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Preface

Tau lepton is the heaviest lepton aniong the elementary particles known to exist. This thesis
describes my research on the 7 lepton’s electric dipole moment (EDM). The EDM mani-
fests a fundamental property on the elementary particle. Especially its non-zero magnitude
indicates presence of the new physics world beyond the Standard Model.

The data analyzed were accumulated during 1999-2001 by the KEKB/Belle experiment.
KEKB is an ete™ asymmetric collider accelerator built at KEK and delivers us the world
highest intense r-pairs at /s = 10.58 GeV in the process of ete™ — 7+77. I have engaged
in an international collaboration group for high energy physics experiment, named Belle,
as a graduate student at Nagoya University for these 6 years, and took part specifically
in constructing the Belle detector, particularly the central-drift-chamber, operating the ex-
periment system to record data, producing and calibrating reconstruction parameters of
the tracking system and analyzing the data to extract physics outcome. In the analysis, 1
investigated the optimal observable method, confirmed its analytical proof, calculated the
matrix element and selected and analyzed the 7-lepton data. During this period, I have been
fascinated with physics concept on space-time symmetry expressed as CP (Charge conjuga-
tion and Parity reflection) and T (Time reflection) transformations, and eager to search for
any violation phenomenon of their invariance ever observed. Large amount of r-lepton data
accumulated at Belle, ever obtained in the world, could satisfy my thirst for knowledge and
grow a ripe outcome as this thesis.

Acknowledgment

1 greatly appreciate Prof. T. Ohshima for giving me a chance to study 7-physics and leading
me with much encouragement. I would like to thank Prof. T. Iijima, Dr. A. Sugiyama,
Dr. K. Senyo and the members of our laboratory for much help.

T would like to express my gratitude to Prof. K. Hagiwara for detailed instructions on the
theoretical calculation and many helpful discussions. I also thank Professors O. Nachtmann
and Z. Was for their constructive advice.

Further, I thank all members of the Belle collaboration. Especially, I would like to thank
the collaborators; Professors H. Hayashii, S. I. Eidelman, B. Yabsley and H. Kichimi for
many detailed discussions on the analysis. I also acknowledge the KEKB accelerator group
for their excellent operation of the KEKB accelerator.

This research was supported by a Grant-in-Aid for JSPS Fellows (01655, 2001).



Abstract

To search for CP-violation (CPV) signatures in the lepton sector, an electric dipole
moment, d,, of the T lepton was measured using the ete~ — 7~ reaction collected with
the Belle detector at the KEKB collider at /s = 10.58 GeV. This is a good probe of new
physics beyond the Standard Model (SM), since such physics produce the CPV in the lepton
sector, though the SM does not predict any appreciable effect, and such effect is expected
to be enhanced for 7 leptons due to their large mass.

An optimal observable method was adopted to extract dr, which uses all experimentally
available information of the spin and momenta of the T decays, and maximizes the sensitivity
to d,. By extracting the conversion parameters from the observables to d, using a full Monte
Carlo simulation with the electric dipole moment effect, the systematic uncertainties arising
from the detector acceptance effect were successfully suppressed.

All of the results are consistent with zero-EDM within the errors. Using 29.5 fb=1 data,
which correspond to 26.8 million generated T-pair events, the following result was obtained:

Re(d,) = (1.15 £ 1.70) x 1077 ecm,
Im(d,) = (—0.83 + 0.86) x 1077 e cm,

and the 95% confidence level limits was set to be

~2.2 < Re(d;) < 4.5 (107" ecm),
—2.5 < Im(d,) < 0.8 (107" ecm).

This investigation has successfully improved the sensitivity to the T lepton’s electric dipole
moment by an order of magnitude over previous measurements. It is not only due to a 100
times larger statistics but also due to well-controlled systematic uncertainties.
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Chapter 1

Introduction

The modern theory of particle physics, called the “Standard Model”, was established with
combining the electroweak theory proposed by Glashow, Weinberg and Salam in 1967 and
the QCD theory developed in 1960s. Although the Standard Model (SM) has been able
to solve many kinds of phenomena involving the elementary particles, recently evidence
for neutrino oscillation has been found [1] and its effect requires the extention of the SM.
Moreover, the existence of new physics phenomena beyond the SM (BSM) is anticipated in
order to explain the present experimental phenomena more comprehensively and completely.

CP violation phenomena in the quark sector within the framework of the SM have been
confirmed by B-factory experiments [2, 3] using neutral B meson decays. On the other hand,
CP violation in the lepton sector has not been measured. The SM prediction is extremely
small, since CP violation in the SM arises from a high-order loop correction with the quark
current. However, many BSMs predict some large CP violation. Therefore, the CP violation
effect in the lepton sector has been searched as a probe of BSM.

In this analysis, the electric dipole moment (EDM) of the 7 lepton was measured using
data corrected with the Belle detector at the KEKB collider at /5 = 10.58 GeV. The EDM
is a first-order approximation of the CP-violating parameter. One of the advantages of
using the 7 lepton is that the sensitivity for BSM could be highest, because the new gauge
bosons in BSM strongly couple with heavy fermions, and the 7 lepton is the heaviest lepton.
Additionally, the decay configuration of the 7 lepton is simpler than the quarks’ reaction.
Therefore, the 7 lepton is a good experimental tool to search for BSM.

The KEKB/Belle experiment has brought about the highest luminosity in the world.
The achieved peak luminosity is more than 8 x 10%3 cm~2s™!, and the integrated luminosity
per one year is expected to be more than 100 fb~!. Our experiment produces 7 pairs, as
many as the B pairs, since the cross sections are 0.912 nb for ete™ — 7+7~ and 1.05 nb for
ete™ — bb. Thus, KEKB is not only a “B” factory, but also a “r” factory. Its very high
statistics allows us a very precise measurement with the 7 lepton.

Previous experimental measurements have been performed at LEP, where L3 [4] found
—-3.1 < Re(d,) < 3.1x 107 "% ¢cm and OPAL [5] found |Re(d, )| < 3.7 x 10~'% cm, using the
process ete™ — 7777, and at ARGUS [6], which set the limits |Re(d,)| < 4.6 x 10~ '®ccm
and |[Im(d,)| < 1.8 x 10718 cm based on a study of ete™ — 7+~ production. This
analysis is the first direct measurement of the 7 lepton’s EDM with a sensitivity in the
10~'7e cm range. Eight different final states in the decay of 7-pairs, (evi)(uvd), (ev?)(7v),
(uv)(mv), (evi)(pv), (wvo)(pv), (mv)(pv), (pv)(p?), and (mv)(n), have been analyzed,
where all particles except v and 7 are positively or negatively charged.

The EDM can be measured using a CP-odd spin-momentum correlations of the 7 pair

1



2 CHAPTER 1. INTRODUCTION

reaction. In order to obtain the highest sensitivity for the EDM, an optimal observable
method is adopted, which is formed using the matrix elements calculated by the measured
kinematical information. In this thesis, the following will be described:

s Lagrangian with the electric-dipole-moment term
¢ Optimal observable method
e Introduction to the KEKB/Belle experiment

s Analysis and conclusion



Chapter 2

Electric Dipole Moment

2.1 P and T symmetries

Classically, the electric dipole moment (EDM) is given by
d= /p('r)'rdsr, (2.1)

where p(r) is the electric charge density. If there is a structure of the charge distribution, the
EDM becomes a non-zero value. Among the properties of elementary particles, the spacial
direction is only characterized by the axis of the rotation symmetry, which is the spin, S.
Thus, the electric dipole moment d must be formed to be proportional to the spin as

d = dS, (2.2)

where d is a constant representing the size of the EDM.

P (Parity) transformation changes a space cortinate. It changes the sign of the position
vector r and momentum vector p. Because the angular momentum [ is defined as | =
r X p, the sign is not changed under P transformation. T transformation reflects the time.
Therefore, it changes the sign of p and I, while r is not changed. The transformation
properties of the spin is the same with [. Therefore, under a P and T transformations,
the spin S is changed as § — § and § — -5, respectively. On the other hand, because
the P and T transformation properties of the EDM d are determined by the position r as
shown in Eq.(2.1), d is changed as d - —d and d — d under the P and T transformation,
respectively. Therefore, Eq.(2.2) violates both P and T symmetry. simultaneously. Thus if
either P or T symmetry is required, d must vanish. Under CPT symmetry, Eq.(2.2) also
violates CP symmetry. Table 2.1 summarize the change in the signs of § and d under P
and T transformations with other fundamental variables.

2.2 Formalism

In this section, the theoretical calculations of the cross section and the matrix elements with
the 7 EDM effect for the process ete™ — 777 are described.

3



4 CHAPTER 2. ELECTRIC DIPOLE MOMENT

Table 2.1: P and T transformation properties of the spin S, the EDM d and other fundamental
variables.

P T
Spin § s | -8
EDM d -d | d
Position r -7 T
Momentum p -p | —-p
Angular Momentum { | [ -1
Charge ¢ q q
Electric field E -E | E
Magnetic field B B | -B

2.2.1 Lagrangian

The effective Lagrangian with the EDM term can be expressed as

Log = Lsm + AL, (2.3)
Lsm = Y(i § - eQ A, (2.4)
AL = —icpa* ysp0, A, + (h.c.),

= — 2oy Fy, (2.5)

where d,(= ¢ + ¢*) is the electric dipole form-factor, A, is the electromagnetic vector
potential and F, is the electromagnetic field tensor given by F# = 9" A¥ — 0¥ A*. Lsm
is the Lagrangian for the lowest order Standard Model and AL is the EDM term. Here,
only the lowest-order gamma-exchange diagram and EDM contribution are considered, as
shown in Figure 2.1; the Z° exchange diagram is ignored because the contribution of Z° is
negligible at /s = 10.58 GeV. The electric dipole form-factor is often used in terms of the
dimensionless dipole moment, a,, given as

[+
2.
ol (2.6)

d, =

The form-factor is a real number because d, = ¢ + ¢*. However, from the experimental
point of view, the form-factor is generally treated as a complex number. The imaginary part
of d, is the CPT-violating parameter, and for example, when the EDMs of the v+ and 1~
are different, the imaginary part of d, can arise effectively.

Figure 2.1: Diagrams for the lowest order(left) and the EDM interaction(right).
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2.2. FORMALISM
A part of the EDM term can be calculated as

oy Fo; = 0095 Fyp = —i o 0 E!

34704 51040 0 o s

where E' is the electric field and ¢! is the spin operator. At the non-relativistic limit, the
EDM term is approximately expressed as

AL = - 5d,(¢*)Po" 15¥F,u = —d(0)r - E.

Hence, the Lagrangian, AL, surely represents the EDM interaction.

In this analysis, the possible s-dependence is ignered in common with other experiments,
while assuming d,(s) = d,, which is constant. d,(0) corresponds to the “Electric Dipole
Moment” of the 7 lepton, and this term is used for d, hereafter.

2.2.2 Factorization

The differential cross section for the process
et(p) +e (=p) = 7H(k,S4) + 77 (~k,5-),
can be written as {7, 8]
do = Aﬁmd(l +a,Sh + buSt + ¢, S5 SY)dQ, (2.7)

where p and k are the momenta for the electron and 7, Sy is the spin vector of the 7¥;
au, by, ¢ are the coefficients as a function of p and k, and A?2_ 4 is the spin-averaged squared
matrix element for the 7 pair production vertex. d@ is the Lorentz-invariant phase space
factor. On the other hand, the differential partial width for the 7 decay is given in this
representation by .

M

A1+ h,S")dQ, (2.8)

where the polarimeter vector, h,, is a function of the momenta of the 7 and the decay
particles. The zero-th element is defined to be hg = 0.
The cross section for the combined production and decay processes can be written as

do = A2, g A2 A% (1 = auhly = buh” + cu BB )dQ. (2.9)
Thus, the cross section of the 7 reaction can be factorized to the production part and the
decay part. These functions are connected with the 7’s spin vectors.
2.2.3 7 pair production vertex
Here, the spin amplitudes of the reaction
e~ (p,A) + et (B,A) = v (ko) + 7H(k,5)

is calculated where p, #, k and k denote the 4-momenta and A, A, o and & denote the helicities
for the initial electrons and the produced 7s. The “bar” indicates the respective antiparticles.
The helicities are represented by “+” and “—” for the left-handed and right-handed particles.
In this calculation, the electron mass is neglected.
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In the following, the coordinate system defined in Figure 2.2 is used, which is the center-
of-mass system with the z-axis parallel to the 7= momentum-vector and the angle 8 is
between the 77 and e~ momentum-vectors, in order to make the calculation simple. The
Weyl-basis conventions is used, which is defined in HELAS [9, 10] / MadGraph [11]. The
4-momenta are therefore defined as follows:

P = E(1,-sin6,0,cos8),
P = E(1,sin 8,0, — cos#),
k* = E(1,0,0,8),

k* = E(1,0,0, -5).

Tt

=

Figure 2.2: Coordinate system.

From the effective Lagrangian, Eq.(2.3)-(2.5), the spin-dependent amplitudes are written
as

. . . N . e o,
M = —ieQe(jLu + Jry) —[—ieQ-(JF + Jh) — i arJL], (2.10)
s 2m.,
where (¢ and @, are the charge of an electron and 7 (Q, = —1 @, = —1). s is the squared

center-of-mass energy (v/s = 2E); m is the 7 mass, m,. The charged currents are defined
as follows:

ok 1-

it = 90,3 = =S Pulp, A = -), (211)
s 1+

JrR=0(p,A = *)7“-*—275u@,h =+), (2.12)
= ﬁ(k,a)7”l—;jév(k,&), (2.13)
T8 = a(k, )y > 2751;(1?:,6), (2.14)
Jt = —iu(k,0)a" q,v(k,5), (2.15)
J¢ = ~i(k,a)o" g, u(k, 5). (2.16)

qv is the 4-momentum of the internal gamma, defined as g, = (1/3,0,0,0) in this coordinate
system. )
Then, the spin-dependent amplitudes, M{AXo&), are obtained as:

\'32 . 62 ~ .3 .
M+ = ++) = ~s—[—4Em sind] + . Sar[&E Bsinf],

P
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¥

M+ —+-)= %[—4}3?(1 + cos8)),
e
M+ - —+) = —S~[4E'(l — cos 8)],
e . —62 - S
M(+ = =) = —[4Emsinb] + -—a. [8iE* sin ],
2 _ o2
M(=+ ++4) = %-{—4Emsin03 + 2'nf ?&T[SiE‘"*Bsin 8],
2
M(=++-) = %—[413"(1 — cosf)],
2
M=+ —4) = %[—4132(1 + cos8)],
M(—+-—=)= EE[zlE’avn,sint’?] + - [8iE3Bsi 6]
=—[ szsa, sind).

The first term in each amplitude shows the lowest-order coupling and the second term shows
the interference term of the lowest order and the EDM coupling. The EDM terms appear in
the amplitude of the (05) = (++) and (——) states, while the (¢7) = (+—) and (~+) states
are independent of the EDM. Schematic views of these spin states are shown in Figures 2.3
and 2.4. It indicates that the EDM coupling affects the interaction between the left-handed
and right-handed 7 lepton. The interference of the diagrams shown in Figure 2.3 and 2.4
causes a first-order CP-violating effect.

P A Y

A
4

T T
Figure 2.4: Spin states that are independent of the electric dipole moment.

To calculate the amplitudes from the experimental observables, it is convenient to transfer
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the spin amplitudes from the bispinor indices to the spin-vector notation. The spin vectors
are given by the 7 direction and the momenta of the decay daughters. The spin-density
matrix, M, of the reaction e* (p)e™(-p) = v+ (k, S4)7~(~k,S_) is given by [12]

M} roa = Miy + Re(d,)M%, + Im(d,)M2, + d, |2 M3, (2.17)
4
9 [ oA 5 PN
My = p[ké +m? + [k*|(k-)? — Sy S_|k|*(1 - (k-p)?)
0

+2(k- S ) (kS ) (kI + (ko — m.)?(k-§)?) + 2k2 (D5, )(p-5_)
~2ko(ko — m.)(k-p)((k-54)(B-5-) + (k-S_)(p-S,))], (2.18)

3
e A .
M, = Aplkll = (e + (ko = mo)(k B)*)(S4 x S-) -k

+ko(kp)(Sy x S_)p ], (2.19)
3
M3, = 4;‘;;11@1[ ~ (mr + (ko — m, ) (k-$)2)(Sy — S_)-k
+ko(k-p)(Sy —S_)p ], (2.20)
M =4e*k)? - (1 - (k-p)*)(1—S,-S_), (2.21)

where kg is the energy of the 7, m, is the 7 mass, p is the three-momentum of the et k
is the three-momentum of the 7%, S are the spin vectors for ¥, and hat denotes a unit
momentum. M3y corresponds to the SM term. M%, and M3, are interference terms
(related to the real and imaginary parts of d,, respectively) between the SM and CPV
amplitudes.

Concerning the components of the spin-momentum correlation, the following expressions
are obtained for the CP and T transformation:

CP(S+x8-)ky)=(S-x8;)(~k_) = ~(S4 x S_)-ky,
CP((S+ = 8-)ky)=(5- - 84) (k)= —(5+ - 5_) k.

TS+ x5-)ky)=((=54) x (=8-)) (~ky) = —(S4 x S_)-ky,
T((S+=85-) k) =((-54) = (=8-)(~ks) = (S4 - S-)-ky.

The same expressions are given for p, instead of ki. Therefore, M3, show the CP-odd
and T-odd property, while M3 show the CP-odd and T-even. These properties also mean
that the EDM is the CP-violating parameter. Moreover, the EDM for the imaginary part
is the CPT-violating parameter.

Figures 2.5 and 2.6 show the spin-momentum correlations for (S} x §_)-k and (S, —
S_)-k, respectively. The sign of (S4 x §_)-k depends on the transverse spin correlation to
k, while the sign of (§4 — S_)-k depends on the longitudinal spin correlation. Therefore,
the EDM for the real part causes the angular asymmetry around the k and p, and the EDM
for the imaginary part causes the asymmetry along the k and p, as shown in the left side of
each figure.

