure 3.23.
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Moreover to determine ¢3 with more accuracy, we also use the world average of B~ —
D., K~ analysis result [15] and this result is shown in Figure 3.24.

A = 022+0.11 (3.35)
Ay = 0.02+0.12 (3.36)
R, = 091+0.12 (3.37)
Ry = 1.01+0.12 (3.38)

Up to now we can not give a strict constraint for ¢3 because of low statistics In this
result. However this method surely has a sensitivity for ¢3. We can expect this method
will give a more strict constraint with high statistics, especially certain suppressed mode
signals.

0.4

085 — o

0 11 1 1 1 | N I [ | | I I | | 11 1 1 1 | 111 1 | | 11 1 1 1

0 60 120 180 240 300 360
9, [deg]

Figure 3.23: Constraint for ¢3 and rp px with Belle B~ — D, K~ result. These contours
show favored region of each confidence levels.
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Figure 3.24: Constraint for ¢3 and 75 px with the world average of B~ — D, /K~ analysis
result. These contours show favored region of each confidence levels.
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Chapter 4

B~ — DK™ analysis

In this chapter the procedure of B~ — DK*™ reconstruction is described. Almost of
analysis procedures are same as B~ — DK~ analysis. So the description of the same cuts
is skipped.

Historically the discovery of B~ — Dy,,[KK~nT]K*~ decay is earlier than the discovery
of BT — Dya[K 77K~ decay. Even if B~ — Dg,,[K 77 ]K~ decay is not found, we
may find B~ — Dy, [KTn7]K*~ decay.

4.1 Event selection criteria
4.1.1 K* reconstruction

e 7 tracks : LR(K/m) < 0.7

e Ksmass: 489 < M, +,- < 507 [MeV/c?(30)

e good K : Depending on momentum range these cuts are applied.

Momentum[GeV/c| | drlcm]| d¢lem] zgise[em]  piigne]cm]
< 0.5 >0.06 <0.3 < 0.8 -
0.5—1.5 >0.03 <0.1 <138 > 0.08
> 1.5 >0.02 <003 <24 > (.22

where these parameters are defined as

— dr : This is the smaller of distances from IP in the direction perpendicular to
beam axis (z — y plane).

— d¢ : This is the angle between Ks and K's daughter’s momentum direction.
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— Zzgist - This is the distance between the two daughter tracks in IP.

— lfignt © This is the flight length of K's candidate in  — y plane.
e K* mass: 817 < Mg .- < 967 [MeV/c?]

K*~ candidates are reconstructed by combining K and 7~. K, candidates are required
to have a mass within +£9 MeV/c? (30) of its nominal mass value(Figure 4.1) and certain
flight length depending its momentum. In K*~ reconstruction PID cut of 7 candidates are
same as one of D daughter m. K*~ candidates are required to have a mass within +75
MeV/c? of its nominal mass value as shown in Figure 4.2.

F 1600F
1800 i :
L L 7/
L C 7
1600} . 1400 _
L % L 77
L % 7
1400~ Z 1200+ “
F 7 F 7
~ r Z o L )
o L 77 °Q L 7
S 1200F 0 S 1000 7
[} r 77 Q r 7
2 1000F O z o
= 1000 7 S = 7
o F 7 X 800 “
%] C 77 B L 777
= 0 777777
c 800 70 - L 77
) C 7,7 c L 77,
> L 7/ 2 600 /77
4 eook 0 o F 0
= 0 F 00
r 7 L 77
F 7/ 400 0
400 " [ 7/
L 7/ r 00
r 777 C /777
L 7., 7,
2 200 4
00— .7 L 007
[ /7777 r /777777 %,
0 0 Lol 0BT A 47777
048 0.485 0.49 0.495 0.5,0.505 0.51 0.515 07 075 08 085 09 095 1 1.05
M, [GeV/c ] M, [GeV/cT]
.
. ) e . . e distributi £
Figure 4.1: K, mass distribution of signal Figure 4.2: K*~ mass distribution of sig-
Monte Carlo evnts nal Monte Carlo events

4.1.2 B~ reconstruction
e 5.27 < My, < 5.29[GeV/c?
IAE| < 0.05[GeV]

| cosOpe| > 0.4

B~ candidates are reconstructed by combining D and K*~ candidate satisfying the
condition. In addition to M. and AFE cut B~ candidates are required to helicity angle
cut, |cosfpe| > 0.4. Since B~ — DK*~ decay is a pseudoscaler to pseudoscaler-vector
decay, the K*~ is polarized. The K*~ helicity angle, 0., is defined as angle between the
momentum direction of one K*~ daughter and B in K*~ rest frame. By pseudoscaler to
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pseudoscaler-vector decay that helicity angles have cos? 0}, distribution as shown in Figure
4.3. Moreover this cut is also effective for combinatoric background and ¢¢ continuum
background supression because those distributions are essentially flat.

F

7%

[

400/

0
300~ 00
j2 7000770757557
c 7777 G,
[ 70000000000
> 700505500
loo 7 7, I,
[ 4% Wy anglecut’//
0

O VA A A YA YA A (A AVAA
| hel|

Figure 4.3: helicity angle distribution of signal Monte Carlo events

After applying all these cuts the distributions of AE and M. are shown in Figure 4.4,
where the data set is signal Monte Carlo events.

4.1.3 ¢q continuum background suppression

o LR(KSFW,cosGB) > (.88

Mode #(signal) #(background) | Expected B  Efficiency(%)
B™ — Doy K™~ 362 233 5.2 x 107° 18.0
B~ — Dy,K* | 169 247 1.9 x 108 19.3

Table 4.1: Expected number of signal and background events with 366 fb~! data set (386 x
10% BB pairs). These efficiencies are ones before event shape variable cut. These numbers
of background events are estimated from "uds” and ”charm” Monte Carlo events whose size
are 532 fb~! corresponding to 3 times events of experimental number 21 to 37(177.4fb™1).

