


Abstract

We present the measurement of the Michel parameters of � lepton �̄ and �� in the radiative leptonic

decay �

�

! `

�

��̄
 using 703 fb

�1

of collision data collected with the Belle detector at the KEKB

e

+

e

�

collider. The Michel parameter is a fundamental property of unstable charged leptons and

characterizes the dynamics of leptonic decays. The experimental values of �̄ and �� parameters may

reveal the presence of new physics beyond the Standard Model.

The Michel parameters are measured by an unbinned maximum likelihood method where �̄ and

�� are �tted to the kinematic distribution of e

+

e

�

! �

+

�

�

! (�

+

�

0

�̄)(`

�

��̄
) (` = e or �). Using

the muon mode, �̄ and �� are simultaneously �tted to the spectra to be �̄

�

= �1:3 � 1:5 � 0:8 and

(��)

�

= 0:8 � 0:5 � 0:3. In the electron mode, taking into account the suppression of �̄ sensitivity

from the small mass of daughter electron, we extract (��)

e

by �xing �̄ value to the Standard Model

prediction of �̄

SM

= 0. The measured value is (��)

e

= �0:4 � 0:8 � 0:9. The �rst error is statistical

and the second is systematic. This is the �rst measurement of these parameters. These results are

consistent with the Standard Model predictions within their uncertainties and give a constraint on the

coupling coe�cient of the generalized weak interaction.

We also measured the branching ratio of the radiative leptonic decays under the photon energy

threshold of E

�




> 10 MeV in the � rest frame to be B(�

�

! e

�

��̄
) = (1:82 � 0:02 � 0:10) � 10

�2

and B(�

�

! �

�

��̄
) = (3:68 � 0:02 � 0:15) � 10

�3

. These results are consistent with the leading

order Standard Model prediction. In the next-leading order, there are e�ects from multiple photon

emission, which is not implemented in the current event generator. An improvement of generator is

required to make comparison at the next-leading order.
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Chapter 1

Introduction

1.1 The Standard Model

Everything in our universe is believed to be made from fundamental particles. Their interactions or

forces are described by an exchange of other particles. Such particles are described so as not to have

their sizes as well as internal structures thereby they are called elementary particles. The quantum

�eld theory (QFT) is a physical framework which treats an entity of such a particle as an excitation

of �eld in the space-time, relying on both the quantum mechanics and the special relativity�most

successful theories of physics in the twentieth century.

In principle, in the framework of QFT, people can freely build new theories: arbitrary types of

particles and rules of interactions can form one theory. However, there are few theories which can

reasonably predict real behaviors of known particles. The Standard Model (SM) is known to be the

strongest predictable theories of QFT, in which twelve types of fermions (corresponding to matters)

are governed by three types of forces. The forces are mediated by corresponding bosons. The masses

of these particles are uniquely determined by strengths of each coupling to the �eld of Higgs boson.

Below we give a summary of the SM.

Types of elementary particles

� Higgs boson is a spin-0 particle to give other particles masses.

� There are three types of forces: electromagnetic interaction, charged and neutral weak inter-

actions and strong interaction. These forces are mediated by spin-1 particles and play roles

in cancellations of position-dependent phases. The invariance under the phase transformation

is called gauge invariance, hence these particles are also called gauge bosons. These gauge

bosons are named photon 
 for the electromagnetic, W

�

and Z bosons for the charged and

neutral weak interactions and gluon g for the strong force.

� Matters are made from spin-

1

2

particles which are categorized into two groups: six types of

quarks and six types of leptons. The quark has charges of all forces above and is able to

participate in all interactions. Whereas the lepton does not have a charge of strong force but has

a weak charge, accordingly it participates in the weak interactions. The three quarks have +2=3

electromagnetic charges and other three have �1=3. Three leptons which have electromagnetic

charges +1 are called charged leptons and are able to interact via electromagnetic force while

the other three do not and are called neutrinos. The three types are also called �avors.

� Except the neutral particles 
, Z and g, all particles have their corresponding anti-particles,

which have opposite quantum numbers.
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Important characteristics

� Particles have a property called chirality, whose eigenvalue is 1 or -1. In the massless limit,

it is well known that the chirality equals to helicity that is de�ned as h =

�

S � n, where

�

S is a

normalized vector of spin and n is a unity vector of the particle movement. The positive and

negative helicities are called right-handed and left-handed, respectively.

� Of all forces, only charged weak interaction can change the �avor of particle. Moreover, it

violates the symmetry of chirality, i.e., only negative-chirality particles and anti-particles are

active in the charged weak interaction.

� Strong forces have a potential proportional to distance V(r) / kr: in other words, the strength

of coupling becomes large in low energy or weak in high energy, so called asymptotic freedom.

This means that a system which has two free distant quarks is unstable, hence, in terms of

energy, it is more bene�cial to create qq̄ pair (q represent a quark) from vacuum to form two

qq̄ binding states (or mesons). For this reason, neither the free quark nor its fractional charge

has not been discovered yet (quark con�nement).

� In addition, because of the asymptotic freedom, theoretical calculations using perturbation

technique are less accurate for low energy behaviors of strong interaction. In such energy

scale, therefore, a precise comparison between a value observed by experiment and theoretical

prediction is di�cult.

1.1.1 Search for physics beyond the Standard Model

In 2012, at Conseil Européen pour la Recherche Nucléaire (CERN), Higgs boson was discovered

by experiments at the large hadron collider (LHC) from proton-proton collision data [1, 2]. The

existence of the Higgs boson, though many researcher had believed in it, made a validity of the SM

decisive. The SM can explain almost all of particle phenomena that occur in our universe. Various

quantum behaviors of particles are within a prediction of this framework. Many physicist, however,

believe that the SM to be neither complete nor ultimate theory which describes nature because there

are several strong facts that are inconsistent with the SM. The observation of nonzero mass of neu-

trinos discovered by the neutrino oscillation [3, 4], the unknown source of the gravitational potential

(dark matter), the asymmetry of amounts between matter and antimatter and the unnaturally small

mass of Higgs boson (so called hierarchy problem) [5], all of them are not well explained in the

framework of the SM.

For the reason noted above, physicists are trying to �nd an inconsistency of the SM or physics

beyond the SM (BSM). At least from existing observations, the e�ect from physics BSM in various

behaviors of particles appears to be small. This may imply that a new particle, which is responsible

for phenomena BSM, has a very large mass. In fact, using the LHC, people achieved very high-

energetic environment of 10 TeV or 10

14

K by accelerating and colliding protons and are attempting

to directly unveil the appearance BSM. Another approach is to precisely measure the properties of

already known phenomena. Based on observations of a huge number of interactions of particles at

relatively low energy, possible e�ects from the physics BSM are precisely veri�ed.

1.2 Search for physics beyond the Standard Model in charged

leptons

In the SM, there are three �avors of charged leptons: e; � and �. The electron e has the smallest

mass in all particles that have electromagnetic charges, hence the charge conservation does not allow
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electrons to decay. The stability of electrons opens various experimental possibilities to measure

their properties. The muon � and tau � have masses (105:65837545 � 0:0000024) MeV=c

2

and

(1776:86 � 0:12) MeV=c

2

, respectively [7], and can decay into lighter particles. The tests of these

decays also give us additional information from the physics BSM.