2.3 Experimental results

The EDM of the 7 lepton was measured at the LEP and ARGUS experiments. At LEP, two
experimental groups, L3 and OPAL, reported the bound of the EDM using the radiative 7-
pair process ete™ — 77y at Z° resonance. The EDM was extracted using the likelihood
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Figure 2.5: Configuration of the spin correlation
depends on the transverse spin correlation.

3

1]

1

i
1

] « E
f >
i

i

lJ

Figure 2.6: Configuration of the spin correlation for (S4 — §-)-k related to M7,,. The sign
depends on the longitudinal spin correlation.

method from the momentum information of the radiated photon. L3 found -3.1 < Re(d,) <
3.1x107%¢ cm [4] and OPAL found |Re(d,)| < 3.7x 107 '8¢ cm [5). The ARGUS experiment
adopted the optimal observable method using the event shape of the reaction ete™ — 7+,
which is the same method in this thesis, and set the limits |Re(d,)| < 4.6 x 10~ %¢ cm and
[Im(d,)| < 1.8 x 107 *%ecm [6].

The EDM properties for several particles were also measured. The current best EDM
values and the Standard Model predictions are listed in Table 2.2. The non-zero EDM has
not been observed. The basic method for the EDM measurements of the electron, neutron
and proton is to measure a shift of the resonance using the NMR technique with the electric
field which make a energy shift due to the interaction with EDM. The electron EDM was
extracted using atomic-beam magnetic resonance of the atomic thallium [38], because in
heavy paramagnetic atoms the electron EDM results in an atomic EDM enhanced by some
factor due to relativistic effect. The proton EDM was also extracted from a shift of the
thallium spin resonance in the electric field [41]. The neutron EDM was measured by a
shift of the Larmor frequency of ultra-cold neutrons, whose energy is a order of 10~"¢V, in
a electric field parallel to a highly uniform 14T magpetic field {40]. The muon EDM was
measured by the vertical spin motion in the muon storage ring {39]. The spin direction was
detected by the electron direction decaying from the muon.

2.4 Models

Here, models that are considered to induce the effect on the electric dipole moment of the
T lepton are briefly described.

Standard Model

In the current Standard Model, the CP-violation effect in the lepton sector arises from
a three-loop QCD correction. Its origin is the CP phase of the CKM matrix. The EDM of
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Table 2.2: Experimental results and the Standard Model (SM) predictions of the EDMs for the
electron, muon, neutron and proton.

EDM (ecm) SM prediction (ecm)
clectron | ( 6.0  7.4) x 10~ 2 [38] | ~ 8 x 107 [13, 14]
muon ( 3.7+3.4) x1071® [39] ~ 1.6 x 10738 [13, 14]
neutron | (=1.0 £ 3.6) x 10726 [40] | 1.4 x 1073 ~ 1.6 x 1073! [42)
proton | (3.7 +6.3) x 1072 [41] -

the lepton is given by
dy ~ 1.6(m;/MeV) x 10~%% cm,

where my is the mass of the lepton {13, 14]. For the 7 lepton, the EDM is expected as
d, ~3x107%e¢cm.

By comparing the limit of the current experiments, it is found to be too small to ob-
serve. Therefore, an observation of a non-zero EDM would indicate new physics beyond the
Standard Model.

Neutrino oscillation

Recently, some neutrino-oscillation experiments have reported that neutrinos are massive
and their flavor oscillates [1]. Lepton flavor mixing causes anomalous lepton dipole moments
and the lepton flavor-violating decays. However, even if neutrino oscillation exists, the
contribution to the anomalous dipole moments is very small. With the lepton-flavor mixing
matrix, whose parameter space is obtained from the experimental results, the EDM of the 7
lepton is estimated to be d, ~ 1072%¢ cm using the effective Lagrangian approach [15]. The
source of the CP-violating effect is the CP phase in the lepton mixing matrix.

Multi-Higgs~doublet model

In the case of the two- or multi-Higgs-doublet models, the CP violation is generated by
the interference of the tree-level production process, ete™ — v, X — 777, where X is some
new Higgs boson. The strength of the interference term is proportional to the initial and
the final state fermion masses m.m,. Because of the small electron mass m,, it is hopeless
to search for CP violation from the tree-level production process [19].

In the Higgs models containing neutral spin-0 bosons, which may couple to leptons
through lepton-flavor-conserving scalar and pseudoscalar couplings, the strength of the EDM
is proportional to m} [16]. Using the present limit of the electron EDM, d. < (6.9 £9.4) x
10~%¢ecm, the 7 EDM on the order of 10~*7e cm is possible.

In other Multi-Higgs-doublet models [17, 18], the EDM arises through two-loop diagrams
with the neutral Higgs bosons and the top-quark loop. The CP violation is arise from the
propagator of the neutral Higgs bosons. Because of the coupling constant of Higgs bosons
to fermions, the EDM is proportional to the fermion mass, my. In this case, d; is estimated
to be d, < 4 x 1072'ecm {19].

SUSY model

r-F-neutralino coupling may contain the CP phase and generate a non-zero EDM in
one loop diagram, such as in Figure 2.7. The contribution to d; from these diagram is
proportional to left-handed and right-handed slepton mixing matrices. In the popular MSSM
predictions, its coupling is proportional to the fermion mass [19]. Considering the limit of
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the electron EDM, the 7 EDM must be less than 4 x 10~ #ecm. However, in the generic
MSSM model, the constraint of the parameters in the above estimation is not necessarily
true. Under the particular parameter set, the 7 EDM can be larger than 10-22¢ cm. In this
case, a model [19] predicts that d, ~ 10~ e cm.

Leptoquark model

The couplings of the leptoquark boson to the 7 lepton and the top quark may generate
the CP-violation effect at the one-loop level. In the scalar leptoquark doublet model [20],
which assumed that the couplings of the scalar leptoquarks are of the Higgs boson type, the
couplings of the leptoquarks would be proportional to the mass of the right-handed fermion
involved. Furthermore, the generation-changing couplings are assumed to be small. In this
case, because the corresponding quark is coupled with leptoquark on the loop diagram, the
EDMs of the leptons are scaled by the following relation:

de :dy, - dr = m2m, : mim,, : mim,.

Therefore, the 7 EDM can have a larger value of 10~ !%¢ cm with a restriction of the electron
EDM.

T+
po B
Ao, |
b

—

Figure 2.7: One-loop diagrams that may induce an electric dipole moment. “P and “b” show new
fermions and bosons of a model, respectively.






Chapter 3

Observable

In this analysis, the ’optimal observable method’ [21][22] is used in order to obtain the
highest sensitivity for d,. The observables are calculated for the reaction ete™ — 77~
with a combination of the decays, v — evi, 7 = v, 7 — v and 7 = pv, which cover
about 72% of all possible 7 decays.

3.1 Optimal observable

To search for CP violation in the reaction ete™ — 7+7~, CP-0dd observables are proposed
in Ref. [12], such as

T = (g4 — ¢-)" (a4 x ¢) + (i & ),
g ) . ij
QY = (g4 + ) (as 0V - (@~ a2) + (i 0 ),

where g, shows the momentum of the charged particle from the 7% decay and 4,j = 1...3
are Cartesian vector indices. The CP-odd optimal observables are formed based on all
experimentally available information in a statistically optimal way. These observables use
the combined information of the CP-odd observables, such as 7% and Q%, which use only
part of the kinematical information.

The optimal observable, O, is derived to yield the largest possible signal-to-noise ratio,

defined by
(0)?
(0%) —(0)*”

For the case that the differential cross section is given by

S

do = dog + Moy,

where X is a small parameter which we want to measure, the optimal ohservable is formed
* d
o
0=—
dog

The proof is described in Appendix A.

The sensitivity of the optimal observable is ideally the same as that for the likelihood
method. Moreover, since this optimal observable is a kind of moment, the analysis procedure
is simple compared to that of the likelihood method.

13
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3.2 Observables for EDM

The matrix elements for the production of a 7 pair Mpmd and the 7 decay Mgec can
be factorized using the Born approximation as M? = M2 - M2_ | so that the optimal
observables in this analysis are formed as

prod

M2 M3
ORQ = MQRE b OITH = ") 3 (3‘1)
Mam SM

where the matrix elements M%,,, M%, and M2 _ are defined in Eq.(2.18), (2.19) and (2.20),
respectively, and are calculated event-by-event, as described later. Because of the properties
of the matrix elements, Op, is CP-odd and T-odd, while O;,, is CP-odd and T-even.

Using the squared matrix element M7, the differential cross section, do, is given as
do M;‘;mddqﬁ, where ¢ represents a phase-space variable. The mean value of the observable
Ope is expressed as

(Oke) [s. ¢ /Ogedo o /OneMgmddlf?,

2
MIZP
M‘SM

/M (l¢+R€¢l)/(M ")zd(b

+Im(d, )/———M—’l’ldm ld.|®

(M&y + Re(d,) M, + Im(d, )M3,, + |d.[*M?2,) do,

M3 M2 Mp Mz

— 5 de. (3.2)
MbM
he and M3 drops out because
they are orthogonal. The fourth term, which includes Jwgz, is disregarded, since d, is small.
Similar expressions are obtained for the imaginary part. From Eq.(3.2), {Og.) and (Ogm)
are then approximately given by linear functions of d,:

The third term, the integration for the cross term of M%

(ORe) = URe " Re(d,) + bpe, (O[m) = Qfm - Im(df) + bim. (3.3)

Here, ag. and ay,, express the sensitivity for Re(d,) and I'm(d,), respectively; bg. and by,
provide offsets. Because the coefficients are expressed as

/( SM) i = /( SM) Miroadd, dd’ /( Im)ﬁMgrodd¢,

are and ary, are given by the mean of the squared observable, ag. = (Oﬁe) and aj,, =
(0%,,,). Because of the CP-odd properties of M%, and M?_ . the offsets bg, and bj,, should
be nul! for a symmetric acceptance cut.

By using Eq.(3.3), the EDMs, Re(d,) and Im(d,), can be extracted from (Og.) and
(ofm)'

3.3 Calculation of the observables

The observables are calculated with the matrix elements defined in Eq.(2.18) - (2.20), which
are expressed by the et beam direction p, the 71 flight direction k and the spin vectors,
S.. Experimentally, because of undetectable particles, i.e. neutrinos, we can not fully
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reconstruct the quantities k and S.. Therefore, the deduced observables are used in the
analysis, which is calculated using the mean value of M2, M%, and M}, averaging
over the possible kinematic configurations for each event. How to calculate the possible t
directions, the spin vectors and the mean value of the matrix elements is described below.

3.3.1 Tau flight direction

Since the allowed kinematical range is largely different between hadronic decay and leptonic
decay, the average is calculated in three individual cases:

hadron-hadron: Both 7 leptons decay to hadrons.
lepton-hadron: One 7 lepton decays leptonically and the other decays to hadrons.

lepton-lepton: Both 7 leptons decay leptonically.

hadron-hadron

For hadronic decay, the flight direction of the mother 7 lepton is constrained on the cone
around the flight direction of the decay daughter particle. The opening angle, fcone, is
calculated while neglecting the neutrino mass as

2E,E —m? —m?
2kllpl

(3.4)

€08 Beone =

where E, p and m are the measured energy, momentum and mass of the decay daughter.
Therefore, in the case that both 7 leptons decay hadronically, the 7 flight direction can be
reconstructed as the intersections of two cones, as shown in Figure 3.1.

For the reaction ete™ —= 7+ (k)7~(=k) = A*(p4)B~ (py)v.V; in the T pair rest frame,
two solutions of the 7+ flight direction, k, can be calculated as

Eizuﬁ +vpg £ w= -
A B DA x Pgl

where p, and pp are the three-momentum vectors of the decay products At and B—,
respectively. The hats denote unit momenta. Using the definitions

kp, = cosbs, kpg=cosfp,

where 64 and g show the open angles of the cones for A* and B, the coefficients u, v
and w are represented as

FPaf g
v = cosfy +13A}TB c;)s B (3.6)
1~ (Ppabp)
_ cosfp + PP cosfy (3.7)

1~ (paPp)?
w=/1~u?~v2 - 2uv(p,Pp). (3.8)
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Figure 3.1: Schematic view of the 7 pair reaction ete™ — (k™)1 (k™) = At (pa) B~ (pp)v. ;.
64 and O are the opening angles between the 7 momentum and the momentum of the decay
products.

lepton-hadron

For the leptonic 7 decay 7 — lvi, the opening angle, 8;, between the measured lepton and

the mother 7 cannot be given as an unique solution due to two missing neutrinos. §; is thus

given by

2E,E —mi —m?2 +m?,
2|k|lp.| ’

where m,, is the effective invariant mass of two daughter neutrinos, whose possible range
is over 0 < my, < y/m? + m? — 2m,m;. Because of the m,, ambiguity, the kinematically
allowed 7 direction is widely ranged compared to the hadronic decay case, as illustrated in
Figure 3.2.

CO8 9'1 =

(3.9)

lepton-lepton

For the lepton-lepton modes, there are ambiguities of m,, in both 7 decays. The kinemat-
ically allowed region of k is an overlap domain of two cones. Their allowed 6, range is the
same as that in the lepton-hadron case.

Reconstructed Tau direction

Figure 3.3 shows the angle difference between the generated 7 direction and the reconstructed
one used in the calculation. The accuracy of the reconstructed 7 direction in the hadronic
decay modes is better than that in the leptonic modes. The long small tail in the 77 mode
is due to an incorrect selection of the two k4 directions.
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Figure 3.2: Projection view for the lepton-hadron final state. The solid curve shows the allowed
region of the 7 direction in the case that 7+ decays hadronically and 7~ decays leptonically.

x10 cos(angle btw gen and rec)
10000 F * ' T :
e'y
5000 |
x 1R .
6 0.7 0.8 0.9 1
2000 T T T 3
e'n
1000 |- 5
%% 0.7 0.8 0.9 1
5000 - o
2500
% 0.7 0.8 0.9 1

cos(angle)

Figure 3.3: Cosine of the angle between the generated 7 direction and the reconstructed direction
used in the calculation for e*p™ (top), e¥ 7~ (middle) and n* 7~ (bottom).

3.3.2 Spin vector

The spin vectors are calculated based on the measured momenta of the decay particles
and the above-extracted tau flight direction. The following gives the polarimeter vectors
h {8, 27], shown in Eq.(2.8) for different decay modes, where all momenta are defined in the
T rest frame:

. ri(ki,.S’;t) - l(Pli)Vl(ql)Vr(QT)

2
(4B —m, — 220)/E] 210
3, 4E -2—,2{ mp[ta ( )
m -4l - et

T

h* =7
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d T:t(kiw Si) = (Pt v {gr)

P+

ht =+ ,
lp;il

(3.11)

o 75(ky, 84) = w(pgst )7 (pao)rr(gr)

200" - ¢,)p' — (0)’q,
200" - g ) - kL) = ()% (gL - kL)

ht = 4m, (3.12)

where p = prt — pro.

The momentum p’ and energy E' in the 7 rest frame are expressed in terms of their quantities
in the 7 pair rest frame, as follows:

-1
P =p+ (B P)B+YE, (3.13)
E' =v(E+8-p), (3.14)
where 8 = ~k4/E,, v = E;/m, and ky = k. k and E, are also defined in the 7 pair
rest frame. As a result, the spin vectors S, defined as S = —h, are given as follows from

Eq.(2.7) and Eq.(2.9). In the equations, k = (E;,k) and the four momenta in the 7 pair
rest frame are used:

o 7 lyu,

4¢cy — m2 — 3m? ( c+ + Ejxm,
Sy = I L + - =T Tk}, (3.15
7 3miey — 4ck — 2m2m, + 3cam? e E. +m, » (3.15)
cxt = E;Epx ¥k -ppx,
e T T,
2 m2 +m2 +2m, E
Sy =—2 (xmpy+ Dt LA 3.16
T m-m2 (;m Pt ¥ AE; +m,) ) (310

o 7 pvy = nly,

1 k(k- HY)
H* JHE 4 2= 1) (3.
2 l5) —m2 (s —poo)? (et o+ m») (3.17)
(H:t)u = 2(p7ri“ - pﬂ“)u(pn* - pn“)u(kﬁ:)y + (prrt + pn“)u(pﬂi - p?ro)?’

Si=7F

3.3.3 Averaging the amplitudes

Now, the matrix elements M3,,, M%, and M3, can be calculated using the 7 flight direction

k and the spin vectors S¢. In the case that both 7 leptons decay to hadrons (v — v or
pv), the 7 flight direction is calculated with twofold ambiguity, as described above, and
the average of M3y, M%, and M3, over the two solutions. In the case where either
one or both of the 7 leptons decay leptonically (r — ev? and pvo), a Monte Carlo (MC)
treatment is adopted to take into account the additional ambiguity in the effective mass of
the viz system (myp). For each event, 100 MC configurations are generated using a hit-and-
miss approach by varying m,;. With Ny, successful tries, in which the 7 direction can be
construct kinematically, the average value is calculated as

M= S M2 (3.18)
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In the calculation, the effect of undetected radiative photons is ignored, because much
computing power is needed to include the additional ambiguity into the calculation. Its
radiation effect is considered to be included in the conversion parameters, a and b of Eq.(3.3),
as below. The influence to the observables is discussed in Section 5.4.5 and Appendix F.

3.4 Extraction of EDM

The EDMs can be extracted using the linear relation of Eq.(3.3), as described in Section 3.2.
The sensitivity a; and the offset b; can be expressed by the following equations, where
j = Re,I'm means the real or imaginary part of amplitudes, respectively:

(M3)? .
aj = / MéM dé, b;= / Midg. (3.19)

In reality, experimental acceptance 7(¢) has to be taken into account for the observable as
(the expression for the imaginary part is similar):

(Ore) ox [ Oren($) M2, oqdd,

2 (M??é)z
= [ n(¢)Mp.dd + Re(d,) W(@“‘ﬂ;l“r"—d@ (3.20)
8M
= bp. + Re(d;) - age, (3.21)
where the conversion parameters, a; and bj;, are

(M3)?