To suppress ¢q continuum background the event shape likelihood ratio cut is optimized
for B~ — Dg,[KTn7]K*~ mode. In that optimization ”figure of merit” is used as a
indicator. Figure 4.5 shows likelihood ratio distribution of signal Monte Carlo and M.
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Figure 4.4: AFE and M. distribution of signal Monte Carlo events
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sideband data and ”figure of merit” (F.o.M) distribution as a function of likelihood ratio
cut point. The number of ¢¢ continuum background events is estimated from ”uds” and
”charm” Monte Carlo. On the other hand the number of signal events is estimated from
central value of BaBar’s result (Rpg+) [17] and PDG product branching fraction as
B(B~ — DK*) = 61x10*
B(D*— K 7t) = 38x107?

B(K* — K'77) =

B(K' - K, »ntr™) =

GV )

(B~ — DsupK*f)
(B~ — DfavK*_)
= 0.046

(SN ARl N

Rpg+ =

4.1.4 Peaking background

To check the peaking background ”generic Monte Carlo” events and "rare Monte Carlo”
events are used. The results for AF and M, distributions are shown in Figure 4.6.

But for B~ — Dg,[Kt7 ]K*~ mode particular background source is not found in
signal region .

To check the effect of B~ — K7~ K*~ decay we also check the D mass sideband as
shown in Figure 4.7. However there is no peak.

4.2 Results

4.2.1 Fitting the AF distributions

To extract sinal yield A E-fit is done assuming some fitting components as shown in Table
4.2.

Backgrounds from other B decays distribute as shown in Figure 4.8. The treatments of
background, BB background and continuum background, is same as B~ — DK~ analysis.
Howevere we need not pay attention for feed-across because there is no mode corresponding
to B~ — DK™ mode such as B~ — Dn~ decay feed-across in B~ — DK~ reconstruction.
For the signal the sum of two Gaussian distributions which have same mean are used where
its relative width and area are determined from signal Monte Carlo.

In the fit of the AE distribution for B~ — Dy,, K\*~ mode, the free parameters are the
position, widths and area of the signal peak, the slope and normalization of the continuum
component and the normalization of the BB background.
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MINUIT Likelihood Fit to Plot 101&10

de

File: rec_dkst_kspi.rz 12-DEC-2005 11:59

Plot Area Total/Fit 79.000/ 79.000 Fit Status 3

Func Area Total/Fit 77.952/77.952 E.D.M. 4.049E-06

Lizkelihood = 485

X= 39.5for 40- 4d.of., C.L.=31.6%

Errors Parabolic Minos

Function 1: Two Gaussians (sigma)

AREA 0.35550 + 2769 - 0.000 + 3.269
OMEAN . + 0.000 - 0.000 + 0.000
OSIGMAL 6.90221E-02 + 0.000 - 0.000 + 0.000
DAR2/AREA 0.92879 + 0.000 - 0.000 + 0.000
ODELM 0.0000 + 0.000 - 0.000 + 0.000
0SIG2/SIGL 0.14333 + 0.000 - 0.000 + 0.000

Function 2: Polynomial of Order 1

OR 154.29 + 2459 - 2347 + 24.89
OPOLY01 0.0000 + 0.000 - 0.000 + 0.000
OFFSET 0.0000 + 1414 - 0.000 0.000

Function 3: Smooth Histogram 201 31( 1) Normal errors

9.09649E-03 + 3.3755E-03 - 3.1864E-03 + 3.5617E-03
OOFFSET 0.0000 + 0.000 - 0.000 + 0.000
f————— T
6H
Ll B

. .
-0.20 -0.10 0.00 0.10 0.20

Figure 4.7: AE distribution of D mass sideband Data for B~ — Dg,,[K 7~ | K*~
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Component Function Parameter Fit

Signal Double-gaussian area float
mean float—fix
o1 float—fix
areas /area; fix
o9/ 04 fix
qq Linear function area float

slope fix
BB Smoothed-histgram area float

Table 4.2: fitting components for B~ — DK*~
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Figure 4.8: AE distribution of BB background for B~ — Do, [K 7] K*~
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For B~ — Dg,,K*~, the signal and BB background shapes are modeled using the
results of the fits to the corresponding favored modes. The free parameters are the nor-
malization of the three components.

The fit results are shown in Figure 4.9. The numbers of signal yield are listed in Table
4.3

MINUIT Likelihood Fit to Plot 101&10 MINUIT Likelihood Fit to Plot 102&20
de de
File: rec_dkst_kspi.rz 2-FEB-2006 02:53 File: rec_dkst_kspi.rz 2-FEB-2006 02:53
Plot Area Total/Fit 364.00 / 364.00 Fit Status 3 Plot Area Total/Fit 95.000 / 95.000 Fit Status 3
Func Area Total/Fit 357.68/357.68 E.D.M. 1.336E-07 Func Area Total/Fit 94.266 / 94.266 E.D.M. 1.284E-07
Lizkelihood = 407 Lizkelihood = 434
X= 34.8for 40- 5d.o.f, C.L.=47.6% X= 40.5for 40- 3d.of, C.L=317%
Errors Parabolic Minos Errors Parabolic Minos
Function 1: Two Gaussians (sigma) Function 1: Two Gaussians (sigma)
AREA 163.33 + 1434 - 1398 + 1470 AREA . + 4.382 - 4.004 + 4772
MEAN -7.73476E-04 + 9.1830E-04 - 9.1707E-04 + 9.2402E-04 OMEAN -7.73476E-04 + 0.000 - 0.000 + 0.000
SIGMAL 4.64676E-02 + 4.3556E-03 - 4.1526E-03 + 4.5474E-03 OSIGMAL 4.64676E-02 + 0.000 - 0.000 + 0.000
DAR2/AREA 0.89978 + 0.000 - 0.000 + 0.000 DAR2/AREA 0.89978 + 0.000 - 0.000 + 0.000
ODELM 0.0000 + 0.000 0.000 + 0.000 ODELM 0.0000 + 0.000 - 0.000 + 0.000
0SIG2/sSIGL 0.20267 + 0.000 - 0.000 + 0.000 OSIG2/SIG1 0.20267 + 0.000 - 0.000 + 0.000
Function 2: Chebyshev Polynomial of Order 1 Function 2: Chebyshev Polynomial of Order 1
247.13 37. 35.91 + 3859 191.28 + 28.03 26.89 + 2919
[JCHEBO1 -8.02032E-02 + 0.000 - 0.000 + 0.000 [JCHEBO1 -8.02032E-02 + 0.000 - 0.000 + 0.000
Function 3: Smooth Histogram 201 31( 1) Normal errors Function 3: Smooth Histogram 201 31( 1) Normal errors
NOI 5.42076E-02 + 6.6364E-03 - 6.4638E-03 + 6.8126E-03 NORM 6.32029E-03 + 3.3887E-03 - 3.2081E-03 + 3.5793E-03
COOFFSET 0.0000 + 0.000 - 0.000 + 0.000 OOFFSET 0.0000 + 0.000 - 0.000 + 0.000
B LA B e LI B B S
10 =
8 -
6 -
4 -
2 P
il NN
0 I
-0.20 0.20