In terms of search BSM based on the precision measurement of particle properties, experiments

using the charged leptons turn out to o�er beautiful laboratories. The inactivity of charged leptons to

the strong interaction enables us to pursue excellent precision in the theoretical calculation. Various

properties of these decays, described by the electroweak sector of the SM, are precisely calculated,

therefore, experimental results can be de�nitely compared with theoretical predictions. Moreover,

unlike quarks, the charged leptons can exist in bare states and we are able to directly test the nature of

elementary particles. Though neutrinos also share this nature, it is di�cult to do similar measurement

due to the small reaction rate.

The � particle

There have been varieties of experiments to measure � properties. Most notably, at Brookhaven Na-

tional Laboratory (BNL), the E821 experiment measured an anomalous magnetic moment of the �

using polarized beam with amazing precision (0.7 ppm!) [6] and as a result exhibited a signi�cant de-

viation from the SM prediction by 3� level. Not only the anomalous magnetic moment but a variety

of properties of � have been measured for more than one century. Its relatively long lifetime (� 2 �s)

and availability of thereby large number of pure � (moreover sometimes polarized) sample enables

us to perform excellent precision experiments for �: it may not be overstate that we understand the

muon very well.

The � particle

On the other hand, in spite of its equally interesting characteristics, various properties of � lepton

are not so precisely measured, particularly due to its technical di�culties of experiment. Theoretical

treatment of � is as simple as that of � case, but the short lifetime of � (� 0:3 ps) does not allow

competitive measurement in terms of absolute precision.

Nevertheless, measurements of the � decay is one of the most sensitive probes to the e�ects

BSM. The large mass of the � allows us to expect an enhancement of the sensitivity on the BSM. For

instance, the two Higgs doublet model (2HDM), one of the branches of the supersymmetric models,

predicts an existence of the charged Higgs and the magnitude of their couplings is proportional to

mass of a lepton. As a result, in comparison with � decays, we can expect the gain of sensitivity by

a factor of (m

�

=m

�

)

2

� 300.

The large mass of the �makes it possible to decay into both leptons and hadrons. The former one

is called leptonic decay and accounts for approximately 35% of all tau decays. The rest decays of

the � contain hadrons in the �nal state and are called hadronic decay.

Taking into account the sensitivities to the e�ects from physics BSM, we chose the � lepton for

the theme of study. In this thesis, we describe the method in detail.

1.3 Michel Parameters

The measurement of Michel parameters is one of the most established strategies for the veri�cation

of the decay of charged leptons. The formalism was developed in the course of the clari�cation of

the (weak) charged interaction.

Since the discovery of weak force, physicist have been trying to unveil its unique dynamic nature

spending long time. Before moving to main topic, we review the history.
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1.3.1 History of test of the charged current

The weak interaction was �rst proposed by Fermi [8, 9] to explain the beta decay of the nucleus. He

incorporated an idea of the neutrino, which had been suggested by Pauli, and succeeded to explain

the continuous momentum spectrum of the daughter electron. In 1957, C. S. Wu found that the weak

force did not respect the symmetry of the parity in the beta decay from

60

Co [10]. The angular distri-

bution of the electron from the polarized cobalt nuclei suggested the maximal violation of parity in

the couplings, i.e., the interaction results in the asymmetric couplings between left-handed and right-

handed particles. The structure of the coupling contains the vector and axial-vector contributions

almost in the same magnitudes with opposite signs, so it is called V � A interaction.

Because of its unique properties, over more than one century there have been various attempts

to reveal the nature of the weak interaction. In 1949, Ruderman and Finkelstein predicted that a

ratio of decay rates B(�

+

! e

+

�)=B(�

+

! �

+

�) was suppressed by four order of magnitude if the

weak interaction occurs through the V � A structure [11]. The V � A type current permits only

negative-helicity particles to participate in the weak interaction, which results in the violation of

angular momentum conservation in �

+

! `

+

� in the massless limit m

`

! 0 (` = e, or �). This

well known mechanism is often called helicity suppression. In 1958, the electron decay of pion

�

+

! e

+

� was �rst observed [12] and then a recent experimental value using stopped �

+

, B(�

+

!

e

+

�)=B(�

+

! �

+

�) = (1:2346 � 0:0035 � 0:0036) � 10

�4

[13] well supports its theoretical prediction

(1:233 � 0:004) � 10

�4

[14].

More general tests of the Lorentz structure of the weak interaction have been performed in the

decay of �

�

! e

�

��̄ and �

�

! `

�

��̄ by the measurement of Michel parameters.

1.3.2 Michel formalism

The most general Lorentz-invariant derivative-free matrix element of leptonic � decay

�

�

�

! `

�

��̄

y

is represented as [17]

M =

�

�

�

�

`

`

=

4G

F

p

2

X

N=S ;V;T

i; j=L;R

g

N

i j

h

u

i

(`)�

N

v

n

(�

`

)

i h

u

m

(�

�

)�

N

u

j

(�)

i

; (1.1)

where G

F

is the Fermi constant, i and j are the chirality indices for the charged leptons, n and m are

the chirality indices of the neutrinos, ` is e or �, �

S

= 1, �

V

= 


�

and �

T

= i
(



�




�

� 


�




�

)
=2

p

2 are,

respectively, the scalar, vector and tensor Lorentz structures in terms of the Dirac matrices 


�

, and

g

N

i j

are the corresponding dimensionless couplings. The chirality indices n and m are not summed

in Eq. (1.1) because they are uniquely �xed for given i, j and the interaction type. In the SM, �

�

decays into `

�

exclusively via the W

�

vector boson with the V � A Lorentz structure, i.e., the only

non-zero coupling is g

V

LL

= 1. Experimentally, only the squared matrix element is observable and so

bilinear combinations of the g

N

i j

are accessible. Of all such combinations, four Michel parameters�

�, �, � and ��can be measured by the leptonic decay of the � when the �nal state neutrinos are not

�

The discussion here holds also for � when the daughter lepton ` is changed to e.

y

Unless otherwise stated, use of charge-conjugate modes is implied throughout the thesis.
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�
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`
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�

�




`

�

`

�

�

�




`

�

`

Figure 1.1: Radiative decay. The last diagram arises from the radiation from W boson but this is

suppressed by the very small factor of (m

�

=m

W

)

2

� 5 � 10

�4

.

observed [18]:

� =

3

4

�

3

4

�

�

�

�

g

V

LR

�

�

�

2

+

�

�

�

g

V

RL

�

�

�

2

+ 2

�

�

�

g

T

LR

�

�

�

2

+ 2

�

�

�

g

T

RL

�

�

�

2

+<

�

g

S

LR

g

T�

LR

+ g

S

RL

g

T�

RL

�

�

; (1.2)

� =

1

2

<

�

6g

V

RL

g

T�

LR

+ 6g

V

LR

g

T�

RL

+ g

S

RR

g

V�

LL

+ g

S

RL

g

V�

LR

+ g

S

LR

g

V�

RL

+ g

S

LL

g

V�

RR

�

; (1.3)