0= [wO ds b= [ne)Mids (3.22)
M

Although these parameters are necessary to extract the EDM from the observable, it is
difficult to analytically calculate this integral, because the acceptance function, 7, is gener-
ally very complicated. Thus, the parameters a; and b; are extracted from the correlation
between (Ogre) ({Orm)) and Re(d;) (Im(d,)) obtained by a full MC simulation including
the acceptance effects. The extraction of the parameters in the analysis is described in
Section 5.3.1.

The MC events with the EDM effect are obtained by using the normal MC samples
weighted by

M3y + Re(d,)M%, + Im(d)M?3,, + |d | M2,
w = .
My

Figure 3.4 shows the distribution of the optimal observables, Oy, and Oy,,, for the MC
events generated with the weight function of Eq.(3.23). In calculating the weight function,
the unmeasurable kinematical variables, such as the 7 flight direction, the neutrino momenta
and the undetected radiative photons’ information, are calculated with soft or hard radi-
ations, separately, as below. The cut-off energy of the radiative photon is set to be 0.1%
of \/s/2 (= 5.29 MeV). Because the MC events are generated and reconstructed with the
conceivable effects, such as the undetected radiative photons, the detector resolution, the
acceptance effect, etc., the extracted parameters, a and b, can be applied to the experimental
data.

(3.23)

No hard (soft) radiation case
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Figure 3.4: Distribution of the optimal observables for 777~ — #tn~vi. The bottom figures
show the ratio of the distribution between the case for Re(d.) = 5x 107'%/Im(d,) = 2 x 10" ®ecm
and the zero EDM.

In the case of no radiation or soft radiation, the amplitudes are calculated without a
radiated photon, and are given as Eq.(2.18) - (2.21).

Hard radiation case

In the case for the reaction
et(py)+e (po (= -py) ) = 7H(ky, Se)r(k-, S )v(k,y),

the amplitudes of the T-pair production vertex is calculated in the reaction frame determined
by adding the radiative gamma vertex to the charge current, whose inner product ( |p, - k|,
|p_ k4|, |k+ k4] or |k—-k4|) is the smallest. Here, k., is the radiated photon’s momentum.

If the radiative gamma arises from the et as the initial-state radiation, the amplitudes
are calculated in the 77~ rest frame, where the momenta of e and 7% are boosted to the
7+7~ rest frame. If |p, - k4| is the smallest inner product, the —p* and k7 are taken as
the momenta of the e* and 7+. On the other hand, if |p_ - k,| is the smallest one, the p%
and kY are taken. Here, the star denotes the momentum in the 7t71~ rest frame.

If the radiative gamma come from the 7% as the final-state radiation, the calculation is
performed in the e*e™ rest frame. If |k - k| is the smallest, the p, and —k_ are used as
the momenta of the et and 7+. On the other hand, if |k_ - k,| is the smallest, the p, and
k. are used as the momenta of the et and 7+.



Chapter 4

KEKB /Belle experiment

In this section, an experimental complex composed of the KEKB accelerator and the Belle
detector are introduced, along with the data-handling scheme.

The KEKB accelerator was constructed from 1994 in the tunnel of the TRISTAN accel-
erator at KEK. In December, 1998, the operation of the KEKB accelerator and the Belle

detector started for high-energy physics experiments.

4.1 KEKB accelerator

Interaction Region

High Energy Ring (HER)

\‘mr Electron

Low Energy Ring (LER)
for Positron

/' '-\
HER LER

‘Tsukuba area

Nikko area
WIGGLER

WIGGLER

8GeV

Elecuo'n/

3.5GeV

\i"osn’mm

-

\ilER

Linac

RF

Fuji area

RF

Figure 4.1: KEKB layout.

KEKB is an asymmetric energy e*e™ collider, whose center-of-mass energy is 10.58
GeV, which corresponds to the energy of the T(4S) resonance. The asymmetric energy

21
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enables one to analyze time-dependent measurement of the CP asymmetry in a neutral B
meson system. The layout of KEKB is shown in Figure 4.1. The electron and positron
beams, whose energies are 8 and 3.5 GeV, respectively, are stored in two individual rings
and collided at one interaction region with a crossing angle of 22 mrad. The main design
parameters are summarized in Table 4.1.

The design luminosity is 10! cm~2s~! and the design-integrated luminosity is on the
order of 100 fb~! per year. In this case, since the cross section of the T pair production is
0.91 ub, the accelerator produces about 108 7 pair events in one year.

{ Ring LER HER
Particles 7 et e
Energy (E) 35 8.0 GeV
Circumference (C) 3016.26 m
Luminosity (L) 1034 em~ 2571
Crossing angle (8,) +11 mrad
Tune shifts (£,/&,) 0.039/0.052
Beta function at IP (8;/8;) 0.33/0.01 m
Beam current (1) ) 2.6 ] 1.1 A
Natural bunch length (o) 04 cm
Energy spread (op/E) 7.1 x 1074 l 6.7 x 1074
Bunch spacing (sp) 0.59 m
Particles/bunch 3.3 x 1010 l 1.4 x 1010
Emittance (e, /ey) 1.8 x1078/3.6 x 10710 m
Synchrotron tune {(v,) 0.01 ~0.02
Betatron tune (v /vy) 45.52/45.08 | 47.52/43.08
Energy loss/turn (Up) 0.81t/1.5% 4.8 MeV
RF voltage (V) 5~ 10 10 ~ 20 MV
RF frequency (far) 508.887 MHz
Total beam power (Fp) 2.7t /4.5} l 4.0 MW

Table 4.1: KEKB design parameter (t, without wigglers; {, with wigglers)

4.2 Belle detector

Belle is a general-purpose detector with an asymmetric structure along the beam direction.
A side view is shown in Figure 4.2. Here, only the detector components are described, which
are mainly used in this analysis. The parameters of the sub-detectors are summarized in
Table 4.2. Full details are given in Ref. [25].

Tracking system

The tracking system is composed of a silicon vertex detector {(SVD) and a central drift
chamber (CDC). SVD measures the track position of charged particles with three layer
plates of a double-sided silicon strip. The strip pitch is 25um along the azimuthal direction
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Figure 4.2: Side view of the Belle detector.

and 42um along the z direction. The SVD angular coverage is 23° < § < 139°, where 0 is
the polar angle. The CDC measures the trajectory of charged particles in a 1.5T magnetic
field supplied by the super-conducting solenoid. The CDC has 50 cylindrical layers with
11 super-layers of axial and stereo layers. Its coverage is 17° < 6 < 150°. The spatial
resolution of the track position is about 130 pm for the r-¢ direction and 200 ~ 1400um for
the z direction. The momentum resolution measured with cosmic-ray and dimuon events is
shown in Figure 4.3. The resulting resolution of the tracking system is
o 0.34

Pt
— ~019-p & ——.
23 ‘ B

Electromagnetic calorimeter

The electromagnetic calorimeter (ECL), located inside the solenoid, measures the deposit
shower energy of photons and electrons. ECL consists of segmented CsI(Tl) crystals with
silicon photodiodes. The segmented array structure enables one to measure the shower
position and its shape. The crystal length is 30cm (16.2 Xo) and its cross section is about
5 x 5 cm?. The polar angle f coverage is 12.4° < § < 31.4°, 32.2° < 6 < 128.7° and
130.7° < 6 < 155.1° for the forward endcap, barrel and backward endcap, respectively. ECL
is the primary detector for electron identification using the measured shower energy and the
shower shape and the sole detector to measure the photon energy and the position. The
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[ Detector | Type [ Configuration Readout | Performance ]
1 Double sided | S00#m thick, 3 layers | ="
SVvD Si strip r=30~58cm 641k oaz ~ 100 pm
i Length = 22 ~ 34cm ’
Anode : 52 layers ore = 130 pm
CDC Small cell Cathode : 3 layers A:84k o, = 200 ~ 1400 um
drift chamber 7 =85~ 90cm C:18k | o, /p=03%p?+1
-77 S r4 S_ 160 cm OJdE/dx = 6%
~12x12 x 12em®
n = blocks begr 2 6
ACC 1.01 ~ 1.03 960 barrel 1188 K/n:
Silica Aerogel 228 endcap 1.2<p<35GeV/c
FMPMT readout
TOF 128 ¢ segmentation
Plastic r = 120cm 128 x 2 o, = 100 ps
Scintillator Length = 3m K/m:p<12GeV/c
TSC 64 ¢ segmentation
~ 5.5 x 5.5 x 30cm®
crystals B : 6624 op/E=0.066%/F
o . Barrel: R ® 0.81%/EY/*
ECL CsITD | 125 ~ 162¢m gg v ® 1.34%
Endcap: ) Opos = 0.5cm/VE
z = —102 and +196 cm
14 layers Ap = Af
KLM Resistive (5 cm Fe + 4 cm gap) g:16k = 30 mrad for K
plate counter 2 RPCs in each gap ¢:16k o = 1ns
# and ¢ strips 1% hadron fakes for u
- 3 g:5 O’E/E =
EFC BGO 2x1.5%x 12cm b : 32 (0.3~ 1)%/VE
o Cylindrical, r = 2.3cm
B(.zam Bmylhur'n 0.5/2.5/0.5(mm) He gas cooled
pipe double-wall — Be / He / Be
Magnet SV"G"T Inner radius = 170 cm B=15T
conducting

Table 4.2: Belle parameter. p and p, are the momenta in unit of GeV/e¢, E is the energy in unit

of GeV.

energy and position resolution are shown in Figures 4.4 and 4.5. The obtained resolutions

depending on the incident energy are

and

E

Tposition (mm)

Muon detector

o\?  [0.066(%)\> [0.81(%)\° ‘

(%) - (*52) ‘*’(W) + (13400
3.4 .

:0.27+W+m (E in GeV).
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Figure 4.3: p; resolution, o, /p:, as a function of p;. The crosses were obtained with cosmic rays.
The circles were obtained with dimuon events. The curves are fitted results. The upper result is
for the case where only CDC information is used in the track fitting, and the lower is for the case
where SVD hits are included in the fit.

The K /p detector (KLM), located most outside of Belle, detects the muon trajectory. KLM
has 14 layers of 4.7 cm-thick iron plates and 15 super-layer 4 cm-thick detector modules in
the barrel region (45° < 8 < 125°) and 14 super-layers in the endcap region. The total polar
angle coverage is 20° < § < 155°. In one super-layer module, two glass-clectrode resistive
plate counters (RPCs) are installed between the 6 and ¢ pickup-strips, which measure the
signal induced by a discharge in the gas gap of RPCs. The size of the pickup-strips is about
50 mm wide with lengths from 1.5 to 2.7m in the barrel region. The measured spatial
resolution is 1.2 cm. Muons can be identified by measuring the length and the shape of the
trajectory passing through the RPCs. Figure 4.6 shows the muon detection efficiency as a
function of the momentum in KLM with a likelihood cut of 0.66.

PID devices

Other devices for the particle identification (PID) are the time-of-flight counter (TOF), the
Aerogel Cerenkov counter (ACC) and the dE/dx in CDC. These devices provide likelihood
ratio information for PID. Its likelihood ratios are also used for electron identification with
the ECL information in order to improve the identification power.
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5 x 5 matrix with 0.5 MeV threshold

OR/E( %)
o ~

Figure 4.4: Energy resolution as a function of the incident photon energy for a 5 x 5 crystal matrix
with a 0.5 MeV threshold. The curve shows the fitted result.

Average Position Resolution (mm )

E,(GeV)

Figure 4.5: Average position resolution as a function of the incident photon energy. The dots are
data and the circles were obtained from a MC simulation. The curve is the fitted result.



4.2. BELLE DETECTOR 27

P T T
g .
£ 1+ ’ S . _
&é-'» ’_4-*4-&’4-“"*"'4-“’""“
et
-
-
0.75
<+
0.5k -
+
“.25 SR ..,,,._«;,V
0 i i and i P
0 0.5 1 1.5 2 25 3
P(GeV/c)

Figure 4.6: Muon detection efficiency as a function of the momentum in KLM with a likelihood
cut of 0.66.
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Figure 4.7: Flow chart of the level-1 trigger system.

4.3 Belle trigger system

The Belle trigger system consists of the level-1 hardware trigger (L1) and the level-3 (L3)
and level-4 (L4) software triggers. The L3 trigger is implemented in the online computer
system and L4 is in the offline reconstruction scheme. (L2 is complex hardware trigger
system, and is currently not implemented.) The purpose of the trigger system is to select
signal events and to suppress high-rate physical events, Bhabha and 2-photon processes,
and the beam-related backgrounds. Recording 7 pair events is more or less affected by the
criteria of the trigger system, because 7 pair events compose low-multiplicity events, and
their event shape is somewhat similar to the suppressed events. The trigger system rejects
a few % of the 7 pair events.

Figure 4.7 shows a schematic view of the Belle L1 trigger system. It comprises the sub-
trigger systems and the central trigger system, named Global Decision Logic (GDL). The
sub-trigger systems provide trigger signals with each output of the sub-detectors. The track-
triggers output the track counts on the r-¢ plane and the z plane using segmented signals
of the CDC. The trigger scintillation counters (TSC), located in front of TOF, produce
timing information and the hit pattern to the GDL. ECL produces information about the
measured energy level and the number of clusters. KLM yields a trigger related to a muon
by using the hit information. GDL assembles the output from the sub-triggers, calculates
the combination and then generates the event type.

The L3 software trigger is based on the bit selection output from L1 and the ultra-fast
tracker. First, the L3 trigger checks the L1 trigger type, which concerns the energy triggers.
Then, L3 executes an ultra-fast tracker and rejects an event which has no track with the
condition |z| < 5cm. The L3 trigger does not affect the physics events, but reduces the
beam-related backgrounds. For the 7 pair event used in the physics analysis, the effect of
L3 is negligible.



4.4. MONTE CARLO SIMULATION 29

C Detector ) MC
|+—L1 trigger Event generator

C DAQ ) Detector simulator : Gsim

<—1.3 trigger Trigger simulator : Tsim
Raw data

C Event reconstruction )

[+—L4 trigger

C Event classification )
Q. QO Q O am
. skim files

Gser analysis program)

Figure 4.8: Scheme of the data flow.

The scheme of the L4 trigger is almost the same as L3, but the fast tracker is different.
The L4 trigger checks the L1 trigger type and the energy measured by ECL (> 4GeV).
Then, L4 scans the track information. L4 selects an event with at least one “good track”,
where “good track” is defined as a track with p, > 0.3 GeV /e, and impact parameters of
|dr| < 1cm and |dz| < 4em. The effect of L4 is also negligible for a physics analysis.

4.4 Monte Carlo simulation

A Monte Carlo (MC) event generator, KORALB/TAUOLA [27] is used for 7 pair production
and 7 decays. It calculates the spin-dependent amplitudes with a QED on the order of a® for
the process ete™ — 777 (). The effect of the Z° exchange diagram is included with the
low-energy approximation. The physics parameters, such as the decay branching ratios, the
particle mass, the lifetime etc., are based on the PDG98 value [28]. A detector simulation
is performed by a GEANT [29] based program, named GSIM. In order to investigate the
effects of background from non 7 pair events, we generated MC events for the continuum
(ete~ — ¢g) and for BB (ete™ — T(45) = BB) production using the QQ [30] program,
two-photon processes (2 — I11~, gg) using the AAFHB [31] program, Bhabha and ppu with
the initial radiation effect.

4.5 Data flow

Figure 4.8 shows the scheme of the data flow for the experimental data and the MC events.
The experimental data, measured by the detector and triggered by the L1 trigger system
described in Section 4.3, are accumulated to the data acquisition system (DAQ). After the
online L3 trigger, the raw data are stored onto tape libraries. Then, event reconstruction is
carried out on an offline computer farm. At the event reconstruction stage, the L4 trigger
is applied, and then the events are classified into skim files, depending on the event shape,
the measured energy and such. We use the skim files for physics analysis. For this analysis,
Tau-pair skim files are used, which include 7 pair-like events, such as low multiplicity events
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with some missing momentum and some visible energy. The detailed selection criteria of
the Tau-pair skim files are described in Appendix C.

For MC events, the data flow is basically the same as that for the experimental data.
The MC samples produced by the event generator pass into the detector simulator and the
trigger simulator. Then, event reconstruction and classification are carried out by programs
applied to the experimental data.



Chapter 5
Analysis

In order to calculate the matrix elements, we need to know all momenta of the decay particles,
except for that of the neutrino, and to know the particle type, hadron or lepton. Therefore,
in this analysis, the final state mode is chosen exclusively by identifying each observed
particle. The selected modes are eu(4v), en(3v), un(3v), ep(3v), pp(3v), wp(2v), wn(2v)
and pp(2v). These eight modes amount to a branching fraction of 45%.

Here, 29.5 fb~! data are used, which correspond to 26.8 million 7 pairs, accumulated by
the summer of 2001. As described in Section 4.5, 7 pre-selection is applied to the data. Its
selection criteria are summarized in Appendix C.

5.1 Event selection

First, signal events are required to have two charged tracks with zero net-charge and no
photon, except for the daughter of the p*. The latter requirement is to remove any event with
the initial-state radiation. Each charged track is demanded to have a transverse momentum
of p, > 0.1GeV /¢, and photon candidates should deposit an energy of £ > 0.1GeV in the
ECL in order to reduce the fake tracks and photons related to the beam background.

5.1.1 Particle identification

The four daughter particles are selected exclusively based on the following selection criteria:

Electron

An electron track is identified using a likelihood ratio combining dE/dz in the CDC, the
ratio of the energy deposited in the ECL and the momentum measured in the CDC, the
shower shape of the ECL and the hit information from the ACC. The likelihood ratio is
required to be greater than 0.95. The identification efficiency is estimated to be 92% with
a n* fake rate of 0.3% [32].

Muon

A muon is identified by its range and hit pattern passing through KLM detector. The
likelihood ratio is required to be greater than 0.95. The detection efficiency is 91% and its

fake rate is 2%.

31
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Pion

A pion is identified based on the KLM hit information by requiring its hadron probability,
which is defined as 1-(muon likelihood ratio), to be greater than 0.95, and simultaneously
the likelihood ratio as an electron to be less than 0.01. The efficiency is estimated to be
81% and the purity for the selected sample is 89%.