Figure 4.9: AE-fit result of B~ — Dy, K*~(right) and B~ — D4, K*~ (left)

Mode Efficiency(%) Signal Yield
B™ — Dy, K™~ 12.0£0.2 163 £ 14.3
B~ — Dy K*~ | 126402 6.2+ 4.4

Table 4.3: Efficiency and signal yields of B~ — DK*™ mode

4.2.2 Ratio of branching fractions Rp),

In B~ — DK* mode the ratio of product branching fraction is calcurated using the numer
of signal events and efficiency listed in Table 4.3.
We obtain
Rpre = (3.9 4+ 2.7(stat) & 0.4(sys)) x 1072,
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Since the signal for B~ — D, K*™ is not significant, we set an upper limit as
Rpge <87 x 1072 90% confidence level

,where we take the likelihood function as a Gaussian distribution with width given by
the quadratic sum of statistical and systematic errors. The systematic errors are due to

uncertainties in the yield extraction and the efficiency difference between B~ — Dyq, K™~
and B~ — Dy, K™~ as listed in Table 4.4.

Mode B™ — Doy K~ B™ — Dg,, K™
signal shape +0.6% +18.5%
qq background +0.2% +6.9%
BB background +1.9% +1.7%
efficiency +0.2% +0.2%
total +1.4% +19.8%

Table 4.4: Systematic uncertainties for B~ — Dyq, K*~ and B~ — D, K™~ signal yield

The ratio Rpg~ is related to ¢3 by following equation
Rpr+ = 7"129 + rf) + 27‘B,DK*7"D COS (3080,
where _
_ |A(B_ — DOK*_)|
"BDK =1 A(B- — DOK*)

and with the same way as B~ — DK~ analysis the upper limit is obtained as
rppr+ < 0.35 at the 90% confidence level,

as shown in Figure 4.10. And we also compare this result with one of Belle Dalitz analy-
sis [16] and BaBar [17]. These results are consistent within these errors.

Belle Dalitz analysis : rp.pr- = 0.25703) 4.1
BaBar : rp.pr- = 0.2810% (4.2)

4.2.3 Charge separated yield

CP violating asymmetry is searched in the B* — Dy, K** mode. The B* and B~ yields
separately are determined as shown in Figure 4.11. That yields are found to be 4.8 4= 3.1
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Figure 4.10: rp pr+ dependence of Rpg+ nd comparison with results of Belle Dalitz anal-
ysis [16](rp.pr+ = 0.25701%(stat) £ 0.09(syst) + 0.04(model) £ 0.08(background)) and

BaBar [17)(rp.px+ = 0.2870:99)
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MINUIT Likelihood Fit to Plot 101&10 MINUIT Likelihood Fit to Plot 102&20
de de

File: rec_dkst_kspi.rz 2-FEB-2006 02:54 File: rec_dkst_kspi.rz 2-FEB-2006 02:54

Plot Area Total/Fit 47.000 / 47.000 Fit Status 3 Plot Area Total/Fit 48.000 / 48.000 Fit Status 3

Func Area Total/Fit 46.652 / 46.652 E.D.M. 1.453E-08 Func Area Total/Fit 47.632 1 47.632 E.D.M. 1.253E-05

Lizkelihood = 419 Lizkelihood = 485

X= 37.0for 40- 3d.of, C.L.=46.9% X= 43.4for 40- 3d.of, C.L=21.6%

Errors Parabolic Minos Errors Parabolic Minos

Function 1: Two Gaussians (sigma) Function 1: Two Gaussians (sigma)

AREA 7693 + 3133 - 2781 + 3.509 AREA .1027 + 3.1 - 0.000 + 3.537
OMEAN -7.73476E-04 + 0.000 - 0.000 + 0.000 OMEAN -7.73476E-04 + 0.000 - 0.000 + 0.000
USIGMAL 4.64676E-02 + 0.000 - 0.000 + 0.000 USIGMAL 4.64676E-02 + 0.000 - 0.000 + 0.000
COAR2/AREA 0.89978 + 0.000 - 0.000 + 0.000 COAR2/AREA 0.89978 + 0.000 - 0.000 + 0.000
ODELM 0.0000 + 0.000 - 0.000 + 0.000 ODELM 0.0000 + 0.000 - 0.000 + 0.000
0SIG2/SIG1L 0.20267 + 0.000 - 0.000 + 0.000 0SIG2/SIG1 0.20267 + 0.000 - 0.000 + 0.000

Function 2: Chebyshev Polynomial of Order 1 Function 2: Chebyshev Polynomial of Order 1

RM 91.565 + 195 - 18.40 + 20.67 RM 102.16 + 20.6: - 19.46 + 2171
[OCHEBO1 -8.02032E-02 + 0.000 - 0.000 + 0.000 [OCHEBO1 -8.02032E-02 + 0.000 - 0.000 + 0.000

Function 3: Smooth Histogram 201 31( 1) Normal errors Function 3: Smooth Histogram 201 31( 1) Normal errors

NORM 2.98398E-03 + 2.4546E-03 - 2.2584E-03 + 2.6611E-03 NORM 3.21682E-03 + 2.3588E-03 - 2.1940E-03 + 2.5410E-03
CJOFFSET 0.0000 + 0.000 - 0.000 + 0.000 COJOFFSET 0.0000 + 0.000 - 0.000 + 0.000
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Figure 4.11: charge separated AE distribution of B~ — Dy, K*~(right) and BT —
Dy K+ mode(left)
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events for B~ — Dy, K*~ and 1.1 £ 3.1 events for BT — D, K**. And expediently
quantities which related to these yields are defined as

B(B* — Dy, K**)

L = 4.
ok = BB = Dpauk) 1 BB* = DyarK1))2 4
R = (1.4+3.8(stat) £0.2(sys)) x 1072 (4.4)
Rpp = (6.1£3.8(stat) £0.9(sys)) x 1072 (4.5)

(4.6)

where systematic uncertainties arise from the BT and B~ yield extraction (11.1%; deter-
mined as for Rpg+) and detector charge asymmetry (2.5%; determined from the B~ —
Dyqm~ sample). The total systematic error is obtained by taking the quadratic sum.