� = 4<

�

g

S

LR

g

T�

LR

� g

S

RL

g

T�

RL

�

+

�

�

�

g

V

LL

�

�

�

2

+ 3

�

�

�

g

V

LR

�

�

�

2

� 3

�

�

�

g

V

RL

�

�

�

2

�

�

�

�

g

V

RR

�

�

�

2

+5

�

�

�

g

T

LR

�

�

�

2

� 5

�

�

�

g

T

RL

�

�

�

2

+

1

4

�

�

�

�

g

S

LL

�

�

�

2

�

�

�

�

g

S

LR

�

�

�

2

+

�

�

�

g

S

RL

�

�

�

2

�

�

�

�

g

S

RR

�

�

�

2

�

; (1.4)

�� =

3

16

�

�

�

�

g

S

LL

�

�

�

2

�

�

�

�

g

S

LR

�

�

�

2

+

�

�

�

g

S

RL

�

�

�

2

�

�

�

�

g

S

RR

�

�

�

2

�

�

3

4

�

�

�

�

g

T

LR

�

�

�

2

�

�

�

�

g

T

RL

�

�

�

2

�

�

�

�

g

V

LL

�

�

�

2

+

�

�

�

g

V

RR

�

�

�

2

� <

�

g

S

LR

g

T�

LR

+ g

S

RL

g

T�

RL

�

�

: (1.5)

Parametrized by these values, the di�erential decay width of �

�

! `

�

��̄ is explicitly given by

d�(�

�

! `

�

��̄)

dE

�

`

d


�

`

=

4G

2

F

m

�

E

3

max

(2�)

4

q

x

2

� x

2

0

"

x(1 � x) +

2�

9

(4x

2

� 3x � x

2

0

)

+�x

0

(1 � x) � �

n

�

l

� S

�

�

3

q

x

2

� x

2

0

 

1 � x +

2�

3

�

4x � 4 +

q

1 � x

2

0

�

! #

; (1.6)

where E

max

= (m

2

�

+ m

2

`

)=2m

�

is the maximum energy of lepton in the tau rest frame, x = E

�

`

=E

max

is a normalized lepton energy, x

0

= m

`

=E

max

, and n

�

`

� S

�

�

is the cosine of angle between the tau

spin and lepton direction. Thus the Michel parameters characterize spectra of lepton momentum and

direction. Moreover, as Eq. (1.6) shows � and �� appear with n

�

l

� S

�

�

, it is thus these two variables

determine the lepton angular dependence vs tau-spin direction.

1.4 Further tests of the V � A interaction in � decays

The Feynman diagrams describing the radiative leptonic decay of the � are presented in Fig 1.1. The

last amplitude turned out to be suppressed by the very small factor of (m

�

=m

W

)

2

� 5 � 10

�4

[26] and

can be neglected. Then, as shown in Refs. [27, 28, 29], the presence of a radiative photon in the �nal

state (or sometimes called inner bremsstrahlung) exposes three more Michel parameters, �̄, �

00

and

��, which are explicitly given by

�̄ =

�

�

�

g

V

RL

�

�

�

2

+

�

�

�

g

V

LR

�

�

�

2

+

1

8

�

�

�

�

g

S

RL

+ 2g

T

RL

�

�

�

2

+

�

�

�

g

S

LR

+ 2g

T

LR

�

�

�

2

�

+ 2

�

�

�

�

g

T

RL

�

�

�

2

+

�

�

�

g

T

LR

�

�

�

2

�

; (1.7)

�

00

= <

n

24g

V

RL

(g

S �

LR

+ 6g

T�

LR

) + 24g

V

LR

(g

S �

RL

+ 6g

T�

RL

) � 8(g

V

RR

g

S �

LL

+ g

V

LL

g

S �

RR

)

o

; (1.8)

�� =

�

�

�

g

V

RL

�

�

�

2

�

�

�

�

g

V

LR

�

�

�

2

+

1

8

�

�

�

�

g

S

RL

+ 2g

T

RL

�

�

�

2

�

�

�

�

g

S

LR

+ 2g

T

LR

�

�

�

2

�

+ 2

�

�

�

�

g

T

RL

�

�

�

2

�

�

�

�

g

T

LR

�

�

�

2

�

: (1.9)
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Table 1.1: Michel parameters of the � lepton

Name SM Spin Experimental Comments and Ref.

value correlation result

y

[7]

� 0 no 0:057 � 0:034 [19]

� 3=4 no 0:74979 � 0:00026 [20]

� 1 yes 1:0009

+0:0016

�0:0007

[21]

� 3=4 yes 0:75047 � 0:00034 [20]

� 0 no 0:02 � 0:08 [22]

�� 0 yes 0:00 � 0:01 calc. from �

0

value [23]

y

Experimental results represent average values obtained by the particle data group (PDG) [7]. The most

precise results are referenced here.

The formula of di�erential decay width for the radiative decay, which corresponds to Eq. (1.6) in

�

�

! `

�

��̄ case, becomes more complicated and we postpone its description until Chapter 5. Never-

theless, these new Michel parameters also a�ect the spectra of daughter particles.

Similarly to � and �, both �̄ and �

00

appear as spin-independent terms in the di�erential decay

width. Since all terms in Eq. (1.7) are non-negative, the upper limit on �̄ provides a constraint on

each coupling constant. The value of �

00

is suppressed by a factor of m

`

=m

�

� 0:03% for an electron

daughter and � 6% for a muon daughter and so di�cult to measure with the statistics available so

far. In this study, we use the SM value �

00

= 0.

To measure ��, which appears in the spin-dependent part of the di�erential decay width, we

must determine the spin direction of the �. This spin dependence is extracted using the spin-spin

correlation with the partner � in the event (it is explained in detail in the next chapter).

The information on Michel parameters is summarized in Tables 1.1 and 1.2 for muon and tau,

respectively. �̄ and �� parameters have been already measured in �

�

decay (note that �� parameter

is induced from �

0

parameter). Using the statistically abundant data set of ordinary leptonic decays,

previous measurements had determined the Michel parameters �, �, � and � to an accuracy of a few

percent and in agreement with the SM prediction. Taking into account this measured agreement, the

smaller data set of the radiative decay and its limited sensitivity, we focus in this analysis only on the

extraction of �̄ and �� by �xing �, �, � and � to the SM values. This represents the �rst measurement

of the �̄ and �� parameters of the � lepton.

1.5 Physics motivation

As introduced in Sec. 1.3, the relationships between the coupling constants g

N

i j

and the Michel param-

eters intricately intertwine each other. Consequently, an intuitive understanding of the connection to

a speci�c model BSM is a room for discussion. For example, it is known that � is directly associated

with the charged Higgs model. In the SM, only g

V

LL

= 1 is nonzero and other g

N

i j

being zero, hence

from Eq. (1.3) we obtain � � 0:5 � <fg

S

RR

g. Since the charged Higgs mediates the radiative leptonic

decay of the � as a scalar-type interaction, the measurement of � is regarded as the veri�cation of the

coupling of Higgs to the right-handed �. The same analogy holds for �

00

: �

00

� 8 � <fg

S

RR

g. On the

contrary, other Michel parameters appear as the complex combinations of many contributions BSM.