Rho

A p* is reconstructed from a charged track and 7° while requiring the opening angle of
these particles to be less than 90 degrees and the charged track not to be an electron or
muon. The daughter 7° reconstructed from ~~ should have an invariant mass of between 110
and 150 MeV/c¢? and a momentum of pjap. > 0.2GeV/c. Figure 5.1 shows the vy invariant
mass distribution before 7° event selection. Figure 5.2 shows the (7%, 7°) invariant mass
distribution for the selected pt.

5000

4000

3000

2000

1000

Figure 5.1: v invariant mass distribution for the experimental data in the 1 prong - 1 prong
topology event. The arrows show the selected boundary.

5.1.2 Background rejection

In order to reduce the background and to enhance the particle-identification power, the
lepton e/p is required to be within the barrel region, —0.60 < cos8,p. < 0.83, while the
7+ is —0.50 < cos B, < 0.62, where cos 8. indicates the cosine of the polar angle in the
laboratory system. Because of the large discrepancy concerning the 7% detection efficiency
between the data and MC in the KLM endcap region, the endcap region is not used for
the nt selection. Therefore, the cos@ criteria for n# is narrower than that for the lepton,
Further criteria are imposed: their electron momentum should be greater than 0.5 GeV/e,
the muon and pion momenta greater than 1.2 GeV/c and the p* momentum greater than
1.0 GeV/e. All of these momenta are calculated in the laboratory frame.
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Figure 5.2: n7° invariant mass distribution. The dots represent the experimental data, and the
histogram is the MC expectation, which is scaled by the number of entries. The hatched histogram
is the background, which is not from 7 = pprv.

In order to suppress the two-photon background the missing momentum is required not
to be directed along the beam pipe, —0.950 < €08 0migsing,lab. < 0.985. Figure 5.3 shows
the polar-angle distribution of the missing momentum vector for the signal MC and the
two-photon MC. The large peak at the forward direction of the two-photon process can be
removed efficiently by this selection criterion. To reject Bhabha and pu backgrounds, the
sum of the charged track momenta in CM frame is required to be less than 9.0 GeV/c¢. For
the er mode, Bhabha contamination is reduced by imposing the following criteria. The
opening angle of the two charged particles in the r-¢ plane perpendicular to the beam axis
is greater than 175 degrees and the sum of the charged track momenta in the CM frame is
greater than 6.0 GeV/c. Figure 5.4 shows scatter plots on the opening angle-vs-momentum
sum for the data and 7 pair MC. A large peak is seen in the rejected region, which is
attributed to Bhabha events, though one of electrons is misidentified as 7.

The above event selection criteria are summarized in Table 5.1.

5.1.3 Other requirements

In order to include a trigger effect, a simulator regarding the hardware trigger is equipped
in the MC simulation. The trigger efficiency is evaluated to be about 96%, as listed in
Table 5.2. (See Appendix D for details.) )

Events are removed when the 7 flight direction cannot be constructed. Many background
processes and 7 pairs with hard initial-state radiation are rejected. Figure 5.5 shows the
photon energy distribution of the initial-state radiation; it is found that events with a hard
photon are easily removed. The rejected event rate is 2.4% for the eu mode, about 6-7%
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Figure 5.3: Polar-angle distribution of the missing momentum for the ei mode. The open his-
togram is the signal MC and the filled histogram is the two-photon (eepu) MC. The lines show the
selection boundary.

for lepton-hadron mode and about 25-30% for the hadron-hadron mode. For the leptonic
modes, owing to an additional ambiguity of m,, in the calculation of the observables, the =
direction is reconstructed in many cases, even with hard radiation. Therefore, the rejected
rate for the leptonic decay is smaller than the hadronic decay.
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Figure 5.4: Sum of the momenta in the CM frame and the opening angle of two charged particles
in the r-¢ plane for the data (left) and v MC (right). The line shows the selection boundary.

Table 5.1: Event selection criteria. 8.+ .0 indicates the opening angle between the 7t and 7Y

directions. #., shows the opening angle between two charged tracks for the

en mode.

pr > 0.1 GeV/e
E,>0.1GeV

2 charged tracks with zero net charge

Charged tracks :
Gammas :

No gamma except for the daughter of p*

Electron likelihood > 0.95

Electron ID:

p>0.5GeV/e, —0.60 < cosd < 0.83

Muon likelihood > 0.95

Muon ID:

Hadron likelihood > 0.95, Electron Likelihood < 0.01

p> 1.2 GeV/e, —0.50 < cosf < 0.62
Breq0 < 90° p>1.0GeV/e

p>1.2GeV/e, —0.60 < cosf < 0.83
e

Pion ID:

pil —+‘Niﬂn

: not-e and not-p

=7y

70 -

110 < M (yy) < 150 MeV/c?, pyo > 0.2 GeV/c

—0.95 < 08 Opmissing < 0.985
Tlp| < 9.0 GeV/c

For er mode:

Ben < 175° or Zp| < 6.0 GeV/c

pp__ W

e
98.5 97.5 975 95.0

| ep  em  umr  ep  pp
931

Table 5.2: Trigger efficiencies evaluated by 77 MC.
efficiency(%) | 96.6 95.0 95.1

mode
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Figure 5.5: Photon energy distribution from the initial-state radiation in the CM system for the pp
mode. The hatched histogram is for the selected samples, and the blank part indicates the rejected
ones.
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5.2 Selected samples

The results of the above-mentioned selection are listed in Table 5.3. About 1.19 million
events are extracted in total. The dominant background sources evaluated by MC are
summarized in Table 5.4 along with its rate. Many background events from 7 decay are
found because of the missing #° and the misidentified kaon. For the mode including 7%,
there are also many backgrounds from pu misidentified as 7. The background events from
two-photon processes remain at a few %. The other background events, which are Bhabha,
pp and multihadronic processes, contribute at less than a 1% level. In the table, the ratios
of the data yield to the MC expectation are also shown, and are found to differ from one.
One reason is the difference in the branching ratio between the data (or PDG2000 value)
and the MC generation. For 7 — mv decay, the difference is about 2%. Another reason is
the 7 mass width. As shown in Figure 5.6, the mass width of the data is wider than that of
the MC expectation. Since the 7° mass selection is applied, the yield of the data is different
from the MC. The difference is about 3%. The trigger efficiency also makes the difference a
few %.

12500

10000+

7500

NN NN
0.14

0,13 0,15
M{yy) inpp GeVic?
Figure 5.6: ~v invariant mass distribution after selecting the #n° mass. The dots are data and

histogram is the MC expectation scaled by the number of entries. The hatched histogram shows
the background component.

The momentum distributions and angular cos distributions of the individual final par-
ticles in the laboratory frame are shown in Figures 5.7 and 5.8, respectively. Although the
low-momentum regions of the electron and the pion show some disagreement between the
data and the MC, the MC predictions match the obtained data in total.

The center-of-mass energy distribution of the 7 pairs for selected samples i3 shown in
Figure 5.9, where because of the initial-state radiation a long tail can be seen. The mean
value is 10.38 GeV.

Figure 5.10 shows the distribution of Ny, whose definition is described in Section 3.3 for
all modes including the leptonic 7 decay. Very good agreement between the selected data
and MC is found. The MC simulation reproduces the experimental data quite well.

The distributions of the observed Oge and O, are shown in Figure 5.11, together with
the MC calculation with zero EDM. The mean values of the measured observables for each
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Figure 5.7: Momentum distributions in the laboratory frame for each particle of each final-state
mode. The dots are the experimental data, and the histogram is the MC expectation scaled by the
number of entries. The hatched histogram is the background component.
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Table 5.3: Status of selected samples. The purity is evaluated by MC events, and the error of the
purity is due to the MC statistics. “data/MC” means the ratio of the yield between the data and
the MC expectation normalized by the integrated luminosity. The efficiency, “eff.”, is estimated by
MC.

mode yield | purity(%) | data/MC(%) | eff.(%)
ef 250948 | 96.6 £ 0.1 96.3+ 0.2 15.14
en 132574 | 82.5+ 0.1 92.1+£0.3 11.18
um 123520 | 80.6 +£ 0.1 93.2+0.3 10.32
ep 240501 | 924+ 0.1 93.0+£0.2 9.83
77/ 217156 | 91.6 £ 0.1 90.6 £ 0.2 9.29
wp 110414 | 77.7+£0.1 86.0+0.3 6.56
pp | 93016 | 86.2+0.1 | 86.3+0.3 5.37
s 28348 | 70.04+: 0.2 88.5+ 0.5 6.80

Table 5.4: Dominant background sources for each selected mode evaluated by MC.

mode | background mode (rate%)
ep | 2y = pp(1.9%), 77 — en(1.1%)
er | 77 = ep(6.0%) eK(5.4%) ep(3.1%) eK*(1.3%)
pr | 1 = pp(5.7%) pK(5.3%) pp(2.9%) pK*(1.2%), 2y = pu(2.0%)
ep | 17 = enn®n°(4.4%) eK*(1.7%)
pp | T = prr®n®(4.2%) puK*(1.6%) 7p(1.0%)
mp | 77 2 pp(5.1%) Kp(4.9%) mrn®n®(3.8%) up(2.7%) nK*(1.4%)
pp | 77 = pra®70(8.0%) pK*(3.1%)
| 77 - 7p(9.2%) K (9.2%) mpu(4.7%) wK*(2.0%)

mode are listed in Table 5.5.

Table 5.5: Mean values of the observables.

mode | (Op.) (GeV/e) {(Or1m) (GeV/e)
ey 0.0035+ 0.0013 0.0016 + 0.0061
en 0.0025 4 0.0029 | -0.0092 4+ 0.0101
pm 0.0001 £ 0.0033 0.0007 £ 0.0120
ep —0.0016 + 0.0036 0.0041 + 0.0074
wp 0.0037 + 0.0040 | —0.0127 £ 0.0082
o 0.0110 £ 0.0099 0.0074 & 0.0185
pp —0.0049 £ 0.0110 0.0009 £ 0.0194
ar | —0.0012 & 0.0085 | —0.0561 + 0.0319
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Figure 5.9: Center-of-mass energy distribution of the 7 pairs for the observed events obtained by
the MC.
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5.3 Observables and EDM

5.3.1 Sensitivity and offset

EDM can be extracted based on the following linear relation for the mean of measured
observable:

(OR(’) = QRe - Re(dr) + bRe; (Oh‘n> = Qfm Iﬂl(dr) + bim. (51)

The conversion parameters, a and b, can be obtained by the MC simulation as follows.
Figure 5.12 shows the thus-calculated correlation between (O) and d; for each mode. These
relations are obtained from the signal MC samples with the detector simulation and the
event selection. By fitting Eq.(5.1) to this correlation, the coefficients a and the offsets b
are obtained. The resulting parameters are listed in Table 5.6 and plotted in Figure 5.13 to
compare with each other mode.

Table 5.6: Conversion parameters, a and b, for each mode obtained by MC. The errors are due to
the MC statistics. The units are (GeV /e / 107 '°ecm) for a and (GeV/e) for b.

mode O Re be Qim brm
en 0.0012 £ 0.0002 0.0009 + 0.0005 | 0.0304 + 0.0009 0.0138 £ 0.0022
en 0.0051 4 0.0005 | —0.0005 £ 0.0012 | 0.0598 & 0.0017 0.0096 4: 0.0040
T 0.0048 + 0.0006 0.0022 + 0.0013 | 0.0762 &+ 0.0020 | ~0.0127 4 0.0047
ep 0.0113 & 0.0006 | —0.0010 & 0.0013 | 0.0600 + 0.0011 0.0050 £ 0.0027
“p 0.0112 £ 0.0006 0.0026 + 0.0015 | 0.0686 + 0.0013 | —0.0126 = 0.0030
TP 0.0499 + 0.0016 | —0.0027 £ 0.0038 | 0.1710 & 0.0030 0.0360 + 0.0071
PP 0.0509 £+ 0.0017 0.0009 + 0.0040 | 0.1628 £ 0.0030 0.0124 4 0.0070
T 0.0095 + 0.0015 | —0.0035 + 0.0036 | 0.1165 4 0.0055 | —0.0874 £ 0.0128

The coefficients, age and arm, give the sensitivities to Re(d,) and Im(d,), respectively.
The mp and pp modes have a higher sensitivity to Re(d-) than the others, and the np, 7w and
pp modes to Im(d,). The modes with leptons are less sensitive due to a lack of information
on the 7 and the spin directions. As can be seen from the values of coefficient a, the mp
and pp modes have the highest sensitivity for d,, while the 77 mode has a somewhat lower
sensitivity. For the real part, this is an effect of averaging over the two solutions for the 7
direction; in the 7 = 7v case, this causes spin-correlation information to be lost, whereas
for 7 = pv the angular distribution of the p — 77° decay provides information on the 7
spin, which survives the averaging procedure. Figure 5.14 shows the Opg, distributions, as
examples, for the 77 and pp modes. The wider distribution reflects the higher sensitivity; the
sensitivities are equal to the mean of the squared observable in an ideal case, as described in
Section 3.2. For the 77 mode, the width becomes smaller when the average of the amplitudes
over the  direction is taken. On the other hand, for the pp mode, the change in the width
is small. When the 7 direction is supposed to be known, the 77 mode yields a distribution
similar to that of the pp mode. For the imaginary part, the lower sensitivity of the 77 mode
is due to the tight cosé cut applied to pions in the 7 — 7v channel, compared to 7 — pv;
there is also a small effect due to the tighter momentum cut.

The larger offset for the imaginary part rather than that for the real part is due to the
forward/backward asymmetric acceptance. The offset for the real part is consistent with
zero within the statistical errors.

A more detailed study is described in Appendix E.
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5.3.2 Background correction

Because the spin direction directly correlates with the momenta of the final-state parti-
cles, the misidentified background contamination affects the relation between (O) and d,.
Therefore, this effect in corrected based on the sensitivities @ and the offsets b as below. The
effective sensitivity ¢ and offset M are given by

a®f = pa + rbgabg,

b = pb + TogbP® + 7,077, (5.2)
where aP® and b8 are parameters reflecting the effect by the misidentified 7 backgrounds.
b77 is the offset from two-photon backgrounds, p is the sample’s purity, g is the background
rate-to-signal 7 decay and r., is the two-photon rate to signals, which are listed in Table 5.4.
The obtained background parameters, a®® and b, are shown in Table 5.7 and are plotted
in Figure 5.15. The offset from the two-photon backgrounds is listed in Table 5.8.

Using these parameters, the effective sensitivities a°" and offsets b*™ are given in Table 5.9
and Figure 5.16. The effect of the background correction is about 10% for the sensitivity.
The size of the offset correction is almost the same as the statistical error of the parameters.
Because of the small background rate, the size of the correction parameter is insignificant.

Table 5.7: Parameters a”® and b for the background MC. The errors are due to the MC statistics.
The units are (GeV/e / 107 '%ecm) for a8 and (GeV/e) for bP%.

mode a® b8 ay bye,
ar 0.0003 + 0.0024 0.0054 £ 0.0054 | —0.0310 % 0.0092 0.0077 £ 0.0229
en 0.0035 & 0.0010 0.0050 £ 0.0023 0.0374 + 0.0036 | —0.0283 + 0.0085
pum 0.0012 £ 0.0012 0.0000 % 0.0028 0.0387 4+ 0.0043 0.0021 £ 0.0103
ep 0.0019 4 0.0018 | -0.0086 + 0.0042 0.0132 + 0.0041 0.0033 £ 0.0096
np —0.0011 £ 0.0022 0.0103 £ 0.0053 0.0141 £ 0.0045 0.0023 + 0.0107
TP 0.0175 4 0.0032 | —0.0066 + 0.0075 0.0813 £ 0.0058 0.0600 + 0.0136
pp 0.0157 £ 0.0046 | —0.0015 + 0.0106 0.0557 + 0.0080 0.0581 + 0.0186
LK 0.0036 = 0.0022 | —0.0065 + 0.0052 0.0556 + 0.0089 | —0.0602 % 0.0208

Table 5.8: Offset for the two-photon background bY. The errors are due to the MC statistics.

mode bi! (GeV/e) bir (GeV/e)
e 0.0000 + 0.0002 0.0039 £ 0.0020
u 0.0000 + 0.0005 0.0028 £ 0.0019
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Table 5.9: Corrected parameters ¢ and b°. The errors are due to the MC statistics. The units

are (GeV/e / 107 %ecm) for a*® and (GeV/e) for b°%.
mode | ait B ar A
ey 0.0011 + 0.0002 0.0010 % 0.0005 | 0.0289 + 0.0009 0.0138 4 0.0021
em 0.0048 £+ 0.0004 0.0005 £+ 0.0010 | 0.0559 + 0.0015 0.0030 £ 0.0036
um 0.0041 £ 0.0005 0.0018 & 0.0012 | 0.0681 £ 0.0018 | —0.0098 + 0.0042
ep 0.0106 + 0.0005 | —0.0016 £+ 0.0013 | 0.0564 £+ 0.0011 0.0048 + 0.0026
1o 0.0102 £ 0.0006 0.0032 = 0.0014 | 0.0640£0.0012 | —0.0114 %+ 0.0029
P 0.0426 + 0.0014 | —0.0036 £ 0.0033 | 0.1510 £ 0.0027 0.0413 + 0.0063
pp 0.0460 £ 0.0016 | —0.0013 &+ 0.0038 | 0.1481 4 0.0028 0.0187 + 0.0066
T 0.0077 £ 0.0014 | —0.0044 + 0.0030 | 0.0982 £ 0.0047 | —0.0793 £ 0.0109
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Figure 5.12: Correlation between () and d. for each final-state mode obtained by MC. The line
shows the fitted linear function.
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Figure 5.13: Conversion parameters, a and b, for each mode obtained by MC. The top figures show
the parameters for Re(d,) and the bottom ones show the parameters for I'm(d.). The errors are
due to the MC statistics.
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Figure 5.14: Og, distribution for the wrr(left) and the pp(right) mode, made by using the output
of the MC generator. The solid line shows Og. calculated with the generated 7 direction, and the
dashed line is Og. averaged over the unknown 7 direction.
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5.4 Systematic study

To evaluate any systematic uncertainties related to the MC simulation, various studies have
been carried out as follows. The results are detailed in Tables 5.13, 5.14, 5.15 and 5.16.