Yield extraction +11.1%
Intrinsic detector bias  +2.5%
Total +11.2%

Table 4.5: Systematic uncertainties for Ap g~

4.2.4 Constraint for ¢;

Using result of this analysis and BaBar’s measurement of B~ — D¢cpK*~ [18] as bellow, a
constraint for ¢z is determined.

Rb. = (1.4+3.8(stat) £0.2) x 1072 (4.7)
Rpp- = (6.1+3.8(stat) £0.9) x 1072 (4.8)
Ay = —0.08 £ 0.19(stat) £ 0.08(sys) (4.9)
Ay = —0.26 £ 0.40(stat) + 0.12(sys) (4.10)
Ry = 1.96 £0.40(stat) £ 0.11(sys) (4.11)
Ry, = 0.65 £ 0.26(stat) £ 0.08(sys) (4.12)

The same method as B~ — DK™ analysis is used to give a constraint for ¢3 — rp px+.
The result as shown in Figure 4.12 is obtained.
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Chapter 5
B~ — D*K™ analysis

In this chapter the procedure of B~ — D*K~ reconstruction is described. But almost of
analysis procedures are same as B~ — DK~ analysis. So the description of same cuts are
skipped. To confirm my analysis method B~ — D*n~ mode is also analyzed.

In this analysis product branching ratios, Rp«projx and Rp«p,x, are measured. Since

there is theoretical relation between product branching ratios and rp p<x as 1 p.x =

R« 01 FRp* DK . . . .
Dol LUK 2 strong constraint for rp p-g is extracted. That information of

rp.p+k 1s important input for ¢3 determination.

5.1 Event selection criteria

5.1.1 D* reconstruction
e mass difference : Am = mp- — mp

— 139 < Am < 145 [MeV] (30) for D7° mode
— 131 < Am < 147 [MeV] (20) for Dy mode

e 70 selection

— 7y energy : I, > 30 MeV

nominal
2 My~ —mw

== <25

— mass x* : X2, , -
e 7 selection (these cuts is not applied to m daughters)
— v energy : £, > 150 MeV
—79x2 2  >10

mwo
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D* candidates are reconstructed by combination of D7® or Dv. To get D*candidates
effectively mass difference(Am = Mp+cang. — Mpeana.) 1s used instead of D* mass. Its cut
value corresponds to 30 or 20 of experimental resolution as Figure 5.1. In the case of D~y
mode its range is asymmetric because of shower leakage in the calorimeter(ECL).
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r 7 F
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3 1400 % A F 7
7 E 7
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77 J 7777777777777
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Figure 5.1: Am distribution of signal Monte Carlo evnts of D7r°(right) and D~ mode(left)

7% candidates are reconstructed by combining of two s whose energy is grater than 30
MeV to suppress low energy 70 fake. And it’s mass x? is required to be smaller than 25.

By low energy v background B~ — Dh™ makes background for B~ — D*h~. But that
fake v events are distinguished by ~+ energy as shown in Figure 5.2. For v from D* its
energy is required to be grater than 150 MeV. To suppress low energy v background this
cut is tighter than one of 7° daughters. 7° veto is also used to suppress the contamination.
Checking the all combination of 7s, one which can form 7°, anﬂ , < 10, is rejected.

5.1.2 B~ reconstruction
® 5.27 < M. < 5.29[GeV /c?
|AE| < 0.05[GeV]

B~ candidates are reconstructed by combination of D*K~ or D*r~ candidate satisfying
the condition.

Typical AE and M, distributions of B~ — D*K~ modes are plotted in Figure 5.3 and
54 .

5.1.3 ¢¢ continuum background suppression

° D*[Dﬂo]ﬂ_ mode 5LR(KSFW,cos6'B) > 0.59
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Figure 5.2: v energy distributions of signal and fake v events

° D*[DWO]K_ mode : LR(KSFW,COSBB) > (.80
o D*[Dy|n~ mode :LR(ksrw,coso;) > 0.89
° D*[D’y]K— mode : LR(KSFW,COSQB) > 0.90

Mode #(signal) #(background) | Expected B Efficiency(%)
B~ — D, [Dn’]x~ 12825 136 1.2 x 1074 13.8
B~ — D} [Dn°|n~ 47.4 57 4.2 %1077 14.6
B~ — Dj,,[Dn"]K~ 911 48 9.1 x 107 13.0
B~ — D}, [Dn°| K~ 3.3 121 3.3x 1078 13.0
B~ — D}, [DAy]m™ 10270 487 5.8 x 107° 22.9
B~ — D:, [Dy]7~ 37.2 237 2.1x 1077 23.0
B~ — Dj,,[Dy]K~ 721 138 4.5 %1076 20.7
B~ — D;, [Dy] K~ 2.8 343 1.7 x 1078 21.4

Table 5.1: Expected number of signal and background events with 366 fb~! data set (386 x
10% BB pairs). These efficiencies are ones before event shape variable cut. These numbers
of background events are estimated from "uds” and ”charm” Monte Carlo events whose size
are 532 fb™! corresponding to 3 times events of experimental number 21 to 37(177.4fb™1).