Nevertheless, there are a few comments for the new Michel parameters, �̄ and ��. First, the

ordinary Michel parameters (�, �, � and �) can be measured blindly to the polarization of outgoing

lepton. Conversely, the measurement of the new parameters �̄ and �� in the �

�

! `

�

��̄
 is equivalent
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Table 1.2: Michel parameters of the � lepton

Name SM Spin Experimental Comments and Ref.

value correlation result

y

[7]

� 0 no 0:013 � 0:020 [24]

� 3=4 no 0:745 � 0:008 [25]

� 1 yes 0:995 � 0:007 measured in hadronic decays [24]

�� 3=4 yes 0:746 � 0:021 [25]

� 0 no not measured from radiative decay (RD)

�� 0 yes not measured from RD

�

00

0 no not measured from RD, suppressed by m

`

=m

�

y

Experimental results represent average values obtained by the particle data group (PDG) [7]. The most

precise results are referenced here.

to the veri�cation of the couplings of each chirality of the daughter lepton. The angular distribution

of the photon vs the movement of the daughter lepton provides the information of the polarization

of the lepton. In fact, according to Ref. [30], the �� is related to another Michel-like parameter

�

0

= �� � 4�� + 8��=3. Because the probability that the �

�

decays into the right-handed charged

daughter lepton Q

�

`

R

is given by Q

�

`

R

= (1 � �

0

)=2 [31], the measurement of �� provides a further

constraint on the V �A structure of the weak current.

y

It is known that veri�cation of the asymmetric

nature of the chirality has a strong impact on the theory BSM like right-left symmetric model [32, 33].

Second, as is mentioned before, the �̄ is a sum of non-negative terms, hence the upper limit of the

�̄ constrains the value of each component. As summarized in �-Lepton decay parameters in Ref. [7],

some of the g

N

i j

included in Eq. (1.7) are not well measured for the � decay:

jg

V

RL

j < 0:52 (95% C:L); (1.10)

jg

T

RL

j < 0:51 (95% C:L); (1.11)

jg

S

RL

j < 2:01 (95% C:L); (1.12)

jg

S

LR

j < 0:95 (95% C:L): (1.13)

The measurement of the �̄ is very powerful way to constrain these couplings. Moreover, �̄ is also

related to another Michel-like parameter �

00

= 16�=3 � 4�̄ � 3, which represents the angular depen-

dence of the longitude spin of the daughter lepton (see e.g. Ref [34]). Although �

00

has been already

measured for � decay, that of � is not yet known.

Finally, these six Michel parameters deliver independent information. Figure 1.2 summarizes the

matrix of the correlation coe�cients of these Michel parameters calculated by �tting the parameters

to the spectra of Monte Carlo events for �

�

! e

�

��̄
 (the detailed method of this evaluation is ex-

plained in Chapter 5). The correlations of the Michel parameters between the ordinary and radiative

ones, i.e., �, �, �, � and �̄, �� are su�ciently small and this implies a potential impact on the constraint

of g

N

i j

in terms of the construction of theories.

1.6 Production of � leptons

In Table 1.3, information of possible � decay data collected by various experiments is listed. To

precisely measure the properties of the � lepton, there are two requirements: the observation of large

y

Similarly, the probability that the right handed � couples the daughter lepton is given by Q

�

R

= [1+ (3��16��)=9]=2.

11



� �'' �� � � � ��

�
�''

��
�
�
�

Figure 1.2: Correlation coe�cients between the Michel parameters.

Table 1.3: List of available � data

Experiment Integrated luminosity (fb

�1

) Beam energies

ARGUS 0.5 E

ee

= 9.4-10.6 GeV

CLEO-II 4.7 E

ee

= 10.6 GeV

CLEO-c 0.8 E

ee

= 3.8 GeV

Babar 467 E

ee

= 10.0-10.6 GeV

Belle 980 E

ee

= 9.5-10.9 GeV

LHCb > 2:0 E

pp

= 13 TeV (2015-2016)

number of � decays and clean environment in the detection of daughter particles. Accounting for not

only number of events but also clean environment of lepton collider, the Belle experiment possesses

the best � data for its precision measurement.

The Belle experiment, which was operated for more than ten years from 1999 to 2010 at Tsukuba

Ibaraki Japan, is a project using an electron-positron collider KEKB and Belle detector. The project

was originally organized to aim for an observation of the source of CP violation in the decays of B

mesons based on huge number of events. Indeed, Belle succeeded to uncover the mechanism of the

CP asymmetry in the context of the SM. At the same time, however, the Belle experiment collected

data from huge number of � decays produced by e

+

e

�

! �

+

�

�

process. We use this excellent

environment to reveal the fundamental nature of � lepton.
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Chapter 2

Radiative leptonic decay �

�

! `

�

��̄


In order to measure the Michel parameters, �̄ and ��, the probability density function (PDF) is �tted

to the decay spectra of �

�

! `

�

��̄
 decay (` = e or �). Using �

+

! �

+

�

0

�̄ decay as a spin analyzer

for the partner side of �

+

in e

+

e

�

! �

+

�

�

production, information of polarization is extracted. In this

section, we review the characteristics of the signal decay. Detailed method about the �t procedure is

explained in Chapter 5.

2.1 De�nition of the radiative decay and its distribution

Two kinetic parameters characterize the radiative leptonic decay �

�

! `

�

��̄
. First one is an energy

of the radiative photon E




. Figure 2.1 shows the E




distribution simulated by KKMC and TAUOLA

generators.

�

Here, the E




is de�ned in the center of mass system (CMS) of e

+

e

�

beam.

y

As the

histograms show, the distribution of the photon energy diverges in the limit E




! 0. This comes

from the fact that the d�=dE

�




has a singularity at E

�




! 0, where E

�




represents the photon energy in

the � rest frame.

For the reason noted above, the ordinary leptonic decay (no photon) and the radiative decay

cannot be naturally distinguished. That is to say, the energy threshold is conceptually required: if

E

�




exceeds a certain threshold, the event is regarded as the radiative decay. A conventional choice

E

�




= 10 MeV is determined in such a way that 
 is realistically measured by experiment and at

the same time branching ratio becomes reasonable fraction. In addition, if we apply typical photon

energy threshold � 100 MeV in the laboratory frame (such veto is necessary to exclude variety of

backgrounds), a soft radiative events whose photon energy is less than E

�




< 10MeV is rarely selected

(order of 1%). We use this speci�c value in the whole analysis to de�ne e�ciency of our radiative

decay.

z

The energy threshold of E

�




= 10 is also used to de�ne the branching ratio of radiative decay,

which is explained in next subsection.

In reality, it is also required to determine lower threshold to generate the radiative decays by MC

simulation. The TAUOLA generator adopts the generating-energy threshold E

�


gen

= m

�

=1000, which

should obviously satisfy E

�


gen

< E

�




. Figure 2.2 shows the fraction of the radiative process out of

total amounts of generated leptonic decays as a function of E

�




threshold. These plots tell that the

fraction of radiative events (used to determine e�ciency) are 10:6% and 2:6% for electron and muon

modes, respectively.