5.4.1 Detector alignment
Detector alignment

To examine any artificial asymmetry attributed to the tracking systems, the ete™ — ptpu~
events are extracted and analyzed on their opening angles, A8 = 8% — §~ — 7 and A¢ =
¢t — ¢~ — 7, where 8% and ¢* show polar and azimuthal angles of % in the center-of-mass
system. Because of the 2-body reaction, these angles should be zero, so that they can be a
good indicator of symmetric alignment. We found A8 = 1.48 mrad and A¢ = 0.36 mrad, as
shown in Figure 5.17. These errors in the detector alignment yield non-zero residual values
on the observables by less than 10% of the statistical errors.

1800 [ ! T R B 2 TR E0C R - v : v —
g Constant 1604 1660 { é’o’r:‘:::mk‘wg /1 iﬁaf
1600 Meon —0 B450E-01 1400 Iy | Mean 0.00426-01
[ Sigmo _ O8546E-GF [ Sigma__0.6031E-01
1400 e
1200}
1200
1900
1000
800 |
800
sool 500
400 400+
200 2001
o , . o NS S
-1 -08 -06 -04 -0.2 0 0.2 04 06 08 1 -0.6 -0.4 -0.2 0 0.2 0.4 0.6
A8 degree Ad degree

Figure 5.17: Af(left) and A¢(right) distributions obtained from ete™ — p*u~ events of exp.9.

Alignment between the detector and the beam pipe

The effect of a misalignment between the detector and the ete™ beam axis is studied by
applying 5 mrad artificial rotations on the detector around the x-, y- and z-axes, and thus
this effect is found to be negligible.

5.4.2 Momentum reconstruction

As shown in Figures 5.2 and 5.6, there are small differences between the data and MC,
especially in the low-momentum region. They can be caused by imperfect momentum re-
construction, and could provide a systematic offset on the observables.

Charged track

The absolute value of the momentum reconstruction is examined. The difference in the
p-meson mass peak between the data and MC, as shown in Figure 5.2, could indicate a
possible deviation. It is represented by a scaling factor of 0.994, which yields a variation by
about 10% of the statistical ones.
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The effect of the 7°’s momentum shift is studied by applying a scaling factor of 0.994 to the
momentum. The result shows that the errors are about 10% of the statistical ones for the
modes including p*.

Photon Resolution

The difference in the 7% mass resolution between the experimental data and MC is observed
as shown in the «yvy invariant mass distribution of Figure 5.6. This is due to a discrepancy of
the photon energy resolution between the data and MC. Its difference is studied using the
decay D*® — D%y [33], whose result is listed in Table 5.10. By setting the photon energy to
be E! = E, + 0, where E] is the scaled energy of a photon and o is the 1o difference listed
in Table 5.10, the changes in the observables are extracted and then found to be about 10%

of the statistical errors for the modes including p*.

data and

are obtained from the mass-difference distribution between D*° and D° in the decay D*° —
DPy for the data and MC events, respectively. The 1o offset is calculated by \/ {gdata)2 — (gMC)2,

Table 5.10: Difference in the photon energy resolution as a function of the photon energy. o
MC
o

E, (GeV) [ o™ (MeV/c?) | oMY (MeV/c®) | 10 offset (MeV)
0.10 - 0.15 4.275 4.015 1.468
0.15-0.20 5.05 3.932 3.169
0.20 - 0.25 4.704 3.764 2.821
0.25 - 0.30 4.23 3.652 2.134
0.30 - 0.40 4.206 3.454 2.400
0.40 - 0.50 3.711 3.035 2.135
0.50 - 0.60 3.682 2.692 2.512
0.60 - 3.015 2.632 1.471

5.4.3 Efficiency

The detector response is different between the positive and negative particle charges, espe-
cially concerning electron and pion identification; such differences cause an asymmetry to
the observables.

Charge asymmetry

The ratios of the yields for the charge-conjugated states, N(A*B~)/N(A~B*), are com-
pared between the data and MC, and about or less than a 1% difference is found, as shown
in Table 5.11. .

An efficiency variation of +1% leads to a large systematic shift in the offset of the
imaginary part, amounting to the same size as the statistical error. The effects on the
other parameters are negligible. The observables of the imaginary part are the sum of the
asymmetric distributions over the different charge combinations, as shown in Figure 5.18.
Therefore, the charge asymmetry directly affects (Or.), and causes a significant systematic
errer.
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Table 5.11: Ratios of the vields, N(ATB~

/N(A™B™), for the data and MC.

mode data MC
el 0.999 4+ 0.004 | 1.004 + 0.001
e 0.996 + 0.005 | 0.989 + 0.002
um 0.985 £ 0.006 | 0.995 + 0.002
ep 1.016 £ 0.004 | 1.008 £ 0.001
up 0.9994+0.004 | 1.0121+0.001
TP 1.014 &£ 0.006 | 1.024 &+ 0.002
6000 T T T T f
: | » total
2000} - p*T{ ﬂ’p“ R -
0 : it Sl i -
=30 -20 -10 0 20 30
0, for np GeV/e

Figure 5.18: O;,, distribution in the mp mode. The solid line shows the total sample, the dashed
line is for the pt 7~ mode and the dotted line is for the 7t p~ mode.

Efficiency curve

The systematic effect of the efficiencies, depending on the kinematical variables, is also
studied, because a difference in the distribution between the data and MC is observed, as
shown Figures 5.7 and 5.8. The ratios of the number of positive and negative charged tracks
as a function of cosf,, and the momentum in the laboratory frame are also examined, as
shown in Figures 5.19 and 5.20. Although the consistency of the data and MC seems to
be satisfactory, there are some differences, which are probably due to the reconstruction
efficiency. The effect of this misunderstanding on the observables is checked by re-weighting
the MC samples. The weight functions are constructed bin-by-bin from the ratio of the data
to MC for the momentum and cosf distributions, and independently of the charge. The
result shows the systematic uncertainties to be about 50% of the statistical errors.

5.4.4 Background
Fake rate

The different estimates of the sample purity between the data and MC yields a systematic
error of the sensitivities and offsets. Since the difference in the yields between the data and
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MC expectation is found to be about 10%, the uncertainty in the background fraction is
assumed conservatively to be 10% of the yields, Anp, = 0.10 - N; the systematic errors are
thus found to be about 10% or less for the sensitivities and about 20% of the statistical
errors of the observables for the offsets.

MC statistics

Because the statistics of the background MC is not very large, the statistical error of the
background correction parameters is not small. However, the resulting error is greatly
reduced due to the small background rate. In this analysis, the statistical error of the
background correction is also included in the statistical error of the parameters a®" and 67
The calculated error is about 20% - 50% of the total statistical error of the parameters.

5.4.5 Effect of the initial-state radiation

The effect of the radiations in calculating the amplitudes is ignored because it needs much
computing power for the analysis program, although its effect is considered for MC event
generation. In order to check the effect of radiation, the effect is introduced into the calcu-
lation, and only MC with zero EDM and data are analyzed. The average of the observable
is calculated in almost the same way as the default analysis, but including the ambiguity of
radiation, as follows: a) The momentum of the initial-state radiation is generated randomly
by the KORALB generator. b) All momenta are boosted from the center-of-mass frame into
the 7-pair rest frame while assuming that the initial-state radiation comes from the ete”
beam. c¢) In this frame, the observables are calculated. For each event, the above process
is iterated 500 times using the hit-and-miss approach, and with successful tries the average
value of the observable is found.

Figure 5.21 shows the resulting (Og.) and (Oy,,,) of the data and 7-pair MC with zero
EDM. The results with and without the initial-radiation effect are consistent with each
other. The shift of (Og,) and (Or,,) between with and without the initial radiation gives an
estimate of the systematic effect of ignoring the radiation. Since this systematic shift occurs
in analyses of both data and MC, it is already taken into account in the analysis (up to the
effects of the detector and/or background mismodelling), so the estimate is conservative. As
shown in Table 5.12, this shift for all modes, apart from 7, is negligibly small.

Other checks for the effect of the radiation to the parameters are described in Appendix F.
The contribution from the final-state radiation is negligibly small. Therefore, its effect is
ignored in the above-mentioned study.

Table 5.12: Shift of {(Or.) and {O;.m) between with and without the radiation effect and the
systematic errors. The units are GeV/e.

ey em pa ep p o op T

Shift of (Og,) 0.0001 0.0002 0.0001 0.0001 0.0001 0.0008 0.0000 0.0012
Sys. err. of (Og,) | 0.0010 0.0029 0.0030 0.0015 0.0019 0.0092 0.0079 0.0035
Shift of (O) 0.0013 0.0011 0.0007 0.0005 0.0004 0.0026 0.0007 0.0024
Sys. err. of {(Op,,) | 0.0132 0.0249 0.0297 0.0071 0.0063 0.0239 0.0160 0.0413
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Figure 5.21: Mean values of the observable for the data and the r-pair MC of zero EDM. The
black points show the result calculated with the initial radiation effects and the white circles show
the result of the default analysis.
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5.4.6 Observable distribution

As described in Section 3.2, the sensitivity directly correlates with the width of the observ-
able. Therefore, the shape of the observable is inspected. Figure 5.22 shows the “pull”
distribution for the observables obtained as in Figure 5.11. The “pull” is the residual value
normalized by its error, defined as

Ngata — Nme
2 7
V %3ata t IMc
where Nyaia and Nyc are the number of events in each bin and 04,44 and opc are its errors
for the data and MC. In this plot, MC is made with a zero EDM. The figures show the flat

distributions, which indicates that the observed mean values are very close to zero and the
MC simulation reproduces the sensitivity well.

pull =

5.4.7 Run dependence

In order to examine the data stability, the run dependence of the observables is plotted in
Figure 5.23 with the x? values calculated along with the total mean values. The samples are
divided into every 50 runs. The systematic errors are not included in the error bars. The
fluctuations seem to be statistical.

5.4.8 Cut dependence

Ag shown in Figure 5.7, a clear difference between the data and MC exists at around the
low-momentum regions of the electrons and pions. This region may produce large offsets
of the ohservables because of some unconsidered reason. In order to examine an effect of
this difference on the observables, the low-momentum events are removed by applying a cut
of Pup. > 1.5 GeV/e for the electrons and Pia,. > 2.0 GeV/e for the pions. The results
are shown in Figure 5.24. The results of {Og.) and (Or,) for the remaining and removed
events are consistent with each other and with null EDM within 2-sigma errors.

The polar angle dependence of the observables is also studied in a similar way as men-
tioned above by applying cos8 cuts: —0.60 < cos@ap. < 0.83 and —0.50 < cosfa,. < 0.62.
The results are given in Figures 5.25 and 5.26. These results also show the statistical con-
sistency.
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Figure 5.22: “pull” distribution of observables. The top figures of each mode show Or, and bottom

ones show Ojn,.
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Figure 5.23: Run dependence of {Oge} (top) and {Orm) (bottom) for each mode. The hatched

box shows the total mean value with 41o statistical errors.
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electrons and Piap. > 2.0 GeV/c for the pions. The circles are the result of the default criteria and
rejected events by the above-mentioned criteria. The error bars show the statistical errors.
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Figure 5.25: cos8iab. cut dependence of (Ore) (top) and (O1:m) (bottom) for each mode. The dots
are the result of the default criteria and —0.60 < cos f1a,. < 0.83. The circles are the default criteria
and rejected events by the above-mentioned criteria. The errors do not include systematic errors.
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Figure 5.26: cos 61, cut dependence of (Ore) (top) and (Orm) (bottom) for each mode. The dots
are the result of the default criteria and —0.50 < cos 81ap. < 0.62. The circles are the default criteria
and rejected events based on the above criteria. The errors do not include systematic errors.
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Table 5.13: Systematic errors for (Or.) and beT. The units are GeV/e.

ep en pr - ep 1p mp pp ww

Detector alignment 0.0000 0.0001 0.0000 0.0000 0.0001 0.0004 0.0007 0.0002
Momentum reconst.

Charged track 0.0001 0.0004 0.0010 0.0004 0.0002 0.0004 0.0014 0.0035

70 0.0000 0.0000 0©.0000 0.0001 0.0005 0.0023 0.0011 0.0000

Photon resolution 0.0001 0.0002 0.0001 0.0001 0.0003 0.0004 0.0006 0.0000
Efficiency

Charge asymmetry | 0.0000 0.0000 0.0000 0.0001 0.0001 0.0002 0.0000 0.0000

Momentum 0.0005 0.0015 0.0022 0.0003 0.0015 0.0065 0.0062 0.0003

cosf 0.0007 0.0023 0.0019 0.0011 0.0002 0.0061 0.0043 0.0004
Background

Fake rate 0.0005 0.0006 0.0002 0.0008 0.0008 0.0004 0.0016 0.0003
Radiative effects 0.0001 0.0002 0.0001 0.0001 0.0001 0.0008 0.0000 0.0012
Total 0.0010 0.0020 0.0030 0.0015 0.0019 0.0093 0.0079 0.0037
Stat. error of (Oge) 0.0013 0.0032 0.0037 0.0038 0.0042 0.0111 0.0118 0.0103
MC stat. error of b‘f{i 0.0005 0.0010 0.0012 0.0013 0.0014 0.0034 0.0038 0.0030

Table 5.14: Systematic errors for a4T. The units are GeV/e/10"Becm.

€p en 12 ep bp mp PP T
Background
Fake rate 0.0001 0.0002 0.0004 0.0009 0.0012 0.0032 0.0035 0.0006
Sensitivity aS, 0.0011 0.0048 0.0041 0.0106 0.0102 0.0426 0.0460 0.0077
MC stat. error of a§y | 0.0002 0.0004 0.0005 0.0005 0.0006 0.0014 0.0016 0.0012
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Table 5.15: Systematic errors for (Or,,) and b$7,. The units are GeV/e.

Fm-

CHAPTER 5. ANALYSIS

e en s ep up TP op T
Detector alignment 0.0004 0.0016 0.0016 0.0004 0.0005 0.0026 0.0016 0.0053
Momentum reconst.

Charged track 0.0007 0.0016 0.0040 0.0000 0.0007 0.0027 0.0055 0.0043

n0 0.0000 0.0000 0.0000 0.0000 0.0008 0.0001 0.0018 0.0000

Photon resolution 0.0003 0.0005 0.0007 0.0002 0.0005 0.0012 0.0013 0.0000
Efficiency

Charge asymmetry | 0.0038 0.0244 0.0292 0.0011 0.0059 0.0225 0.0000 0.0000

Momentum 0.0124 0.0012 0.0009 0.0066 0.0007 0.0011 0.0104 0.0023

cos 0.0017 0.0003 0.0031 0.0023 0.0006 0.0067 0.0095 0.0405
Background

Fake rate 0.0006 0.0038 0.0015 0.0002 0.0015 0.0024 0.0046 0.0027

Radiative effect 0.0013 0.0011 0.0007 0.0005 0.0004 0.0026 0.0007 0.0024
Total 0.0132  0.0249 0.0298 0.0071 0.0063 0.0240 0.0160 0.0413
Stat. error of (Opy) | 0.0061 0.0112 0.0134 0.0077 0.0085 0.020% 0.0207 0.0377
MC stat. error of b§T | 0.0021 0.0036  0.0042 0.0026  0.0029 0.0063 0.0066 0.0109

Table 5.16: Systematic errors for a§,. The units are GeV/e/10™ e cm.
ep er wr ep up wp Pp T
Background
Fake rate 0.0061 0.0022 0.0038 0.0047 0.0055 0.0090 0.0107 0.0061

AT |
Sensitivity aj,,

MC stat. error of a§?

Im

0.0280 0.0559 0.0681
0.0009 0.0015 0.0018 0.0011

0.0564 0.0640 0.1510 0.1481 0.0982
0.0012 0.0027 0.0028 0.0047
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5.5 Result
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The resulting EDM values are listed in Table 5.17 and plotted in Figure 5.27. The parameter
errors due to the MC statistics are included in the statistical errors. By adding the statistical
and systematic errors quadratically, the weighted mean values of the real and imaginary parts
of the electric dipole moment are obtained as

The 95% confidence level limits provide

Re(d,) = (1.15 £ 1.70) x 10~ e cm,
Im(d,) = (~0.83 + 0.86) x 10" Tecm.

—2.2 < Re(d;) < 4.5 (10"'ecm),
-25<Im{d,) <08

(107 7e cm).

The upper limits in terms of the absolute values of d, are

at 95% confidence level.

|Re(d,)| < 4.0 x 107 ecm,
|Im(d,)| < 2.2 x 10~ "ecm,

(5.3)
(5.4)

—~ p—
41

o <
(=2 =1
-

(5.7)
(5.8)

Table 5.17: Resulting electric dipole moment. The first error is statistical and the second one is

systematic.

mode

Re(d,) (10~ '%ecm)

Im(d,) (10~"%ecm)

e
em
BT
ep
fip
mp
pp
T

2.25+1.26+0.93
0.43 £ 0.64+0.60
-041+£0.87£0.74
0.00£0.36 £0.14
0.04+042+0.18
0.34 £0.25 £ 0.22
—-0.08+0.254+0.17
0424+1.17+0.48

—0.41 +0.22 + 0.46
—0.22+£0.19+£0.45

0.15+0.19+ 0.44
-0.01+0.14+£0.13
-0.02+0.14+0.10
-0.22+0.13+0.16
-0.12+0.14 £ 0.11

0.24 +£0.34 £ 0.42
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Figure 5.27: Re(d,) and I'm(d,) for each mode. The errors are both statistical and the systematic.
The error bars with small ticks show the statistical errors.
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5.6 Comparisons with other experiment

The best existing bound on EDM comes from an indirect measurement based on the rela-
tionship |d,| = cot 8y |d"¥|, derived using the effective Lagrangian approach [34]. Using the
weak electric dipole moment, |d¥ | < 5.8 x 10718 cm, measured at LEP [35], an upper limit
of |[d;| < 1.1 x 107 e cm is extracted at the 95% confidence level.