To suppress gq continuum background the event shape likelihood ratio cut is optimized
for each suppressed mode based on "figure of merit” (F.0.M) Figure 5.5 shows likelihood
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ratio distribution of signal Monte Carlo and M, sideband data and F.o.M distribution
as a function of likelihood ratio cut point for each mode. The number of ¢¢ continuum
background events is estimated from Monte Carlo. On the other hand the number of signal
events is estimated from PDG product branching fraction as

B(B~ — D7~ / D*K™) = 46x107/36x10"*
2 1
B(D* — D" | D%) = 3/3
B(D° - K 7" /Ktr™) = 38x107%/1.38x10*
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Figure 5.5: Event shape likelihood ratio distribution(left) and The ”figure of merit” dis-
tribution(right). B~ — D*[D7°|r~(top right), B~ — D*[Dr°| K (top left), B~ —
D*[Dy]r~ (bottom right) and B~ — D*[D~] K~ (bottom left).
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5.1.4 Peaking background

To check the peaking background ”generic Monte Carlo” events and "rare Monte Carlo”
events are used as shown in 5.6 and Figure 5.7, respectively. But in signal region particular
background source is not found.
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Figure 5.6: AF and M,. distributions of ”generic Monte Carlo” evnts. B~ —
D*[D7°|7~ (top right), B~ — D*[Dr°| K~ (top left), B~ — D*[D~]r~(bottom right) and
B~ — D*[D~]K~ (bottom left).

5.2 Results

5.2.1 Fitting the AF distributions

In B~ — D3,,[Dr%n~, B~ — D}, [Dn°]K~, B~ — D}, [Dylr~ and B~ — D}, [Dy]K~
decay mode, backgrounds from other B decays distribute as shown in Figure 5.8. The
treatments of background, BB background and continuum background, is same as B~ —
DK™ analysis. For fit of signal the sum of two Gaussian distributions which have same
mean are used where its relative width and area are determined from signal Monte Carlo.

In the fit of the AE distribution for B~ — Dj,,h~ mode, the free parameters are the
position, widths and area of the signal peak, the slope and normalization of the continuum
component and the normalization of the BB background.

For B~ — D{, h~, the signal and BB background shapes are modeled using the results
of the fits to the corresponding favored modes. The free parameters are the normalization
of the three components, and the slope of the continuum.

The fit results are shown in Figure 5.9 and Figure 5.10. The numbers of signal yield
are listed in Table 5.2
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Mode Efficiency(%) Signal Yield
B~ = Dj, [Dr%x~ | 105+£02 4801 +82
B~ — D [Dn%r | 111402  23.6+6.38
B~ — D}, [Dr]K~ | 69+02  176+18.7
B~ — D, [Dr']K~ | 7.0+02 0.0+ 0.0
B~ = D;, [Dy]m 50+02 1481+ 52
B~ — D:, [Dr|r~ 6.14+0.2 44442
B~ — D}, [Dy]K~ | 41+£01  434+89
B~ — D, DK~ | 45+0.1 2.0+ 1.8

Table 5.2: Efficiency and signal yields.
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MINUIT Likelihood Fit to Plot
de

File: rec_dstpi.rz
Plot Area Total/Fit
Func Area Total/Fit

Likelihood = 317.3

x°= 349.9for 40- 6d.o.f.
Errors

Function 1: Two Gaussians (sigma)
AREA 4800.8 +
MEAN -1.87791E-03 S
SIGMA1 1.53928E-02 +
OAR2/AREA 0.16837 +
ODELM 0.0000 +
0SIG2/SIG1 4.4889 +
Function 2: Polynomial of Order 1

IORM 1261.7 +
OPOLY01 -181.00 +
OFFSET -3.9258 +

1

Function 3: Smooth Histogram 20
RM 1.8276
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Fit Status 3
E.D.M. 8.154E-09
) CL=000 %
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MINUIT Likelihood Fit to Plot 101&10
de
File: rec_dstk.rz 2-FEB-2006 09:35
Plot Area Total/Fit 513.00/513.00 Fit Status 3
Func Area Total/Fit 513.03/513.03 E.D.M. 1.035E-06
Likelihood = 39.3
x°= 37.4for 40- 6d.o.f, C.L=315%
Errors Parabolic Minos
Function 1: Two Gaussians (sigma)
AREA 176.36 + 18.68 - 18.08 + 19.29
MEAN -3.18999E-03 + 1.6007E-03 - 1.5499E-03 + 1.6626E-03
SIGMAL 5.39874E-02 + 6.3516E-03 - 5.9466E-03 + 6.7765E-03
COAR2/AREA 0.84354 + 0.000 - 0.000 + 0.000
CODELM 0.0000 + 0.000 - 0.000 + 0.000
0SIG2/sIG1 0.22841 + 0.000 - 0.000 + 0.000
Function 2: Bifurcated Gaussian (sigma)
A 138.82 + 17.43 - 1714 + 17.73
OMEAN 4.75517E-02 + 0.000 - 0.000 + 0.000
OSIGA 2.63686E-02 + 0.000 - 0.000 + 0.000
OSIGB 3.16026E-02 + 0.000 - 0.000 + 0.000
Function 3: Chebyshev Polynomial of Order 1
NORM .5838 + 104.2 - 0.000 + 109.6
CJCHEBO1 -3.22289E-02 + 0.000 - 0.000 + 0.000
Function 4: Smooth Histogram 201 31( 1) Normal errors
67141 + 0.1588 0.1604 + 7.9872E-02
COOFFSET 0.0000 + 0.000 - 0.000 + 0.000

0.20

MINUIT Likelihood Fit to Plot 102&20

de

File: rec_dstpi.rz 15-DEC-2005 09:39

Plot Area Total/Fit 117.00/117.00 Fit Status 3

Func Area Total/Fit 112.88/112.88 E.D.M. 8.333E-07

Lizkelihood = 412

X= 34.4for 40- 4d.o C.L=543%

Errors Parabolic Minos

Function 1: Two Gaussians (sigma)

AREA 3.582 + 6.839 - 6471 + 7.219
OMEAN -1.87791E-03 + 0.000 - 0.000 + 0.000
OSIGMAL 1.53928E-02 + 0.000 - 0.000 + 0.000
COAR2/AREA 0.16837 + 0.000 - 0.000 + 0.000
ODELM 0.0000 + 0.000 - 0.000 + 0.000
0SIG2/SIG1 4.4889 + 0.000 - 0.000 + 0.000