A cosine of angle between the outgoing lepton and photon cos�

`


is another important variable in

this analysis. Because the decay amplitude is approximately expressed as a sum of

h

�

2

`


+ m

2

l

=E

2

`

i

�n

�

These generators are explained in Sec. 3.4.

y

Otherwise stated, variables without any labels always mean those of the CMS.

z

From theoretical point of view, to justify the precision of perturbation technique, the choice of smaller value less

than 10 MeV is not reasonable.
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Figure 2.1: Energy distribution of the radiative photon on the CMS generated by KKMC.
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Figure 2.2: Fraction of event having a photon energy above threshold (out of generated leptonic

decays): (left) �

�

! e

�

��̄
 and (right) �

�

! �

�

��̄
. The horizontal axis represents photon energy

threshold on the �-rest frame and the vertical axis indicates the ratio. If conventional de�nition, E

�




=

10 MeV, is used, the fractions are 10:6% and 2:6% for the electron and muon modes, respectively.

The �at shape of small-energy region comes from the generating-energy threshold E

�


gen

= m

�

=1000.
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Figure 2.3: Distribution of an angle between lepton and photon: (left) �

�

! e

�

��̄
 and (right)

�

�

! �

�

��̄
. The horizontal is cos�

`


.

for an integer n, the heavier mass of muon exhibits a broad distribution as can be seen in Fig. 2.3. The

requirement of maximum-allowed angle between lepton and photon is used to discriminate signal

from background contamination.

2.2 Spin-spin correlation of �

+

�

�

and two-body decay �

+

! �

+

�̄!

�

+

�

0

�̄)

�
+

�
�

e
�

e
+

RH

RH

LH

LH

Figure 2.4: Spin-spin correlation in e

+

e

�

! �

+

�

�

process. The helicities of �

+

�

�

pair are preferably

anti-correlated each other. Same color indicates same combination.

As mentioned in Sec. 1.3, the measurement of the �� requires the information of the spin of

mother �. This is extracted through the correlation of the � and its partner � in e

+

e

�

! �

+

�

�

produc-

tion. As drawn in Fig. 2.4, the helicities of �

+

�

�

pair are anti-correlated (against) each other. Since

this process occurs through an exchange of 
 (spin-1 particle), the angular conservation permits only

either �

+

R

�

�

L

or �

+

L

�

�

R

states in the high energy limit E

�

! 1, where L and R denote the helicities of

taus. In case of beam energy of KEKB accelerator (approximately E

�

� 5 GeV), 95% of �

+

�

�

pairs

are anti-correlated while 5% are correlated.

In the other side of �, or sometimes called tag-side, we use �

+

! �

+

�

0

�̄ decay. In general, the

hadronic decay of the � with two pseudo-scaler mesons have a quantum number J

P

of either 0

+

or

1

�

. The conserved vector current (CVC) theorem allows only the latter choice, hence the spin-1

excited state of �(770) as well as its radial excitations �(1450), �(1700)... are believed to dominate

this process. Figure 2.5 shows the invariant mass distribution of the two-pion system for �

+

! �

+

�

0

�̄

process simulated by the KKMC and TAUOLA generators.
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Figure 2.5: Invariant mass distribution for the two-pion system generated by KKMC and TAUOLA.
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Figure 2.6: Angular dependence of �

+

movement in �

+

! �

+

�̄ decay: (a) �

�

�

is the angle between

spin direction of tau and �

+

in the �

+

rest frame (b) distribution of cos�

�

�

. The blue arrow represents

spin of �

+

.

The spin direction of �

+

a�ects the angular distribution of �

+

particle. As Fig. 2.6 shows, the �

+

are preferably generated into the opposite direction of the tau spin. This situation can be explained

by a superposition of two amplitudes of a and b:

jai = j0i 


�

�

�

�

�

1

2

+

: A

a

= haj+i ; (2.1)

jbi = j1i 


�

�

�

�

�

1

2

+

: A

b

= hbj+i ; (2.2)

where the brackets in the right hand side represent helicities of �

+

meson and �̄, j+i represents the

initial state of �

+

polarized in +z direction, andA

a

andA

b

are the corresponding amplitudes of each

channel whose maximums have a relation given by jA

max

a

=A

max

b

j =

p

2m

�

=m

�

[35]. As illustrated

in Fig. 2.7, the amplitudes of a and b become maximum (minimum) at �

�

�

= � (0) and �

�

�

= 0 (�),
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Figure 2.7: Two spin con�gurations of �

+

and �̄: (a) the angular momentum perfectly conserves

when �

�

� = � while violates when �

�

� = 0: (b) the situation becomes opposite. As a result, (a) and

(b) have angular dependences of sin �

�

�

=2 and cos �

�

�

=2, respectively.

respectively, and in fact it is known that the angular dependences are given by sin �

�

�

=2 and cos �

�

�

=2.

Observed probability is thus calculated to be

P(�) / 1 �

jA

max

a

j

2

� jA

max

b

j

2

jA

max

a

j

2

+ jA

max

b

j

2

cos �

�

�

= 1 �

m

2

�

� 2m

2

�

m

2

�

+ 2m

2

�

cos �

�

�

� 1 � 0:43 cos �

�

�

: (2.3)

This linear dependence on cos �

�

�

is seen in the �gure.

This rho decay is chosen because of its large branching fraction B(�

+

! �

+

�

0

�̄) = (25:52 �

0:09)% [7] and relatively simple form-factor, which results in an easy implementation of the PDF.

As a matter of fact, taking into account the magnitude of polarizations and branching fractions,

Ref. [35] reports that �

+

! �

+

�

0

�̄ exhibits the largest sensitivities of all � decays on the polarization

measurement.

As explained above, through the spin-spin correlation in e

+

e

�

! �

+

�

�

production and the angular

distribution of pions from rho decay, information of �

�

spin is indirectly extracted only to measure

the �� parameter.

2.3 Branching ratio of �

�

! `

�

��̄
 decays

Before starting this project to measure the Michel parameters, the most accurate experimental values

of the branching ratio of �

�

! `

�

��̄
 decay were the measurement by the CLEO experiment [36].

Using 4:68 fb

�1

of e

+

e

�

annihilation data, the CLEO obtained

B

EX:

CLEO

(�

�

! e

�

��̄
)

E

�




>10 MeV

= (1:75 � 0:06 � 0:017) � 10

�2

; (2.4)

B

EX:

CLEO

(�

�

! �

�

��̄
)

E

�




>10 MeV

= (3:61 � 0:16 � 0:35) � 10

�3

; (2.5)

where the �rst uncertainty is statistical and second is systematic. This measurement was renewed in

2015 by BaBar experiment using much more abundant statistics of 431 fb

�1

e

+

e

�

collision data to

give [37],

B

EX:

BaBar

(�

�

! e

�

��̄
)

E

�




>10 MeV

= (1:847 � 0:015 � 0:052) � 10

�2

; (2.6)

B

EX:

BaBar

(�

�

! �

�

��̄
)

E

�




>10 MeV

= (3:69 � 0:03 � 0:10) � 10

�3

: (2.7)

These measurements are in good agreement with the theoretical calculations, which rely on the for-

mula given by [38, 39].