A very strict constraint, [d,| < 2.2 x 107?%ecm, has also been derived from the experi-
mental limits on a branching fraction of g — ey decay [36]. Note, however, that this result
relies on a particular ansatz for the lepton mixing matrix. In a recent preprint [37], other
authors have argued that the same constraint may be derived under weaker assumptions.

Experimental measurements, on the other hand, have so far been performed at LEP
and by ARGUS. At LEP, the L3 [4] and OPAL [5] groups have searched for the EDM
effect in terms of the energy and the angular distribution of the radiated gamma in the
process e¥e™ — 777y on the Z° pole. Their results are —3.1 < d, < 3.1(10"'®ecm) and
|d-] < 3.7 x 10718 cm for L3 and OPAL, respectively. The ARGUS group [6] analyzed the
ete™ — v+~ production in using essentially the same method as that used in this thesis,
and set limits of |Re(d,)| < 4.6 x 107 %e¢cm and {Im(d.)| < 1.8 x 10~ %ecm.

Qur experiment has successfully improved the upper limit on d, by a factor of 10 com-
pared to the above-mentioned previcus experimental measurements, and reached the same
sensitivity as the indirect measurement. This is not only due to a 100-times larger statis-
tics, but also to very-well-controlled systematic uncertainties in extracting d,, especially
concerning the influence of acceptance variations.

The ARGUS group extracted the EDM using a relation described in Section 3.2, which
is approximately given as

- (ORE>
(O%e)’

along with the use of the properties of the CP asymmetric quantities,

Im(d,) = {O1m) (5.9)

Re(d,) 0y

[ M%,dp = / M3,.dp =0, (5.10)

while ignoring the acceptance effect. The acceptance effect has been considered in the
systematic error in the ARGUS analysis, and has been estimated to be about 0.4 - 1.0 x
10 %ecm.

Figure 5.28 shows a comparison between the sensitivity, ¢, and the mean of squared
observable, (O?), which corresponds to the sensitivity for the ARGUS analysis. These
differences should be mainly caused by the acceptance cut and should make the systematic
error. In this analysis, in order to reduce the systematic uncertainty due to the acceptance,
and to treat the offset effect due to the forward/backward asymmetric event selection, the
conversion parameters in Eq.(3.3) are made by a large number of MC samples with the
detector simulation and the event selection. Therefore, the acceptance effect is automatically
included into the conversion from the observable to d,, and the systematic error due to the
acceptance is greatly reduced to be about one order less than that of the ARGUS experiment.
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Chapter 6

Conclusion

The electric dipole moment of the 7 lepton was measured in such a way as to search for
the CP-violation signature in the lepton sector. 26.8 million T-pair events are used in
this analysis, which are accumulated with the Belle detector at the KEKB accelerator at
/3 = 10.58 GeV. Eight different final-states in the decay of r-pairs ((evi)(uvp), (evv)(mv),
(uwi)(nv), (evi)(pv), (uvi)(pv), (7v)(pv), (pv)(pP), and (xv)(wP)) are analyzed.

In order to obtain the maximum sensitivity to the EDM, the optimal observable method
is adopted, which uses all experimentally available information of spin and momenta of the 7
decays. To suppress the systematic uncertainties from the acceptance effects, the conversion
parameters from the observables to the EDM are extracted using the full MC simulation
with the EDM effect. Thus, the mostly affected uncertainty is from the mismatch between
the data and MC.

The results show no evidence of CP-violation. All of the results are consistent with
zero-EDM within the errors.

Finally, the mean values of Re(d,) and I'm(d;) over the eight different modes weighted
by quadratically summed statistical and systematic errors are obtained as

Re(d,) = (1.15 4+ 1.70) x 10" e cm, (6.1)
Im(d,) = (—0.83+ 0.86) x 10" 7ecm, (6.2)

with the following corresponding 95% confidence limits:

2.2 < Re(d,) < 4.5 (107"ecm), (6.3)
~2.5 < Im(d,) <0.8 (107'"ecm). (6.4)

This investigation has successfully improved the sensitivity to the 7 lepton’s electric dipole
moment by a factor of more than 10 compared to previous measurements. This is not only
due to 100-times larger statistics, but also due to well-controlled systematic uncertainties.

In the future, we will accumulate much more data. Thus, the difficulty of this analysis
lies in the MC simulation. We have to improve the reliability of the MC simulation in order
to suppress the systematic uncertainties, and we need to increase more computing power to
generate many MC events, depending on the statistics of the data. The determination of
the 7 direction by measuring the vertex will certainly improve the sensitivity.
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Appendix A

Optimal observable method

The optimal observable method [21][22] is used for the analysis. In this section, how to form
the optimal observable (@ is described.

A.1 Formalization

In the following, the differential cross section is denoted by
Z(¢)do, (A.1)

where ¢ represents the relevant phase-space variables (inomentum, angle, polarization, etc).
If the total differential cross section is expanded in terms of a small parameter, A, the
approximate function is given as

L(¢) = To(9) + AZ1(9). (A.2)

The mean value of the observable ((O())) can be expressed using a phase-space dependent
function, f(¢), as

o = [ 10z [ [, (A.3)
The change, dp, due to the presence of A is given by
b0 = (O - (O =X [ 1@E10a0 [ [za0. (A4)

Assuming {O(0)) = 0 in order to simplify, if n events are recorded, the error of {O) is given

by
[ f2Ed¢
AQD = | Ab
V= [ S@)de (A5
The statistical significance S is
S-— —= = A/nl/o, (A.6)

where o(= [ Ld¢) is the total cross section and R is the “resolving power” of the function

f, given by 2

k=25 (A(’) T fZEOdrj:

69
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Here, we want to find a function f which can maximize R (and S).

In order to find a function which makes R an extremum, the functional differentiation
method is used. At the extremuin, the variation of R should be equal to zero. Using an
arbitrary function g and a small constant €, the variation of R is given by

(J(f +e9)Eadg)®  (J FE1dg)* (A.8)
J(f +¢€9)?Zodd J f?Todo ' o
2e(f fE1de)[[ gT1do [ f2Tode — [ f9Zodd [ ledfﬁ]

(f f2Zods)?
= 0. (A.10)

Because the significance S should not be zero, [ fE;d¢ # 0. Considering [ f*Zode and
[ fE1d¢ constant, the equation becomes

/g{E1 /fzzod¢~fz:0/led¢} d¢' = 0. (A.11)

Because the function g is arbitrary, the equation should satisfy the following condition:

21/f220d¢~f20/f21d¢=0. (A.12)

AR = R(f +¢€g) — R(f) =

(A.9)

Then,

f= [ F*Zodd &
[ fX1dd ‘

Note that [ f2Eyd¢ and 4 f¥1d¢ are constant. Ther efore, the above equation can be re-

written as f = Const. X §h. Because clearly R does not depend on rescaling f, we can
take

(A.13)

f= ~—i, (A.14)
0

while satisfying Eq.(A.13) without any loss of generality, and the function is only one solutxon
to maximize the R and S. This function is the so-called optimal observable (O = f = Ea
The mean value of the observable, which is defined in Eq.(A.3), becomes

() :/%(Eg +)\21)d¢// Tdg = x Ef sdd. /f Sde . (A.15)

Here, the assumption (((0)) = 0 is used. The (O) shows the linear dependence on A.
. 32
| ‘fﬁsdcf) is the sensitivity, and can be calculated analytically, if all kinematical variables are
measured.
Evenif {O) #0, f = %f; is optimized. In this case, the mean value of the observable will
have some offset:

(0) = %(20+,\El)d¢// Yd¢ = [/ B;d¢+,\/i§%d¢} //'qub. (A.16)

A.2 Comparison with a likelihood fit

Here, the optimal observable method is compared with the maximum-likelihood fit method.
Using the differential cross section given in Eq.(A.2), the likelihood function £(¢;, A) can be
written as
L N) ~ [] Be) = [[(Zo(¢i) + AZi(¢4)- (A.17)
i

1
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The true parameter, Ay, maximizes the likelihood and satisfies the equation

0 ](@ ) f(‘%

—log £ = =0, A18

U NN S v e R O vy s R
where f = £, and it is the same as the optimal observable given in Eq.(A.14). Clearly, the

likelihood £ d?pends only on the optimal observable f. If the parameter )¢ is small, we can
obtain 3. fi(1 — Ao fi) = 0. Then, the following equation can be given:

Zf,- :Ato.? :AQ/( ) (To + AT )d ~ Aa/———dqﬁ (A.19)
<®=Zﬁ/2=%/§w//mw (A.20)

Therefore, the likelihood fit method also gives the same result as Eq.(A.15). This result
indicates that these two methods show the same sensitivity.






Appendix B

Amplitude calculation

In this section, the calculation of the spin-density matrix elements with electric and magnetic
dipole moments from the effective Lagrangian to the matrix elements with the spin vector
indices is summarized.

B.1 Effective Lagrangian

The effective Lagrangian with magnetic dipole moment (MDM) and electric dipole moment
~ (EDM) terms can be expressed as follows:

Log = Ly + AL, (B.l)
Lsm =P(i @ —eQ A, (B.2)
AL = empmPor” P, Ay, — icepmPa™’ ¥s¥0, Ay + (h.c.), (B.3)
= %"z‘ouy‘/}{dﬂff‘uu - drﬁuv}) (B.4)

Frv = gAY — YA+,  Fw = %E”Vpano-, (B.5)

where Ay, (= empm + ¢iypy) is the magnetic dipole form-factor (the anomalous magnetic
moment) and d, (= cgpm+chpy) 18 the electric dipole form-factor. A, is the electromagnetic
vector potential and Fj, is the electromagnetic field tensor. These form-factors are often
used in terms of the dimensionless dipole moment, a, and é,:

Ay, = ° Gry, dy = © Q. (B.6)

2m, 2m,

By definition, the dipole form-factors must be real. However, from the experimental point
of view, the imaginary part should be measured. Therefore, the form-factors are generally
re-defined as a complex number hereafter.

Here, the lowest-order gamma exchange diagram and MDM/EDM contribution (Fig-
ure B.1) are used to calculate the amplitudes; the Z exchange diagram is ignored.
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Figure B.1: Diagrams used in the calculation for the lowest order gamma exchange (left) and the
MDM/EDM contribution (right).

B.2 Lagrangian to spin amplitudes

B.2.1 Convention
The following Weyl-basis convention is used, which is defined in HELAS [9, 10] /Mad-

Graph [11].
: ; -1 0 0 of
,),5_2707172,73__( . )’ M( . O )!

{7&7”} = ()v Ui = (1,:&0.!'),
Y = 20", ¢* = diag(1,-1,-1,~1),

u:i T
2{7,7],

i
wo_ v _ v po
Yol = gy = —56’ Opoy, OF

0123
€z =1, € =-L

B.2.2 Coordinate system and spin amplitudes

The momenta and the helicities for the corresponding particles are defined as
e (p,A) + et (B, A) = 77 (k,0) + 71 (k,5),

where p,p, k and k denote the 4-momenta and A, X,o and & denote the helicities (L : —,
R : +). In this calculation, the electron mass is neglected.

In the following, the coordinate system defined as Figure B.2 is used in order to simplify
the calculation.

The 4-momenta are defined as:

p* = E(1,-sinf,0,cos8), (B.7)
P* = E(1,sin 8,0, — cosf), (B.8)
k= E(1,0,0,8), (B.9)
k* = E(1,0,0, -B). (B.10)

From the effective Lagrangian, the spin amplitudes can be obtained as

e

. « 3 y ""‘i ; 7 L
M = ~ieQe(ru + dmp) 5 [~ieQr (T + Jp) —i5—

(a, Y + 4 JL)), (B.11)
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P y

T+ » T~
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Figure B.2: Coordinate system for the calculation.

where Q. and @, are the charges of an electron and a 7, respectively. (Q. = ~1. @, = —1.)
s is the squared center-of-mass energy. (/s = 2E.) m is the 7 mass, m,. The charged
currents are defined as follows:

ji = (A = )y —ulp,A = -), (B.12)
R =0(B, A ) H% u(p, A = +), (B.13)
JH = a(k, o)»y 2 (?é ), (B.14)
JE = a(k, o)y ;””5 (%, 5), (B.15)
J# = —ia(k,0)oc* q,v(k, ), (B.16)
JE = —a(k, 0)o* q,u(k, ). (B.17)

¢, is the 4-momentum of an internal gamma, defined as ¢, = (/3,0,0,0) in this coordinate
system.

Using the HELAS conventions, the following expressions are given for the charged cur-
rents:

j% = —2E(0,cos8, —i,sind), (A A) = (-, +), (B.18)
j% = —2E(0,cos6, 4,sin8), (AA)=(+,-). (B.19)
o5 J¥ Jh Ji JY
++ m(1,0,0,-1) m(-1, 0 0,-1) 4E%(0, 0 0, 1) 4232/3(0 0,0,1)
+— E(Q -p)0,-1, i,0) E(1+p8)(0,-1, 4,0) 4Em(0,1,-4,0) 0
-+ E(1+p)(0,-1,-i,0) E(1-£)(0,-1,-14,0) 4Em(0,1, i,0) 0
-— m(1,0,0, 1) m(-1,0,0, 1) 4E%(0,0,0,-1) 4iE?$(0,0,0,1)

Then, the 8 current products are obtained as follows:

AroG Jrdr Jjrdn Jrda JLda
-+ ++ ~2Emsiné ~2Em sind 8E®sin@ 8iE*Bsind
-4 +—  2B%1-B)(1-cosf) 2E*(1+ B)(1~cosb) —8E*m(1 — cosf) 0
— 4+ —+ —2E*1+A)(1+cosf) —2E*(1 ~ B)(1 +cosf) 8E*m(1 + cosf) 0
-4 —— 2Emsinf 2Emsinf ~8E%sind  8iE*Bsinf
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Mo JrdL jrdr JrJa JrJa

+ - ++ —2Emsiné —2Emsind 8E3sing  8iE®Bsind
+ —+— =2E*(1-B)(1 +cosb) —2E%(1 + B)(1 + cosf) 8E?m(1 + cosb) 0
+——+  2E?(1+f)(1 —cos8) 2E%*(1 - B)(1 — cosf) —8E?*m(1 — cos8) 0
+ - - 2Emsinf 2Em siné -8E%sing®  8&E3Bsind

Finally, the spin amplitudes M(AXg&) are obtained as

e? . —e? s . —e
M+ - 4+4) = -;[—4Em sinf] + %a,[8E sin ] + %a,[&E f3 sin 8]
2 2
MH—-+-) = %[—4192(1 + cos8)] + é;n%ar[SEzm(l + cos §)]
e? —e? .
MH - —+) = —;[4E‘2(] — cos8)] + %a7[-8E2m(1 — c0s8)]
MH - ——) = é[!iE-m sin 8] + ——eia [-8E3sinf] + i [8iE3Bsin 6]
s 2ms 4 s T IOVE P A
e? . —e? 3 . —e? - R
M=+ ++) = g[—flEm sinf] + %—sa,[SE sind] + ma,[SzE B sin 6]
o2 P
M=+ +-) = %[41@2(1 — cos@)] + nisa,[WSEzm(l ~ cos8)]
M=+ —+4) = —5;[-4}57 (1 +cos8)] + mar[SEzm(l + cos 6)]

]
~

2 2
e i e } o Daaa 3 —e _ 3 .. —€ = — .
M- 4 ) ; [4Emsind] + —~——2msar{ 8E”sind] + s [81E° B sin 6]

To make the equations simple, the following definitions are used:

2

,72 -— : - 2
A= S [—4Emsinf] + ——a,[8E? sin 0] + ——a,[8iE®B sin 6]
8 2ms 2ms
62 2 ’62 2
B = ;[—4E (1+ cos®)] + %07[8}3 m(1 + cos 8)]
C= E’i[él}é}z(l — cos6)] + —< [-8E*m(1 — cos )]
=73 o 2ms " m «

2 —

e e
D= —[4Emsin8
S[ m sin ]+2m

2
a,[-8E3 sinf] + ——a, [8iE3B sin 6]
] 2ms

This indicates that

B

M+ = +4) = M(— + ++) = A,
M+ —-4+=)=M(-+-+)=B,
M+ = =+)=M(-++-)=C,
M(+ - ~=)=M(-+~--)=D.