Function 2: Polynomial of Order 1

ORI 68.131 + 5247 - 0.000 + 0.000
OPOLY01 -181.00 + 0.000 - 0.000 + 0.000
OFFSET 0.10689 + 2.898 - 0.000 + 0.5442

Function 3: Smooth Histogram 201 31( 1) Normal errors

M 4.94417€-02 + 1.0701E-02 - 1.0449E-02 + 1.0963E-02
COFFSET 0.0000 + 0.000 - 0.000 + 0.000
J e e L L —— T T T
10— —
5 -

MINUIT Likelihood Fit to Plot 102&20

de

File: rec_dstk.rz 2-FEB-2006 09:43

Plot Area Total/Fit 21.000/21.000 Fit Status 3

Func Area Total/Fit 20.997 /20.997 E.D.M. 3.046E-06

Likelihood = 43.0

x>= 45.9for 40- 4d.o.f, C.L=125%

Errors Parabolic Minos

Function 1: Two Gaussians (sigma)

AREA 9.07919E-11 + 3.4832E-05 - 0.000 + 1.682
OMEAN -3.17838E-03 + 0.000 - 0.000 + 0.000
OSIGMAL 5.39648E-02 + 0.000 - 0.000 + 0.000
OAR2/AREA 0.84354 + 0.000 - 0.000 + 0.000
CODELM 0.0000 + 0.000 - 0.000 + 0.000
0SIG2/SIG1 0.22841 + 0.000 - 0.000 + 0.000

Function 2: Bifurcated Gaussian (sigma)

A 0.93904 + 3.163 - 0.000 + 3.429
OMEAN 4.75517E-02 + 0.000 - 0.000 + 0.000
OSIGA 2.63686E-02 + 0.000 - 0.000 + 0.000
0OsIGB 3.16026E-02 + 0.000 - 0.000 + 0.000

Function 3: Chebyshev Polynomial of Order 1

NORM 4.86970E-08 + 1.4127E-03 - 0.000 + 10.03
[JCHEBO1 -0.10040 + 0. - 0.000 + 0.000

Function 4: Smooth Histogram 201 31( 1) Normal errors
M

6.92712E-02 + 1.8643E-02 - 1.8886E-02 + 1.9398E-02
COOFFSET 0.0000 + 0.000 - 0.000 + 0.000
L ) B S T T T T
6 —
4 —

Figure 5.9: AE-fit result. B~ — D3}, [Dn°|7~ (top right), B~ — D}, [Dr°]x~(top left)
[Dr°] K~ (bottom left).

B~ — D3,,[D7°] K~ (bottom right),

B~ — D*
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MINUIT Likelihood Fit to Plot 101&10
de
File: rec_dstpi.rz 17-JAN-2006 10:16
Plot Area Total/Fit 5556.0 / 5556.0 Fit Status 3
Func Area Total/Fit 5555.4 / 5555.4 E.D.M. 1.622E-07
Lizkelihood = 104.4
X= 102.9for 40- 7d.of., C.L.=0.417E-06%
Errors Parabolic Minos
Function 1: Two Gaussians (sigma)
AREA 1480.6 + 5216 - 5121 + 5197
MEAN -2.43193E-03 + 4.7466E-04 - 4.7270E-04 + 4.7155E-04
SIGMAL 6.87301E-02 + 2.3507E-03 - 2.2945E-03 + 2.3587E-03
COAR2/AREA 0.83348 + 0.000 - 0.000 + 0.000
CODELM 0.0000 + 0.000 - 0.000 + 0.000
0SIG2/sSIG1 0.17909 + 0.000 - 0.000 + 0.000
Function 2: Bifurcated Gaussian (sigma)
AREA 1073.0 + 64.78 - 6514 + 6515
OMEAN 7.40000E-02 + 0.000 - 0.000 + 0.000
OSIGA 1.94073E-02 + 0.000 - 0.000 + 0.000
OSIGB 5.70325E-02 + 0.000 - 0.000 + 0.000
Function 3: Polynomial of Order 1
NORM 1967.7 + 2374 - 0.000 + 0.000
OPOLYO1 -181.00 + 0.000 - 0.000 + 0.000
OFFSET -0.53380 + 0.8400 - 0.000 + 0.000
Function 4: Smooth Histogram 201 31( 1) Normal errors
0.64367 + 2.7859E-02 - 2.8121E-02 + 2.7713E-02
COOFFSET 0.0000 + 0.000 - 0.000 + 0.000
600 ——— — T T T T T T T T T
500
400
300
200
0
-0.20

MINUIT Likelihood Fit to Plot 101&10
de
File: rec_dstk.rz 2-FEB-2006 09:39
Plot Area Total/Fit 118.00/118.00 Fit Status 3
Func Area Total/Fit 117.98/117.98 E.D.M. 1.673E-05
Lizkelihood = 330
X= 27.4for 40- 7d.of, C.L=74.4%
Errors Parabolic Minos
Function 1: Two Gaussians (sigma)
AREA 43.372 + 8.870 - 9.440 + 9.381
MEAN -4.82808E-03 + 3.8529E-03 - 3.8065E-03 + 4.0206E-03
SIGMAL 7.55542E-02 + 1.5571E-02 - 1.4249E-02 + 1.8586E-02
OAR2/AREA 0.92495 + 0.000 - 0.000 + 0.000
ODELM .0000 + 0.000 - 0.000 + 0.000
0SIG2/SIG1 0.2172 + 0.000 - 0.000 + 0.000
Function 2: Bifurcated Gaussian (sigma)
E 0502E-0 + 7.1255E-03 - 0.000 + 5322
COMEAN 7.46458E-02 + 0.000 - 0.000 + 0.000
OSIGA 1.72062E-02 + 0.000 - 0.000 + 0.000
sIGB 6.49166E-02 + 0.000 - 0.000 + 0.000
Function 3: Bifurcated Gaussian (sigma)
AREA 23.958 + 7.263 - 6937 + 7.627
OMEAN 5.01873E-02 + 0.000 - 0.000 + 0.000
OSIGA 2.50828E-02 + 0.000 - 0.000 + 0.000
osiGe 1.88688E-02 + 0.000 - 0.000 + 0.000
Function 4: Chebyshev Polynomial of Order 1
NORM 126.70 + 2257 - 34.07 + 2383
OCHEBO1 -0.14420 + 0.000 - 0.000 + 0.000
Function 5: Smooth Histogram 201 31( 1) Normal errors
NORM 2.06913E-09 + 5.6220E-05 - 0.000 + 0.1478
CJOFFSET 0.0000 + 0.000 - 0.000 + 0.000
— T T T T T T T T T
16
12
8
4
0
-0.20