On the other side, as reported by Ref. [40] in 2015, the renewal of theory found a deviation

between these experimental values and the up-to-date theoretical prediction. In this update, the next

leading order quantum electrodynamics (QED) correction was newly taken into account, where up

to order-�

2

e�ects were included. The additional �-correction gives not only the loop correction, but
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also another infrared divergence in the �nal result. Therefore, the conceptual treatment of photon

di�ers from that of single emission: a combination of one visible photon and one invisible photon

(


soft

; 


vis:

) is categorized as an exclusivemode while a combination where at least one visible photon

exists (


vis:

; 


vis:

) + (


soft

; 


vis:

), is categorized as an inclusive mode (both visible mode (


vis:

; 


vis:

) is

also distinguished as a doubly decay). Interestingly, the measurement of mentioned branching ratios

for �

�

! e

�

��̄
 decay, which is in fact approximately the exclusivemode, deviates from the exclusive

SM prediction by 3:5�. According to the reference, the leading order (LO) calculation predicts

B

Th:

LO

(�

�

! e

�

��̄
)

E

�




>10 MeV

= 1:834 � 10

�2

; (2.8)

B

Th:

LO

(�

�

! �

�

��̄
)

E

�




>10 MeV

= 3:663 � 10

�3

; (2.9)

whereas the next-leading order (NLO) predicts

dB

Th:

NLO

(�

�

! e

�

��̄
)

E

�




>10 MeV

= 1:645(19) � 10

�2

; (2.10)

B

Th:

NLO

(�

�

! �

�

��̄
)

E

�




>10 MeV

= 3:572(3) � 10

�3

: (2.11)

Herein, the errors for the NLO calculation arise from a next-next-leading order e�ects, numerical

calculation and an experimental value of the lifetime of the �.

As a byproduct of this analysis, we also measure the branching ratio. The procedures are de-

scribed in detail in Chapter 9.

2.4 E�ect of the Michel parameter on the distribution

In this section, we demonstrate the e�ect of the Michel parameter on the spectra of daughter particles.

As we shall explain, every event of signal �

+

�

�

! (�

+

�

0

�̄)(`

�

��̄
) is represented as a corresponding

point in the twelve-dimension phase space. Due to its large dimension, it is di�cult to intuitively

observe the change of distribution. However, we can glimpse the dependence of spectra of the lepton

and photon variables on the Michel parameter by observing distributions projected on 1D-axis.

The dependence on �� disappears when we integrate isotropically in the phase space because ��

is included in the spin-dependent term of the di�erential decay width as:

d�(�! `��̄
)

dPS

� S

�

�

� V

�

��; (2.12)

where V

�

is a vector function, which does not depend on S

�

�

and is written as a linear combination

of the direction of lepton n

�

`

and photon n

�




. Integrations over the directions of lepton and photon (n

�

`

and n

�




) give a net contribution of zero. Thus it is required to adopt some asymmetric manipulation

to visualize �� e�ects. To separate the overall phase space, we use a helicity sensitive parameter !

h

,

which represents polarization of the � and is calculated only from observables. By construction, !

h

varies in an open interval: !

h

2 (�1; 1). The positive value of !

h

implies it is probable that the spin

of the �

+

(! �

+

�

0

�̄) is pointing to the same (opposite when �

�

decays to �

�

�

0

�) direction as that of

�

+

movement. The detailed de�nition of !

h

is introduced in Sec. 6.1. To observe the asymmetric

e�ect, we integrate the di�erential decay width in the phase space only where !

h

becomes positive.

Figures 2.8 and 2.9 show the dependence of the shape of momenta of lepton and photon on the

Michel parameters. Each distribution is calculated for a certain value of the Michel parameter by

the integration of the di�erential decay widths with other variables. For demonstration purpose, the

range of variation of the Michel parameters are chosen to be larger than physically-realistic values.

As explained above, only !

h

> 0 events are used for the integration to draw Fig. 2.9. We observe

that the magnitude of the momentum of lepton is more strongly a�ected by the Michel parameters

than other variables. Furthermore, the dependence of Michel parameter on �

�

! �

�

��̄
 decay is
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larger than that of �

�

! e

�

��̄
 decay. This comes from the fact that the contribution from physics

BSM is enhanced by a factor proportional tom

`

=m

�

as the explicit formula is introduced in Sec. 5.4.1.

Here, we show the variation of distribution assuming very large Michel parameters, the real pos-

sible values are, however, of order of 1 and this implies that measurement of these Michel parameters

requires the precise veri�cation of the small variation of spectrum shape. That is why we need to

observe large number of events.

2.5 Determination of � direction

Due to the short lifetime of �, it is di�cult to directly measure the decay direction. Nevertheless, in

the �

+

�

�

rest frame, we can constrain their direction assuming the masses of neutrinos to be zero.

When the leptonic decay occurs, two neutrinos appear in the �nal state. Because the two-body system

of ��̄ must not have a negative invariant mass, an inequality holds:

0 � M

2

��̄

= p

2

��̄

= (p

�

� p

`

)

2

, cos �

�`

�

2E

�

E

`

� M

2

�

� M

2

`

2P

�

P

`

; (2.13)

which means that the � decays in the region enclosed by a cone around lepton direction. On the other

hand, if the � decays hadronically, one neutrino is produced and gives an equality:

x

0 = M

2

�

= p

2

�

= (p

�

� p

h

)

2

, cos �

�h

=

2E

�

E

h

� M

2

�

� M

2

h

2P

�

P

h

; (2.14)

where p

h

is a sum of four vectors for the hadronic daughters and M

h

is its invariant mass. This means

that the � decays inside the surface of a cone determined from the direction of hadron momentum.

Depending on the conditions, through which type two taus decay, we can divide the situation into

three categories: (h; h), (`; h) and (`; `), where (a; b) with a; b = l; hmeans two tau decay leptonically

(l) or hadronically (h). As Fig 2.10 shows, (h; h) decay enables us to �x the direction of the tau into

two candidates. If either of the � decays leptonically, the direction is no more �xed and becomes

a region: (`; h) constrains on a line and (`; `) constrains on a region. In the case of signal of this

analysis� �

�

! `

�

��̄
 and �

+

! �

+

�

0

�̄�the candidate becomes a line. Therefore, we parametrize

the direction using one parameter � 2 [�

1

;�

2

]. As described later, this determination of � direction

is used to describe a probability density function (PDF).

x

Current upper limit of the mass of tau neutrinom

�

�

� 18:2 MeV [41] is practically su�cient to justify this equation.
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Figure 2.8: Dependence of momenta and angles on �̄: left �gures (a)(c)(d) represent dependence of

the shape of P

`

, P




and �

`


spectra on �̄ for �! e��̄
 decay and right �gures (b)(d)(f) represent those

for �! ���̄
 decay.
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Figure 2.9: Dependence of momenta and angles on ��: left �gures (a)(c)(d) represent dependence

of the shape of P

`

, P




and �

`


spectra on �� for � ! e��̄
 decay and right �gures (b)(d)(f) represent

those for �! ���̄
 decay.
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(a) (h; h) (b) (`; h) (c) (`; `)

Figure 2.10: Kinematics of �� decay for (a) (h; h), (b) (`; h) and (c) (`; `). Cones A and B are surfaces

which satisfy condition: p

2

miss

= 0. In the case of (h; h) decay, the candidate of the � direction becomes

generally two points determined by crossed points of the reversal cone A and cone B. Similarly in

(`; h) case, the candidate becomes line as colored by red and (`; `) constrains onto a region enclosed

by red curve. In the case of signal decay, �

+

�

�

! (�

+

�

0

�̄)(`

�

��̄
), the candidate is line (b).
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Chapter 3

Experimental Apparatus

We describe the experimental apparatus which realizes the measurement of the Michel parameters, �̄

and ��, using e

+

e

�

! �

+

�

�

! (�

+

�

0

�̄)(`

�

��̄
) process. Events are produced by the KEKB accelerator

and observed/recorded by the Belle detector.