.3 Spin amplitudes to the spin density matrix

B.3.1 Transformation of notation

Here, the spin-density matrix is calculated in a way similar to that used in KORALB [27).
Since the conventions used in KORALB and in HELAS are different, the spin amplitudes
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are transformed by applying the factors as follows:

HELAS — KORALB

M+ —++): 4 - -4
M(H+ - +-): B - iB
M+~ —+): C - iC
M+ - —=): D — D
M(—+ ++): A -5 -4
M=+ +~): cC - iC
M=+ —+): B - iB
M(—+ ~=): D - D
B.3.2 Spin density matrix
The spin-density matrix g is defined as
1 .
Oy 10082 = a Z M,\lkga]ae(M)q)\zﬁr;&z) 3 (820)
A1 Az

where A; and Ay are the helicities of the e¥ beam, a;(&;) is the helicity of the »~ and
as (@) is the helicity of the 7+. (Here, unpolarized e* and e~ beams are assumed.) The
differential cross-section can be written as

do ~ p dLips,

where dLips is the Lorentz-invariant phase space factor. Using the expressions defined in
the previous section, g is given as follows:

4044+++ = 2447

4Q+++_ = ’Q'V(AB* + AC*)
4044y = —i(BA* + CAY)

4g44-- = BB*+CC”
404 -4+ = (AB* + AC™)
4oy 4. = —2AD"
4044+ = BC*+CB*
4po___ = i(BD*+CD")
40444 = —i(BA* + CA")
dp_44+_ = BC*+CB*

dp_y_y = —2DA"

4oy = —i(DB" + DC")
40—yt = BB + ccr

40 4. = i(BD*+CD")
49 __4 = —i(DB* + DC")

4p— .. = 2DD*
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Now, we want to translate the bispinor indices in the spin-density matrix into the po-
larization vector indices. Using the “standard techniques” [7, 8], the below equation is
obtained. ]

0= ZZM(M)*’ =e*S " Rusish, (a,b=0,1,2,3), (B.21)

ab
where s; and s, are the polarization vectors of the 7~ and the 7+. The zero-th component
is defined as 1.(s° = 1) The three components of s, are defined in the 7~ rest frame and
the components of sz are in the 7% rest frame. The third axis is the spin quantization axis,
which is the 7+ flight direction in the 7-pair rest frame, and the first axis is defined to be
perpendicular to the reaction plane. (See Figure B.3.)
The matrix R, can be obtained by the equation [27],

4 i
€ Rap = Z Ca,ﬂl 53} C;:&;)GQ Qoyayads (8-22)
ade
By changing into the matrix notation, the equation becomes

e*Ray = CIy 0caCl. (B.23)

where ¢ and d are defined as ¢ = (a;&;), d = (a2@2) and numbered by (a@) = (++), (—-),
(+-), (=+). The matrices CJ, and C’;’: are defined as

1 1 0 0 10 0 1
w0 0 1 1 cto| 10 0 -1
=00~ od | ac 101 ¢ 0

-1 1 0 0 01 —i 0

(Note that, for the matrix Cg, a is the column number and b is the row number.}) The
matrix g is defined as

Ot 44+ O——4++ C4—++ O—t4+
O4t—- O——nv Cp—ae O—4—-
O4tt- Oege Op—p— O
Opt—t+ Lot O4——+ O—t—+

Then, the matrix R, can be given using the following equations:

4e*Ry; = 2(AA"+ BB*+ CC*+ DD*),
4¢'Ryy = —2(AD*+ DA* - BC* - CB"),
4e'Ryy = —2(AD"+ DA*+ BC*+ CB"),
4e'Ryq = -2(AA*— BB*— CC*+ DD"),
4e'Ry) = 4¢*Ryy = i({[AB*+ AC*+ BD*+ CD*] - [c.c]),
4e' Ry = —4e'Ry3 = —([AB* + AC* + BD* + CD*] + [c.c]),
4e' Ry, = —d4e'Ryy = 2(AA* - DD*),
4e'Rgy = —4e'Ry3 = —2i(AD*— DA*),
4e'Ryp = —4e'Ryy = i([AB*+ AC* ~ BD*~ CD"] - [c.c]),
de'Ryg = 4e* R34 = ([AB*+ AC*— BD* - CD*] + [c.c]).

The matrix R, is expanded in terms of the dipole moment as

R =Rsm + By + Rz + Re2 + Rge + Rya, (B.24)
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where Rgy is the Standard Model lowest-order termn. R, and R; are interference terms of
the lowest order and the dipole moment coupling for MDM and EDM, respectively. R,z, Rz2
and R, are bilinear in the dipole form factors, which can be neglected for the small dipole

form-factors.
The decomposed matrices R are obtained as follows:

[1+c + M35 0 0 0
0 —-(1 - 25)s? 0 0
Rsm = £ , B.25
SM 0 0 (1+ %:-).92 2% sc (B.25)
\ 0 0 Zsc 14¢2 - ——Q—s
( 4Re(a) 2(E - -—)scIm(a) 0 0
E
(% — =)scIm(a) 0 0 0
- | 2%
R. = " 0 4°Re(a) 2 + E)scRe(a) | (B20)
\\ 0 0 2% + £)scRe(a) 4c* Rela)
/ 0 0 2Epsc-Im(a) —2ps*-Im(a)
o 0 0 —28s*-Re(a) —2£pBsc Re(a)
Fa=| 5 ﬁsc Im(a) 20s® Re(a) 0 0 ’ (B.27)
\ 2,63 Im(a)  2Zpsc-Re(a) 0 0
1+ +;—;5 %Y.aa” 0 0 0
— — g2 2,
R, = o (1~ £y)5%-aa’ 0 0 (B.28)
0 0 (1+ £ )s -aa’ 2---sr aa® 1
\ 0 0 2——';(* aa® (1+¢% - ’—uyﬂz) aa’
[ E2B%s"-aa" 0 0 0
2
0 -E,B%s%-aa” 0 0
R& = m ) 3 B.29
’ 0 0 - £ g% 5a” 0 (B:29)
\ o 0 0 - —Z3p%s%.aa
0 0 2E gge. Im(aa) 0
2. 7y —2& .Relaa
Ruz = ] 0 0 Z—u—gﬁs Re(ad) 22 fsc-Re(ad) . (B.30)
—2%ﬁsc-1m(a&) —-2-—1—[33 -Re(aa) 0 0
\ 0 2£ Bsc- Re(ad) 0 0

where s = sin§ and ¢ = cos#f.

B.3.3 Spin vector notation

The spin-vector indices should be translated into explicit spin-vector notation. For the
reaction ,
et (p) +e (-p) = 7H(k,54) + 77 (—k, S_),

where p and k are the 3-momenta and Sy is the spin vector, the coordinate system of the
spin vector indices is defined as

x= PXk (B.31)
1B x ki

Y =alp - (k- p)k], (B.32)

Z =k, (B.33)

where the hat denotes the unit vector and o = —\7-—1@ = 1/sinf. (See Figure B.3.)
Vi-(k-p)?
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Y et

+
K T

X z

Figure B.3: Coordinate system of the spin-vector indices.

Then, the spin-vector indices s"'*? are expressed as

s'=8-X=a[S (pxk), (B.34)
s =8-Y =al(§-p) - (k-p)(S k), (B.35)
#=8.Z2=5F. (B.36)

Finally, using Eq.(B.21), the matrices R and the above spin-vector indices, the following
result is obtained:

Oproa = gsm + Re(d;)ore + Im(dr)é?lm + !drlzé’ﬁ
+Re(ar)onrer: + Im(ar)ormrs, (B.37)

>4 “ ~ )
o5 = gl K+ m o+ KI(R-B)? ~ S,-S_ k{1~ (k-9)?)
+ 20k 81 ) (k- S_)(1kI* + (ko = m.)*(k-5)?) + 2kE(p-S4) (5 S-)
= 2ko(ko — m ) (k-p)((k-51)(B-5-) + (k-S_)(p-S4)) |, (B.38)
3 ~ A~
ore = dkolk|Z5 [ = (me + (ko = m)(k-9))(S x S_) -k
‘0

+ko(k-P) (S x S_)p |, (B.39)
- 4k0lklz—§[ = (e + (ko — m)(h-B))(Sy — S_)-k
+holk-)(Sy - S )b ], (B.40)
- ———4fc§sk|2;‘§§~ (1~ (B-9))(1 - 5,-5_), (B.A1)
Orer = o[ 2miky — 2(0k-S )k-S_)(ho = m (69 + bl ,)(p-5.)
+ (ko —m:)* (k-p)((k-S1)(B-S_) + (k-5-)(p-54)) ], (B.42)
s = o[ KPR B)(S, +S_)-(h x ) | (B.43)

where kg = E,.



Appendix C

T-pair pre-selection

Pre-selection of the 7 pair event is described in this section. Its criteria are used in the evtels
module, which is a Belle event-classification program. The following list gives the selection
criteria in evtcls.

Definitions

Charged tracks: P, > 0.1 GeV/c and Helix |dr| < 1 cm, |dz| < 5 cm

We assume the pion mass for all charged particles.

ECL cluster: Egcr, > 0.1 GeV

Gamma: Fggp > 0.1 GeV

Erec = Sum of PG o4 trac + Sum of EGM

Ptnax : maximum P, among charged tracks in the laboratory frame

Eiot = Erec + lP,gﬁﬂl; assume a massless particle for Ppiss to boost to the CM frame
Nbarre: Numer of tracks with 30° < 8 < 130° (barrel region)

Ercruk = Sum of Eg(":"L — Sum of E’g}:,ma

Selection criteria

1) 2 < Number of charged tracks < 8

2) |charge sum| < 2

3) Sum of PGM 1 ack < 10 GeV/c

4) Sum of Egcp < 10 GeV

5) Ptmax > 0.5 GeV/c

6) Event vertex |r| < 0.5 em,|2| < 3 cm
7) For 2 track event

7-1) Sum of PgM iiac < 9 GeV/e
7-2) Sum of Egcr < 9 GeV

7'3) 5° < gmissing momentum < 175°

8) Erec > 3 GeV .or. Ptpay > 1.0 GeV/e
9) For the 2-4 charged track case

9-1}) Eiot < 9 GeV .or. maximum opening angle < 175°
9-2) Nbarrel > 2 .0r. Egcrik < 5.3 GeV
10) Maximum opening angle > 20°

81
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C.1 Situation

In the environment of the Belle experiment, which works on the Y (45) resonance with a high
luminosity, we obtain much data which contain BB, continuum, Bhabha, pu, 2-photons,
beam background and 77 processes. In order to reduce the data into a reasonable size for a
7 physics analysis, the selection criteria are set, as described in the next section.

In the Belle experiment, the 7 data are shared with the hadronic skim-files. If an event
satisfies the 7 selection criteria and the hadronic skim’s criteria simultaneously, it is stored in
the hadronic skim-file. A 7 event with multi-hadronic decay tends to be stored in hadronic
skim-files. Because of this situation, we are not care about reducing the hadronic events by
T pre-selection.

Because of the reconstruction scheme, there are three skim-files for the 7 events, named
TauPair, tau_skimA and HadronB. HadronB is a hadronic skim-file which includes the 7
events in part. tau_skimA is for the 7 events that are selected as another hadronic skim
HadronA, but not selected as HadronB. TauPair contains the remaining 7 events. In the
analysis, we need to accumulate 7 events from these files.

In the following study, we use mainly the MC events and partly pilot data to see the
beam background contribution.

C.2 Criteria

1) 2 < Number of charged tracks < 8 (Figure C.1)
2) [charge sum| < 2

The 7 decay to one charged track mode shows a high branching ratio. Therefore, the
T events include many two-charged-tracks events. An event which includes 2 to 8 charged
tracks and |charge sum| < 2, is selected.

2
x10 X102
6000 T T aooo F Y ]
a) tau b) mumu

4000 b 4 6000}

4000 | 1
2000 + E

0O 5 10

10

Nirk Ntrk

Figure C.1: Number of detected charged tracks for a) 77 events, b) pp events, c) 2-photon (eeee)
and d) continuum (uds).

3) Sum of P°M < 10 GeV/c (Figure C.2)
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4) Sum of Egcp < 10 GeV

This criterion is required to reject pu and Bhabha events. In this selection, most pu and
Bhabha events are rejected, but the r events are not significantly affected. The radiative
ppt and Bhabha events remain.

2<Ntrk<8
15000 a)tav | 15000 | b) tau |
10000 10000
5000 1 5000 ;
v
o - / :
0 5 10 C](J 5 10
102 Sum of P, (GeV/c) Sum of E(ECL) (GaV)
2500 - ] 4000} »
2000 ¢) mumu 1 3000} o) bhabha
1500 2000
1000 |
500 1000 . E
% 5 10 % % 10

Sum of P, (GeVic) Sum of E(ECL) (GeV)

Figure C.2: Sum of momentum in the CM frame for a) T events and c) pu events, and sum of
the energy measured in ECL for b) 7 events and d) Bhabha with the cut-1. The arrows show the
selection boundary of cut-3. The arrows with a dashed line define the boundary for 2-track events

(cut-7).

5) Plmax > 0.5 GeV/c (Figure C.3)

Because 2-photon events include many low-F; tracks, they can be removed by the high-P
requirement. The 7 events in which all charged tracks have a low P, are not considered to
be very important for physics analysis. Therefore, such events are rejected by this selection.

6) Event vertex |r| < 0.5 cm,|z| < 3 em  (Figure C.5)
It is necessary to reject the clear beam background events, in this selection.

7) For 2 track event
7-1) Sum of P°M <9 GeV/c (Figure C.2)
7-2) Sum of Egcp, < 9 GeV

Although a similar selection is required in cut-3 and 4, many Bhabha events remain
because of the high cross section. Therefore, a tighter selection is required again for 2-track
events.

7-3) 5° < Bmissing momentum < 175°  (Figure C.4)
In the radiative pup and Bhabha events, many photons fly out in the beam-pipe direction.
In 2-photon events, e* and e~ go in the beam direction. Therefore, in this selection radiative
1pt, Bhabha events and 2-photon events are rejected.

8) Eec >3 GeV .or. Ptmax > 1.0 GeV /e (Figure C.5)
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2<Ntrk<8
30000 a) tau
20000 4
% 1 2 3 4 5 6
maximum Pt (GeV/c)
25000 |- :
20000 | bj 2photon(eeee)
15000 1
10000 |- 4
5000 4
0 A L i i
0 1 2 3 4 5 6

maximum Pt (GeV/c)

Figure C.3: Maximum Pt among the charged tracks for a) 7 events and b) 2-photon (eeee). The
arrows show the sclection boundary.

Ntrk=2 and Pt >0.5 GeV/c

T T T U

10000 } | 4 ' 6‘) tau
5000 |-

-

0 20 40 60 80 100 120 140 160 180
B‘missing momenium (deQree)

20000 ' Yb) mur;ru ' ]
10000 7
o . A . . .

0 20 40 60 80 100 120 140 160 180
Opnissing momenm (dEGTEE)

4000 ¢) 2photon{ecee)
2000 f
0 i i i .

0 20 40 60 80 100 120 140 160 180
Brrissing momenuwrm (EQree)

Figure C.4: Polar angle of the missing momentum for a) T events, b) pp events and c) 2-photon
(eeee) with the cut-5). The arrows show the selection boundary.

This is used to reduce more 2-photon and beam-background events. The 2-photon and
beam-background events show a low energy of the reconstructed particles and a low P. On
the other hand, the 7 events distribute in the high-energy, high-P; region. By this selection,
many background events can be removed, though some 7 events are also lost. However, the
rejected 7 events are of low priority in the analysis.

9) For the 2-4 charged track case
9-1) Ei <9 GeV .or. maximum opening angle< 175° (Figure C.6)
Because many Bhabha events still remain, this selection is required. The remaining
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2<Ntrk<8, Pt _ >0.5 GeV/c, Gmmi“g
g25F T 1 325 g T
] 22}
o110} 610}
:-!37’.5 3 R 87'5 - E
w 5 { w5
2'2 o # a) tau 1 2‘2 *'b) 2photon(eees)
0 2 4 6 0 2 4 &
maximum Pt {GeV/c) maximum Pt (GeV/c)
425 . EO.S } data vix
10} { Soa
§7.5 - 4 £03
w 5 ‘ - 0.2
25 c) beam bg 0.1 e
0 i i o (g%é" ARy
0 2 4 6 -2 0 2

maximum Pt (GeV/c) vix Z (cm)

Figure C.5: 2D plot of Erec and the maximum Pt for a) 7 events, b) 2-photon (ecee) and ¢) beam
background with cut-1 to 7. The beam background events are selected with an event vertex of
|z| > 2cm, as plotted in d). The lines show the selection boundary.

Bhabha events include the missed radiative photon that flys to the gap of the ECL detector.
The value Eyoi(= Erec + |PSM|) shows the beam energy if the missing momentum has
no effective mass. In the case of lepton-flavor-violating decay (LFV) of the 7 lepton with
hadronic decay on the tag side, the missing particle almost becomes one neutrino, whose
mass is nearly zero. Therefore, selection by the opening angle of the charged tracks is also

required. With this requirement fulfilled, the LFV modes are saved.

9-2) Nbarrel > 2 .or. FroLux < 5.3 GeV (Figure C.7)
The remaining Bhabha events include many particles going to the endcap region and the
missed gamma with higher momentum. Therefore, the radiative Bhabha events are removed
by this selection.

10) Maximum opening angle> 20° (Figure C.8)

A strange Bhabha event can be rejected by this selection. Rejected Bhabha samples
include many miss-track events and shower-like events. Miss-track means that the one
charged track is reconstructed as two tracks.
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Figure C.6: 2D plot of Ey and the maximum opening angle among the charged tracks for a)
c¢vents, b) exp.3 pilot data, ¢) Bhabha, d) 7 = eK, and e) r — pvy. The lircs show the selection

boundary.
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Figure C.7: 2D plot of Nparrer and Egcpx for a} 7 events and b) Bhabha. The lines show the
selection boundary.
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Figure C.8: Maximum opening angle for a) 7 event and b) Bhabha. The arrows show the selection

boundary.
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C.3 Efficiency and reduction power

The efficiencies and cross sections are summarized in Table C.1. The effective cross section
of non-tau processes are reduced to a reasonable level, except for hadronic processes.

Table C.1: Efficiencies and cross sections evaluated by MC.

- TT pp Bhabha eeee  eeun  uds
Cross section (nb) 091 | 1.05 1249  40.85 11.7 2.09
Efficiency (%)
cut-1 to b 80.1 20.7 0.21 2.1 3.9 77.7
cut-1to 7 78.1 6.4 0.13 0.90 23 771
cut-1 to 9-1 72.6 5.8 0.036 0.41 0.80 71.2
cut-1 to 10 70.2 5.7 0.0011 0.24 056 70.7
Effective cross section (nb) | 0.639 | 0.060 0.014 0.098 0.065 1.48

The rates of the number of events in three skim files for each mode are listed in Table C.2.
Most of the 7 events are stored in the TauPair and tau_skimA. Because the hadronic events
in the TauPair and tau_skimA are not very large, we do not care about the rejection of
hadronic processes.

Table C.2: Event rates in three skims for each modes evaluated by MC.