Figure 5.10: AFE-fit result.
B~ — D3,,[Dv]K~ (bottom right),

B~ — Dj,,[Dy]n~ (top right),
B~ — D:

sup
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MINUIT Likelihood Fit to Plot 102&20

de

File: rec_dstpi.rz 17-JAN-2006 10:54

Plot Area Total/Fit 82.000/ 82.000 Fit Status 3

Func Area Total/Fit 81.608 / 81.608 E.D.M. 5.930E-06

Likelihood = 42.0

x>= 41.6for 40- 5d.o.f, C.L.=20.6%

Errors Parabolic Minos

Function 1: Two Gaussians (sigma)

AREA 4.4019 + 4176 - 3.806 + 4.562
OMEAN -3.78409E-03 + 0.000 - 0.000 + 0.000
OSIGMAL 7.07619E-02 + 0.000 - 0.000 + 0.000
OAR2/AREA 0.86352 + 0.000 - 0.000 + 0.000
ODELM 0.0000 + 0.000 - 0.000 + 0.000
0SIG2/SIG1 0.17073 + 0.000 - 0.000 + 0.000

Function 2: Bifurcated Gaussian (sigma)

AREA 2.76371E-06 + 4.0139E-03 - 0.000 + 1.403
OMEAN 7.40000E-02 + 0.000 - 0.000 + 0.000
OSIGA 1.94073E-02 + 0.000 - 0.000 + 0.000
0OsIGB 5.70325E-02 + 0.000 - 0.000 + 0.000

Function 3: Polynomial of Order 1

NORM 65.243 + 393.1 - 0.000 + 0.000
0OPOLYO1 -181.00 + 0.000 - 0.000 + 0.000

OFFSET 0.12063 + 2171 - 0.000 + 0.5003

Function 4: Smooth Histogram 201 31( 1) Normal errors

RM 1.19850E-02 + 3.0338E-03 2.9929E-03 + 3.0921E-03
COOFFSET 0.0000 + 0.000 - 0.000 + 0.000
T T T T T T T T T T T T T
= ]

MINUIT Likelihood Fit to Plot 102&20

de

File: rec_dstk.rz 2-FEB-2006 09:39

Plot Area Total/Fit 4.0000 / 4.0000 Fit Status 3

Func Area Total/Fit 4.0000 / 4.0000 E.D.M. 3.973E-09

Lizkelihood = 98

X= 33.5for 40- 5d.0.f, C.L=541%

Errors Parabolic Minos

Function 1: Two Gaussians (sigma)

AREA 2.9414 + 1786 - 1465 + 2142
COMEAN -4.82808E-03 + 0.000 - 0.000 + 0.000
OSIGMAL 7.55542E-02 + 0.000 - 0.000 + 0.000
OAR2/AREA 0.92495 + 0.000 - 0.000 + 0.000
ODELM .0000 + 0.000 - 0.000 + 0.000
0SIG2/SIG1 0.21724 + 0.000 - 0.000 + 0.000

Function 2: Bifurcated Gaussian (sigma)

E 2.95928E-11 + 7.8610E-06 - 0.000 + 0.5220
OMEAN 7.46458E-02 + 0.000 - 0.000 + 0.000
OSIGA 1.72062E-02 + 0.000 - 0.000 + 0.000
osiGB 6.49166E-02 + 0.000 - 0.000 + 0.000

Function 3: Bifurcated Gaussian (sigma)

AREA 5.29308E-10 + 3.4188E-05 - 0.000 + 0.5519
OMEAN 5.01873E-02 + 0.000 - 0.000 + 0.000
OSIGA 2.50828E-02 + 0.000 - 0.000 + 0.000
osiGe 1.88688E-02 + 0.000 - 0.000 + 0.000

Function 4: Chebyshev Polynomial of Order 1

NORM 2.6511 + 2.856 - 2025 + 3.876
OCHEBO1 -0.10504 + 0.000 - 0.000 + 0.000

Function 5: Smooth Histogram 201 31( 1) Normal errors

NORM 1.11295E-12 + 1.9996E-07 - 0.000 + 8.9807E-03
COJOFFSET 0.0000 + 0.000 - 0.000 + 0.000

e e e e e

B~ — D
[D~] K~ (bottom left).

sup

[Dv]7m~ (top left)



5.2.2 Ratio of branching fractions Rp,

In B~ — D*K ™~ mode the ratio of product branching fraction is calcurated using the numer
of signal events and efficiency listed in Table 5.2.
The ratios are obtained as

Rp+(proja— = (4.6 & L.4(stat)) x 1072,
Rpprojx- = 0.0 £0.0(stat) £ 0.0(sys)
Rpspyjr- = (2.8 £ 2.8(stat)) x 107,
RD*[D’Y]K7 = (67i43<$t@t>) X 1072.
In this mode using the identity [19]

2 Rpproyx + Bp-pyc

'B.D*K — 9 D

rp,p+k 1s calculated as
rgpx = 0.17 £ 0.07(stat) £ 0.04(sys)

The systematic error comes from each yield extractions and is estimated in the same way as
B~ — DK~ analysis. And we also compare this result with one of Belle Dalitz analysis [4]
and BaBar [14]. These results are consistent within these errors.

Belle Dalitz analysis : rp.pr = 0.207012(stat) £ 0.02(syst) & 0.04(model) (5.1)
BaBar :  7ppx = 0.061) 5

Moreover the upper limit is set as

rppx < 0.31 at the 90% confidence level.

5.2.3 Constraint for ¢3

Using the value of rp pk+ and Belle measurement for B~ — DipK ™~ [10] as bellow, a
constraint for ¢3 and 0 is determined.