3.1 The KEKB accelerator

The KEKB accelerator is an asymmetric energy collider of e

+

and e

�

. The beam energies of E

e

�

=

8:0 GeV and E

e

+

= 3:5 GeV are chosen such that the center of mass energy coincides with a mass

of resonance state of �(4S ):

p

s = 10:58 GeV where s is the Mandelstam variable. The �(4S )

state, which consists of b

¯

b quark pair, successively decays into B

¯

B pairs. Meanwhile, via a virtual 


interchange, the e

+

and e

�

pair also annihilates into �

+

�

�

and cc̄ pairs, etc. The asymmetry of beam,

�
 = 0:425, is intended to enlarge the decay lengths of B mesons in the laboratory frame to gain an

e�ective time resolution for the measurement of their decay rates.

A key goal of KEKB accelerator is to produce B and � particles of interest as many as possible. In

fact, KEKB achieved the maximum instantaneous luminosity L = 2:11 � 10

34

cm

�2

s

�1

, which is the

world-largest instantaneous luminosity at the time of writing.

�

For this reason, KEKB accelerator

is called B-factory or �-factory. To realize the precise measurement of �

�

! `

�

��̄
 decay (order

�-suppressed relative to the ordinary leptonic decay �

�

! `

�

��̄), the large number of taus thanks to

the �-factory are necessary.

Not only did the KEKB accumulated e

+

e

�

annihilation data at �(4S ) energy, but it also col-

lected data at di�erent energy settings such as mass resonances of �(1S ) (9:46 GeV=c

2

), �(2S )

(10:02 GeV=c

2

) and �(5S ) (10:86 GeV=c

2

). At these energies, the e

+

e

�

! �

+

�

�

process still occurs,

however, the situations of event selection and trigger are not necessarily same as that of �(4S ), and

moreover the di�erent beam energies make the description of PDF (which is explained later) com-

plex. For this reason, we use only �(4S ) resonance data, which amounts to 703fb

�1

and corresponds

to 70% of all data.

Figure 3.1 shows an overall view of the KEKB accelerator. The electrons are generated from

a thermal electron while positrons are obtained by colliding 4 GeV e

�

beam into a high-Z material

(tungsten) in which a gamma conversion 
 ! e

+

e

�

generates the positrons. Both e

+

and e

�

are

accelerated by a linear accelerator (LINAC) and injected into a low energy ring (LER) and a high

energy ring (HER), respectively. At Tsukuba area, the e

+

and e

�

collide at interaction point (IP) with

a crossing angle of 22 mrad enclosed by the Belle detector. In table 3.1, the machine parameters of

KEKB accelerator are summarized.

�

The upgrade project of the Belle experiment, Belle II, is planning to start physics data taking from 2017 using the

Super KEKB accelerator and Belle II detector, where further increase of the luminosity by a factor of �fty is expected.

In Chapter 10, we explain the prospect of this analysis using data from the next-generation experiment.
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Figure 3.1: A drawing of KEKB accelerator. Electrons and positrons circulate the high and low en-

ergy rings in clockwise and anti-clockwise, respectively. The Belle detector is located at the Tsukuba

hall [42].

Table 3.1: KEKB accelerator machine parameter

Item HER (e

�

) LER (e

+

)

Circumference (m) 3016

Beam energy (GeV) 8.0 3.5

Beam current (A) 1.6 1.2

Beam-beam parameter �

y

(mm) y 0.09 0.129

Beta function at IP �

�

y

(mm) y 5.9

Beam size at IP �

x

=�

y

(�m/�m) 1:9=77 1:9=77

Number in bunches y 1584

Crossing angle (mrad) 22

y Achieved values
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Figure 3.2: De�nition of axis in the laboratory frame. The direction of z-axis is de�ned as reversal

way of positron beam. The electron and positron movement forms xz plane.

3.1.1 De�nition of frame

The directions of the electron and positron beams are not precisely back-to-back in the laboratory

frame: the tilt angle is �

LAB

= 22 mrad. This situation is shown in Fig. 3.2. xyz-axis in the laboratory

frame are de�ned by using beam direction: the positron direction is de�ned as a reversal way of +z,

the plane, in which both electron and positron settle, is xz-plane. Therefore, the four vectors of the

electron and positron are parametrized in the laboratory frame as:

p

LAB

e

�

= (E

LAB

e

�

; P

LAB

e

�

sin�

LAB

; 0; P

LAB

e

�

cos�

LAB

) (3.1)

and

p

LAB

e

+

= (E

LAB

e

+

; 0; 0;�P

LAB

e

+

): (3.2)

The sum of these momenta p

LAB

CMS

is that of the CMS in the laboratory frame and the velocity �

LAB

CMS

=

P

LAB

CMS

=E

LAB

CMS

allows us to convert four vectors in both frames each other. When the beam momenta

are boosted to the CMS with this �

LAB

CMS

, the direction of z-axis does not coincide with that of electron.

For this reason, we rotate frame around y-axis by � such that both beams become collinear along

z-axis, where � is approximately 13:24 mrad. The rotated frame is the de�nition of our CMS frame.

Here, we summarize the de�nition of the coordinate system and notations.

� Directions of z in both the laboratory and CMS frames are de�ned using e

+

beam which points

-z direction.

� Direction of x in both the laboratory and CMS frames are determined by rotating aforemen-

tioned z direction by 90

�

in the plane formed by the laboratory movements of electron and

positron (�-plane).

� Direction of x in CMS frame is determined by rotating the de�ned z direction by 90

�

in the

�-plane.

� Direction of y is de�ned by the cross product of vectors e

y

= e

z

� e

x

, where e

i

(i is x, y or z)

stands for the unit vector of i direction.

� � stands for the polar angle from +z direction

� � stands for the azimuthal angle around z axis

� r stands for the transverse distance calculated as r =

p

x

2

+ y

2

.

� Transverse momentum of p is notated as p

t

and de�ned as the r of p, i.e., p

t

=

q

p

2

x

+ p

2

y

.
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Table 3.2: Information of sub-detectors of the Belle detectors [43]

Detector Type Con�guration Performance

SVD-1 Double sided Si-strip 3-layers r = 30:0; 45:5; 60:5 mm �

z

= 42 � 44=p� sin

5=2

� �m [44]

Strip pitch 25(p)/42(n) �m 23

�

< � < 139

�

�

r�

= 19 � 54=p� sin

3=2

� �m

(p in GeV=c)

SVD-2 Double sided Si-strip 4-layers r = 20:0; 43:5; 70:0; 88:0 mm �

z

= 26 � 33=p� sin

5=2

� �m [44]

Strip pitch 50(p)/75(n) �m (lay.1-3) 17

�

< � < 150

�

�

r�

= 17 � 34=p� sin

3=2

� �m

65(p)/73(n) �m (lay.4) (p in GeV=c)

CDC Wire drift chamber r = 8:3-87:4 cm (SVD1), 10:4-87:4 cm (SVD2) �

r�

= 130 �m

Anode: 50 layers �77 < z < 160 cm �

z

= 200 � 1400 �m

Cathode: 3 layers 17

�

< � < 150

�

�

p

t

=p

t

= 0:2%p

t

� 0:3%=�

�

dE=dx

= 6%

ECL CsI Scintillator Barrel: r = 125-162 cm, 32:2

�

< � < 128:7

�

�

E

=E = 1:3%=

p

E

# crystals in barrel 6624 Endcap: z = �102 cm, 130:7

�

< � < 155:1

�

�

pos

= 0:5 cm=

p

E

# crystals in endcap 2112 : z = 196 cm, 12:4

�

< � < 31:4

�

(E in GeV)

ACC Silica aerogel Barrel: r = 89-117 cm P(�jK) < 10%; P(KjK) > 80%

# aerogel in barrel 960 Endcap: z = 1660 cm for 1:2 GeV/c< P < 3:5 GeV/c

# aerogel in endcap 228

TOF Plastic Scintillator r = 120 cm 2� K=� separation

128 � segmentation for P < 1:2 GeV/c

�

t

= 100 ps

KLM Resistive plate counter Endcap: 20

�

< � < 45

�

�� = �� = 30 mrad.