(%) 71 | pp Bhabha ceee eeuu uds
TauPair 67.1 1970 91 884 377 3.2
tau_skimA | 26.5 | 1.2 9 106 186 6.5
HardonB 6.4 1.8 0 1.1 43.7 903




Appendix D

Level-1 trigger

D.1 Level-1 trigger logic

The Belle hardware trigger system [25] consists of sub-detector trigger systems and the
central trigger system called Global Decision Logic (GDL). The sub-detector trigger systems
produce the output to GDL as follows.

name
CDC r-¢
nedr_full
ncdr short
cdc.bb
cdc_open
CDC z
ncdz
TOF(TSC)
tsc_mult
tsc_pat
ntsc
tsc_timing
ECL
csi_timing
e_high

e low
elum
csi.bb
csi.bbpre
nicl
csi_cosmic
KLM

kim fwd
klm_bwd
klm_brl
EFC
efc_bb
efc_tag

definitions

Number of full tracks (Pt>0.2GeV /fc)
Number of short tracks

Back to back topology by CDC
Minimum opening angle (135 degree)

Number of tracks by CDC z trigger

Multiplicity by TSC
TSC hit pattern
Number of TSC hit
Trigger timing by TSC

Trigger timing by ECL

Energy trigger (E>1GeV)

Energy trigger (E>0.5GeV)

Energy trigger for luminosity measurement (E>3GeV)
Back to back topology by ECL (for Bhabha)

Back to back with 1/10 pre-scale.

Number of ECL cluster hits

Cosmic topology by ECL

Forward endcap
Backward endcap
Barrel

Back to back topology by EFC
EFC tag

The GDL system makes global correlation of 48 input from the sub trigger systems and
output up to 48 types of event trigger signals as follows.
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FTDL logic (version 4.8)

bit | mnemonic definitions
0 | fizt2oc (nedr full>1)&cdeopends(ntsc>1)a(nedz>0)&esi_timingéelesibb
1| fft20c (nedr full>1)&cde_openés(ntsc>1)&csi_timing&lesi_bb
2 | fs_ztoc (ncdr short>1)& (nedr full>0)&cdc_open& (ntsc>0)&(ncdz>0)&esi_timingd!csi_bb
3 | fs.toc (ncdr short>1)& (nedr full>0)&cdc_open&(ntsc>0)&csi_timingdlesi_bb
4 | fiszt2 (nedr short>2)&(nedr full>1)&(ntsc>1)&(nedz>0)
5 | fiszt2oc (ncdr_short>2)& (nedr full>1)&(ntsc>1)&(ncdz>0)&cdc_opendscsi_timing
6 | fffot2c22 (ncdr full>2)&cdc.opende(ntse>1) & (nicl>1)&(nedz>0)
7 | fifot2c2 (ncdr full>2)&cde_open&(ntse>1)& (nicl>1)
8 | ffs.t2 (ncdr.short>2)&(nedr full>1)&(ntse>1)
9 | fist2o0c {(nedr short>2)& (nedr full>1)&(ntsc>1)&cdc_openécsi-timing
10 | fsss.ztoc (ncdr short>3)& (nedr full>0)& (ntsc>0)& (nedz>0)&cde_openéecsi-timing
11 | fsss.toc (nedr short>3)é&(nedr full>0)& (ntsc>0)&cdc_opendecsi_timing
12 | hie e_high&lesi_bb&!csi_cosmic
13 | clst4 {nicl>3)&!csi-cosmic
14 | loe.clst3 edow&(nicl>2)&!csi_cosmic
15 | loe.trk2 edowdc{nedrshort>1)& ((nedr full >0)#(ncdz>0))&cde opendclesi_bb
16 | two_photon efc_tag8(nedr short>1)& (ncdr full>0)
17 | csi.bhabha.p | csi.bbpre
18 | csi_bhabha csibb
19 | csidum.e elum
20 | efc_bhabha efc_bb
21 | tofb2b tsc_pat
22 | abe bhabha | csi_bbdzcde bb
23 | dimu.noz cde_bbé(tse_pat#(nicl>1))
24 | klm.opn cde_opende(klm brl#tklim fwd#klm_bwd)
25 | klin_b2b cde bb& (klm.bri#klm fwd#klm _bwd)
26 | random (calib0)
27 | clsth (nicl>4)&!csi_cosmic
28 | short_gt.1 (ncdrshort>1)
29 | short_gt_2 (ncdr_short>2)
30 | hadronb (ncdr_short >2)& (nedr full>0)& (nedz>0)& e dowd (nicl>1)& (ntsc>0)
31 | flat2e (nedr full>1)&(ntse>1)& (nedz>0)&csi_timingé&lesi_bb
32 | loefsz etow&(ncdr short > 1)&(nedr full>0)&(nedz>0)&!csi_bb
33 | cdebb cde.bb
34 | gphi e lumé&(ncdr short>1)&!cde.open
35 | loe e low
36 | clst2 {nicl>1)
37 | tof.multi tsc.mult
38 | revol misc.in
39 | clst2o (nicl>1)&cdc.opendlcsi_bb
40 | hadron {nedr short > 2)&e low&(nicl>1)& (ntsc>0)
41 | efe efc. tagde(nicl>1)
42 | e hiclstd (nicl>3)&e high
43 | hadronc (nedrshort>2)&(nedr_full>1)&cdc_opendee_high&z(nicl>2)& (ntsc>0)
44 | loefs_oz e dow&(nedr_short>1)& (nedrfull>0)&cdc opend(ncdz>0)&!csi_bb
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D.2 Trigger in the analysis

Because the hardware trigger condition should be applied to MC samples, a trigger simulator,
Tsim, is prepared. However, Tsim for EFC (and some others) has not worked completely.
Therefore, in the analysis, the related trigger bits are not used. Furthermore, the bits, whose
definition is changed during the experimental period, are masked. The masked trigger
bits are bit1l6, bitl7, bit20, bit26, bit3l, bit32 and bit4l. As shown in Figure D.1, the
contribution of these trigger bits is small. Therefore, the effect of this mask is negligible.
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Figure D.1: Hit histograms of the trigger bit for the e*p~ mode(left) and e* 7~ mode(right).

D.3 Effect of the trigger

The effect of the L1 trigger for the analysis is checked. Figures D.2 and D.3 show the
distributions and the ratios of the momentum and cos in the laboratory system with and
without the trigger requirement, evaluated by the MC simulation for the ey mode. Due to
the P, threshold of the track trigger, the low-momentum part is reduced. Figure D.4 shows
the opening-angle distribution between two charged tracks in the r-¢ plane. The small
opening-angle part (< 130°) is reduced due to the requirement of the cdc_open trigger.
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Figure D.2: Momentum distribution in the laboratory frame of the electron (left) and the muon
(right) for the ep mode. The blank histogram is 7-pair MC event without the trigger requirement,
the hatch histogram is MC with the trigger requirement and the dots are the experimental data.
The MC histograms are normalized by the integrated luminosity. The lower plots show the ratios
of the hatch histogram divided by the blank histogram.

Table D.1 gives the trigger efficiencies for each mode used in the analysis evaluated by
the MC. The efficiency is more than 93%.
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Figure D.3: cos 61,5, distribution of the electron (left) and the muon (right) for the ex mode. The
blank histogram is r-pair MC event without the trigger requirement, the hatch histogram is MC
with the trigger requirement and the dots are the experimental data. The MC histograms are
normalized by the integrated luminosity. The lower plots show the ratios of the hatch histogram
divided by the blank histogran:.
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Figure D.4: Distribution of the opening angle between two charged tracks in the r-¢ plane for
the ep mode. The blank histogram is r-pair MC event without the trigger requirement, the hatch
histogram is MC with the trigger requirement and the dots are the experimental data. The MC
histograms are normalized by the integrated luminosity. The lower plot shows the ratio of the hatch
histogram divided by the blank histogram.

Table D.1: Trigger efficiencies evaluated by MC.
mode | ep er umr  ep pup wp pp ww
efficiency(%) I 96.6 950 951 93.1 985 975 975 950




Appendix E

Sensitivity and offset

E.1 Observable

The mean value of the optimal observable is approximately calculated as

2
() ~/Eld¢>+A/ (%) Yd, (E.1)
0
where the differential cross section is denoted by

Ed¢ = [Zo(¢) + A1 (4)]d¢,

with the phase-space parameter ¢. X is a small parameter which we measure; it is the electric
dipole moment d, in this analysis. The first term, [ ;d¢, gives the offset and the second
term, f(%)zEd(b, gives the sensitivity.

Figure 5.13 shows the sensitivities, age and ajy,, and the offsets, bpe and by, obtained
in the analysis. In the following, qualitative discussions of parameters a and b are presented.

E.2 Parameters

In the analysis, the observables Opg, and Oy,, are formed as

M2, M?
Ope = 28 04, = Z20m. (E.2)
¢ T M2y, M2,

These are functions of the spin-momentum correlation terms: (84 x S_)-k, (S4 x S_)-p,
(S — S_)-k and (S4 — S_)-p. The major terms are given as

Mbpe o = (mr + (ko —m;)(k-p)?)(S4 x S_)-k +ko(k-p)(Ss x S-)-p, (E.3)
M = (mr + (ko —m,)(k-D)?)(S4 — S-)-k +ko(k-p)(Sy - 5-)-p. (E4)

These terms show the characteristics of CP-odd/T-odd for the real part and CP-odd/T-
even for the imaginary part. Here, p is the unit vector of the e*-beam momentum and k is
defined as the unit vector of the 7 flight direction, given by

~ . - o A
k™ =ip, +op_ £i(p, xp_), (E.5)
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where p, and p_ are the three-momentum vectors of the daughter particles. The coefficients
@, 0 and W are expressed using the energy and magnitude of the momenta of the daughter
particle and its mother 7. The 7 direction can be reconstructed to be two cross lines of two
cones, which are obtained from the momenta of the daughter particles. For the leptonic
mode, there is one more ambiguity because of an additional missing neutrino. Therefore,
the 7 direction can be calculated with a two-fold (or more) ambiguity.

The structure of the spin-vector S is written as the following form:

Si(r = Eyw,) = dps + BLE, (E.6)
Si(r s atv)=alp,s + Lk = ta"p.« + Lk, (E.7)
Si(r - ptv, o r*1%,) = o Hy + ik, (E.8)

where the coefficients « and 8 are functions of the momenta of the measured daughter
particles and the assumed 7 direction. H 4 is given using a combination of the momenta of
the 7 and 79 as

(Hi:)u = 2(py “prr")u(pwri “‘pn“)u(ik)u + (pfrii +pw0)”(pﬂi _pﬂrﬂ)z'

The magnitude of the spin vectors for the hadronic decays is defined to be one. On the
other hand, for leptonic decays, the magnitude is not necessarily one because of its low
spin-analyzing power due to the missing neutrinos.

E.3 Offset

As mentioned above, the offsets arise from the term

[ Bide~ [ M s, (E.9)

integrated over the experimentally limited acceptance. As shown in Figure 5.13, the offset
values for the real part, b, are consistent with zero within the statistical errors, while the
offset values for the imaginary part, b,,, are non-zero. It relates to the structure of the
amplitudes, M3, ;. From Eq.(E.3) and Eq.(E.4), we can find its characteristics, which are
also described in Section 2.2.3: M%, shows the rotation asymmetry around the beam and
the 7 flight direction, and M2, shows the forward /backward asymmetry along the beam
and the 7 direction. Because Belle is a forward/backward asymmetric detector, there is an
asymmetry of M?  intrinsically. Therefore, the offsets for the imaginary part are non-zero.

E.3.1 77

For the 7w mode, the second term of Eq.(E.4) contributes to the large offset, b;,,. From
Eq.(E.4) and Eq.(E.7), the following expression can be extracted:

(§+ = 8.)D=a" (Prs P+ P,--D) + (B - B7)k-P,
= a"(Ipys|c0sby + |p,-[cos8_) + (8] — fX)k-,  (E.10)
where 84 is the polar angle of the #%. Figure E.1 shows the cos @, distribution. Because

of the particle selection criteria, the distribution become asymmetric. Therefore, the first
term of Eq.(E.10) clearly shows a non-zero value.
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Figure E.1: cos#y distribution for the ## mode in the CM frame.

E.3.2 7p,irn

The offsets for the mp and I modes arise because of the combination of two types of charge
asymmetry, which are the charge asymmetries of the observable Oy, and the efficiency.

For the 7+ p~ mode, the term (S, — S_)-% tends to be minus because the requirement of
the high momentum 7+ makes the product S,k to be minus, and because the spin direction
of the p~ does not largely correlate with its momentum. The term (k-p)(S4 — 8-)-p tends
to be plus because of the polar-angle selection. Therefore, M?, tends to be plus for the
7t p~ mode. For the p* 7~ mode, M?%  tend to be minus for the same reasons. Figure E.2
shows the distribution of Oy, for the mp mode. It clearly represents the charge asymmetry
of the observables.

6000 ; ; ? |
4000
s000b ]
T 0 0230 30
O, for np GeVl/e

Figure E.2: Orm of the mp mode. The solid line shows the total sample, the dashed line is for the
pTn~ mode and the dotted line is for the 7+ p~ mode,

The offset does not become non-zero only due to the charge asymmetry of the obsery-
ables. It is because two distributions of the observables are symmetric. In addition to the
asymmetry of the observables, the charge asymmetry of the efficiency is produced by the
particle selections. One reason is because of the small forward/backward asymmetry of the
T-pair production due to the Z° effect and the requirement of the polar-angle. Figure E.3
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shows the cosine of the polar angle distribution of the 7. The forward /backward asymme-
try can be found at the 2% level. Another reason is because of the charge asymmetry in the
detector efficiency.

x 102

A 05 0 05 1
caset

Figure E.3: cos@ distribution of the 7% in CM frame. The solid line and the dashed line show 7+

and 77, respectively.

For these two reasons, the offsets become non-zero. For the Im mode, the situation is
similar. The 7% selection mostly affects the non-zero offsets.

E.4 Sensitivity

Approximately, the sensitivity is obtained as f (%)Qqu’), which is.the mean of the squared
observable. Therefore, the width of the observable distribution is directly correlated with
the sensitivity.

Generally, the sensitivity for the leptonic decay modes is less than that for the hadronic
decay modes, because the spin-analyzing power of the leptonic decay channel is low due to
the missing neutrinos.

E.4.1 Real part vs. imaginary part

Comparing the sensitivity for the real part, ap., with that for the imaginary part, a;sm, we
can find that am, is about 3-10 times larger than ag.. This is due to the applicable range
of the spin-momentum correlation terms and the relation between the M%, ;,, and MZy
terms.

Figure E.4 shows the distributions of the spin-momentum correlation terms for the pp
mode. The index “+" shows the ambiguity of the 7 direction k. The distribution of the
terms (S4 — S_)-k and (S4 — S_)-p is wider than that of (§4 x §_)-k and (S4+ x S_)p.

Figure E.5 shows the relation between the the amplitude M%, ;,,, and M%y,. From this
figure, the correlation between M%, and My, works to reduce Oge, while the correlation
between M3, and M2, does not work so. This is because of the characteristic of the
product terms: S4-k, S4 P, (S4 x S_)-kand (Sy x S_)p.

E.4.2 Real part

The structure of the spin vectors of the lepton and pion can be written as

Sy = agppy + Bk, (E.11)
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Figure E.4: Spin-momentum correlation distributions for the pp mode. The left four figures show
the distributions of the correlation terms proportional to Oge and the right four figures are that

. Py
for O7;n. The index “4” means the case for k™.

For the nwr, wl and Il modes, the term (S; x S_)-k can be calculated as

(S4 xS )k=ara (py xp)k+ayf_(py x k) k

+Brac(k x p_)k + BB (k x k) -k, (E.12)
=aja_(py x p_)-(ipy + vp_ T d(p, x p_)), (E.13)
= aya_(2d)p, x p_|*. (E.14)

The coefﬁci(;:nts a4 do not depend on the sign of the 7 direction k*. Therefore, the term
(84 x S_)-k is counteracted by averaging over the ambiguity of the 7 direction. Figure E.6

shows the correlation between (S . x S_)fis+ and (S4 x S_)-k . Therefore, the sensitivity
for the real part of the 7w, 7l and Il modes is much lower than that of the pp, pr and pl
modes. A

Furthermore, the term (k-p)(S4 x S_) P is affected by the polar angle range of the
particle selection. The range of the (k-p) value is small for the 7z mode. Therefore, the
sensitivity of the 77 mode is greatly reduced.

E.4.3 TImaginary part

Among the pp, Tm and 7p modes, a higher sensitivity for the 7p mode and a lower sensitivity
for the mm mode is found. This is because of the selection criteria for the polar angle. For
the wr mode, because of the particle selection, the range of the (k-p) value is less than that
for the pp mode. Therefore, the sensitivity for the #m mode becomes small. On the other
hand, for the np mode, the distribution of the observable becomes wide because of the charge
asymmetry of the distribution, as described in Section E.3.2. Therefore, the sensitivity for
the mp mode becomes large.

The difference in the sensitivity among the modes decaying to nl and pl is due to the
selection criteria of the particle momentum. The higher momentum lepton shows a better
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Figure E.5: Correlation between the amplitude M%, ;,,, and M2, for the pp mode.

spin-analyzing power. Therefore, the modes including p show a higher sensitivity than the

modes including an electron.
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Appendix F

Effect of radiation

In this analysis, the unmeasured radiative photons are ignored in the calculation of the
observables. These unmeasured variables make the sensitivity lower. This effect is examined
by using the MC without the initial-state radiation and the internal bremsstrahlung at the
7 decay vertex. Figure F.1 shows the sensitivity and the offset. The black points correspond
to the case of no radiation, while the white points correspond to the default case used in this
analysis. The sensitivity of the default case is lower than that of the case of no radiation, as
we expected. That strength is only about 10%. The offsets for the real part are consistent
with each other within the statistical errors. For the imaginary part, photons from the
initial-state radiation escaping to the beam pipe direction contribute to the offset.
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Figure F.1: EDM parameter sensitivity agre/rm and offset bpesrm for each mode obtained by MC

without the initial-state radiation and internal bremsstrahlung (black points) and for the default
(white points), which is the same as Figure 5.13. The top figures show the parameters for Re(d.)
and bottom ones show the parameters for Im(d,). The errors are due to the MC statistics.

Additionally, the effect for only the (internal) bremsstrahlung is examined. Figure F.2

shows the sensitivity and offset by including the initial-state radiation events to the above
test. The results show no significant change between the two case.
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