A = —0.27+0.25(stat) + 0.04(sys) (5.3)
As = 0.26+ 0.26(stat) + 0.03(sys) (5.4)
Ri = 143+ 0.28(stat) =+ 0.06(sys) (5.5)
Ry = 0.94+0.28(stat) % 0.06(sys) (5.6)

The same method as B~ — DK™ analysis is used to give a constraint for ¢ — §. The
result as shown in Figure 5.11 is obtained.
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Figure 5.11: Constraint for ¢3 and J.These contours show favored region of each confidence
levels.
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Chapter 6

Combining fit result

¢5 fit combining B~ — DK~, B~ — DK*~ and B~ — D*K~ is performed using x>
method. Its result is obtained as Figure 6.1.

N
>
<

7

—10(68.3%)
6 20(95.4%)|--
SR T | NN R S S 1 N S
4
3
\/\/\/\/
0 120 180 240 300 360

o,[deg]

Figure 6.1: Constraint for ¢
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Chapter 7

Conclusions

In this thesis we searched suppressed decay modes such as B~ — Dy, K, B~ — Dy, K™~
and B~ — D K~. We can’t find any significant signal.

sup
.. B~ —Dgsyph™ _ | BT—=DYK~— :
So we set upper limits for Rp, = B =Dk and rp = |F=—pog=|- Using these results

and results of B~ — DgpK ™~ analysis, we perform constraints for ¢3 and rgs. Up to now
although this method doesn’t give a certain constraint for ¢3 because of small statistics,
the new method of ¢3 measurement is established. This fact is important.
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Appendix A

Cotinuum background suppression

Thrust angle

Firstly we determine the thrust axis which is maximize the projection momentums of
daughter particles in signal candidate and the others. Then we calculate the angle between
these axes. In the case of BB event it distributes flat. On the other hand in the case of ¢g
event it makes peak in the edge.

Super Fox-Wolfram method / SFW

Super Fox-Wolfram method [20] are composed of Fisher discriminant with super Fox-
wolfram moments. Super Fox-Wolfram moments are defined as

H, = Z D" |p;" | Pn(cos 6;5) (A.1)
where p* is momentum in the CM system, indices distinguish particles in a event, 6;; is a

decay angle and P, is n-th Legendre polynomial.
H,, is decomposed to 3 components expediently

Hn = Hss + Hsa + Hoo (AQ)
H»® = Z\ Py | Pn(cos 6;;) (A.3)
HY = Z| *|[px" | Pa(cos 6;1) (A.4)
H® = Z\ 1| Pn(cos Oy). (A.5)

where ¢ and j represent tracks of signal candidate and k£ and [ represent ones of remaining
tracks in a event. In Belle Fisher discriminant is used using six term Fow-Wolfram moments
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as

HSO HOO
SFW = 3 angs + Z B (A.6)

n=24

where «,, and (3, are Fisher coefficients which maximize the separation between signal
and background. Here H, for n > 4 is not used because of less ability of separation
between signal and continuum. And H{°, H5° and H;® are also not used because of strong
correlations with M. od AE.

improved Super Fox-Wolfram method / KSFW

To suppress continuum background effectively KSFW is developed [20]. KSFW is defined
as

4 4 Nt
KSFW => R+ > R’ +7Y_ |pinl (A7)
=0 =0 n=1

where p,; is transverse momentum, /N, is the number of tracks in a event and ~ is Fisher
coefficient.

) IRnlthis method H;° is decomposed to 3 components, ”charged”, "neutral” and ”"miss-
ing”
Ry = ()i (Heharged)i® + (aEnzifn—mZaglw + (e )1(Himissing )7 (A.8)
For [ =1 and 3,
(Hehargea)]’ Z Z Bi°QiQ;|p3| Pi(cos 0;;) (A.9)
(Hneutral);* = Hmissing = 0 (. Q=0) (A.10)
For 1 =0,2 and 4,
(H charged neutral,missing )| = Z Z 57 |p;| Pi(cos 0;5) (A.11)

The index ¢ iterates over the tracks of signal candidate and the index j iterates over
same category(charged, neutral or missing) tracks of the rest. ; is charge of particle
1. In these equation o and (3 are fisher coefficients. So there are 11 parameters
((l =0,3) x (charged) + (I = 0,2,4) x (chaged, neutral, missing) =2 x 1 +3 x 3) in
the Rj°opnimaizetion
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o Ry
Fori=1,3
35 2k B7°Q; Qr|p; [Pk | Pi(cos 0

Ry’ = By — AL (A.12)

For[=0,2,4

X5 Xw B[Pkl Pi(cos Ok )
(Ebeam - AE)Q

R = (A.13)

In these equation index j and k iterate over the rest tracks of the signal candidate.
There are 5 parameters in optimaizatoin.

N,
® Zn;l |pt,n|
This is the sum of transverse momentum in a event. This has a optimization coeffi-
cient.

This method has totally 17 (= 11 + 5 + 1) parameters. And empirically the value of
"KSFW” strongly depends on mm? defined as

mm? = (Ers) — Z E;)? — Z pi|?. (A.14)

So in optimization of these parameters mm? regions are divided to 7 regions (—0.5 ~
6.0[GeV]).
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Appendix B

Figue of merit technique

In physics analysis we need the indicator to optimize a cut value. Figure of merit(F.o.M)
is a good indicator. It’s defined as

S
FoM=—

VvVS+ N

,where S is number of signal and /N is number of background.

This roughly means the significance of the signal. Because if we get number of total
events, S+ N, its fluctuation is about v/S + N. So if number of signal is S, its significance
is represented as S/v/S + N. Then by optimization based on this technique we can get
signal with higher significance.

For example, let’s consider A E-fit under the condition as

signal shape :  gaussian
#(signal) = 30
O signal = 0.01
background shape . constant

#(background) : N(x) = 7

and make AF distribution sample using random numbers as Figure B.1.

Actually I do AFE-fit for this sample and calculate the significance. And changing the
integration range of background we know the range which equalize F.0.M to significance.
In this sample when we integrate the background within 2.204,. the F.0.M is equal to
the signal significance.

To confirm this statically I repeat this process 1000 times as Figure B.2. By this if we
integrate the background within 2.3 o we can get the F.o.M closing to significance.
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Figure B.1: AF distribution using random numbers.
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Figure B.2: Integration range of background estimation
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