14 layers : 125

�

< � < 155

�

Barrel: 45

�

< � < 125

�

3.2 The Belle detector

The Belle detector is a general-purpose measurement system which is composed of several sub-

detectors. The detector is con�gured by 1:5 T superconducting solenoid and encloses the IP of the

e

+

e

�

beam.

Figure 3.3 shows the overall view of the Belle detector. The decay vertices are measured by the

silicon vertex detector (SVD) located just outside of a cylindrical beam pipe. Tracking of the charged

particles are performed by the central drift chamber (CDC). Energy of electromagnetic shower is

measured by the electromagnetic calorimeter (ECL). Particle identi�cation is provided by the infor-

mation of dE=dxmeasurements by the CDC, a shape of shower in the clusters and E=pmeasurement

in the ECL, an aerogel Cherenkov counter (ACC) and a time-of-�ight counter (TOF). The K

L

and

muons are identi�ed by arrays of the resistive plate counters and iron plates located at the outermost

part of the Belle detector named K

L

and muons detector (KLM). All of these information is processed

and recorded by a data acquisition (DAQ) system when events are selected by a trigger. The general

information and performances of the sub-detectors are summarized in Table 3.2. In this section, we

describe functions and principles of the sub-detectors.
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Figure 3.3: Drawings of the Belle detector: (a) the overall view and (b) the cross section [43].
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Figure 3.4: Impact parameter resolution of the SVD as a function of pseudo-momentum: (a) �

z

and

(b) �

r�

[44].

3.2.1 Silicon Vertex Detector (SVD)

The main goal of the Belle experiment is to verify the mechanism of the CP violation in B decays,

where the violation of the CP appears as a time dependent asymmetry of the decay rate between

�

B! f

CP

(t) and �

¯

B
! f

CP

(t) ( f

CP

stands for a CP eigenstate). Since the di�erence of the decay rate of

B=

¯

B mesons is measured as that of the �ight length, the precise measurement of the vertex position

is crucial. The SVD plays a role in locating the vertex position of B mesons. Furthermore, a low

momentum track, which does not reach the CDC inner wall, is reconstructed only by the SVD. In

this analysis, the SVD helps the CDC in the charged track reconstruction.

There are two types of SVDs. The �rst version is called SVD1 and worked until 2003. Because of

a problem in the front-end chip, the SVD1 was upgraded to SVD2. The SVD1 (SVD2) is composed

of three (four) layers located at radii r = 30:0; 45:5; 60:5 mm (r = 20:0; 43:5; 70:0; 88:0 mm) and

covers 23

�

< � < 139

�

(17

�

< � < 150

�

), which is constructed from 8, 10, 14 (6, 12, 18, 18) ladder

structures, respectively. Each layer is made of double-sided Si-strip detectors (DSSD). The DSSD

has crossed linear e�ective areas (strip) on top and bottom sides, which are orthogonally segmented

along r� and z directions, respectively, and each strip is made by a p-type or n-type semiconductor.

When a charged particle passes through the p-n junction, the ionized electron-hole pair is sepa-

rated by an applied high bias voltage and read out separately from p and n-side strips of the detector.

The front-end circuit named VA1 chip provides an ampli�cation of the current and a shaping of the

signal. Figure 3.4 shows the achieved impact parameter resolution of the SVD1 and SVD2 as a func-

tion of pseudo-momentum, which takes into account the e�ective increase of the pass length inside

material and de�ned by �p = p� sin

5=2

� and �p = p� sin

3=2

� for z and r� directions, respectively. The

information of the SVD1 and SVD2 is summarized in Table 3.3.

3.2.2 Central Drift Chamber (CDC)

The CDC plays a role in the tracking of charged particle and a precise determination of the mo-

mentum. Since the Belle detector is in the magnetic �eld of B = 1:5 T, the momentum of charged

particle is determined according to p = 0:3B�, where p is a momentum of charged track in GeV/c

and � is the observed curvature in meter. The trajectory of the charged track is parametrized by �ve

free parameters (also known as a helix parameter) and �tted to a map of detected energy deposition.

The helix parameter contains information of not only the magnitude of curvature but also the impact
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Table 3.3: Information of SVDs

Item SVD1 SVD2

# layers 3 4

r (mm) 30.0, 45.5, 60.5 20.0, 43.5, 70.0, 88.0

coverage 23

�

< � < 139

�

17

�

< � < 150

�

# DSSD � # ladders

layer1: 2 � 8 2 � 6

layer2: 3 � 10 3 � 12

layer3: 4 � 14 5 � 18

layer4: - 6 � 18

DSSD n-strips 42 �m �640 50 �m �512 (layer 1-3)

65 �m �512 (layer 4)

DSSD p-strips 25 �m �640 75 �m �1024 (layer 1-3)

73 �m �1024 (layer 4)

DSSD Thickness 300 �m 300 �m

Total number of channel 81920 110592

parameter, which is the distance of the closest approach to the interaction point and denoted as dr and

dz in transverse and beam directions, respectively. The impact parameters are useful to reduce back-

grounds such as secondary particles from beam and cosmic rays. Moreover, the CDC also provides

information of the particle identi�cation based on dE=dx and reliable trigger signals.

As the structure of CDC is shown in Fig. 3.5, the CDC is a cylindrical wire drift chamber which

lies in the region 83 mm < r < 880 mm for SVD1 term and 104 mm < r < 880 mm for SVD2 term,

respectively, and covers 17

�

< � < 150

�

angle. The asymmetrical structure in z-direction is optimized

for the boost of beam. The chamber has 8400 drift cells, all of which are grouped as axial or stereo

super-layers. The stereo wires are tilted and allow us to determine z-position. A gas mixture of 50%

He and 50% C

2

H

6

was chosen because of its small low-Z so as to reduce the multiple scattering for

low momentum tracks.

The readout signals from the chamber are ampli�ed by Radeka-type pre-ampli�er [46] and sent

to the shaper and discriminator. The data are �nally processed by a charge-to-time converter with

retaining the information of the drift time and pulse height. With an aid of SVD, the combined

charged-track momentum resolution is given by:

�

p

T

p

T

=

 

0:19p

T

�

0:30

�

!

%; (3.3)

where p

T

is in GeV=c and the tracking e�ciency of charged pion is approximately 90% for 1 GeV/c

track.

Figure 3.6 shows a scatter plot of dE=dx vs momentum for various particle types. It can be

understood that the particle types are well separated according to each expected curve. The resolution

of dE=dx is 7% and utilized to discriminate particle types of charged tracks.
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