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Abstract

An investigation of inclusive charmless semileptodlaneson decaysB — X,ev,, at the endpoint of
the electron momentum spectrum is presented. This anatypisrformed on a sample @b.4 million

BB pairs that were produced at th&4.5) resonance by the KEKB accelerator and collected by the Belle
detector.

An analysis ofB — X, ev, can be used to measure the magnitude of the Cabibbo-Kolidyaskawa
mixing matrix elementV,,;|. |V.s| is @ fundamental parameter in the Standard Model of Pafiaiesics.

It constrains the parameters of the Unitarity Triangle. Umitarity Triangle underpins the understanding
of the phenomenon af' P violation within the Standard Model.

The partial branching fractions to this meson decay mode are determined in the electron momentum
spectrum as measured in the rest frame ofit(iS) resonance. These are extrapolated to the full branching
fractions using spectral fractions calculated from an ysislof the Belle measureB — X~ photon
energy spectrum. The analysis to determine the spectridne is also presented.

The full branching fractions are used to extrgct,| in multiple momentum intervals. TH&,,;| value

of minimal uncertainty is extracted in the momentum inté(2e0 — 2.6) GeV/c and found to be:

|Vip| = (4.79 £0.72) x 107>,
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Chapter 1

Introduction

Early last century symmetries became guiding lights forgitigts attempting to form and simplify physical
laws. Particle physicists thought that all fundamentaiattions were symmetric under the three discrete
operations of parity®), time reversal{’) and charge conjugatiody.

But in the late 1950’s Lee and Yang [1] hypothesised that & wat true for weak interactions, and
soon after parity and charge conjugation symmetries wenaddo be violated in weak decays [2—4].
The violations were separately maximal and thus the condbaperation,C' P, remained an unbroken
symmetry. Then in 1964 Christenson, Cronin, Fitch, andayui$] unexpectedly discover&dP violation.
Ever since, the subject af P violation has preoccupied particle physicists.

In 1967 the mystery surroundin@P violation heightened when Sakharov showed that it was a nec-
essary ingredient for theories attempting to explain théenanti-matter asymmetry of the universe [6].
Could this broken symmetry be one of the reasons for our wasgance? Perhaps, but the amoun€a?
violation allowed within the Standard Model of particle jsigs is too small to explain the discrepancy.

The Standard Model of particle physics is a mathematicahénsork that incorporates physical laws
describing all that is known about particles and their iat¢ions. This model emerged from experimental
discoveries and theoretical advances in the 1960s-70sasltbken amazingly successful at explaining
observed phenomena but many questions still remain. OaesloC' P violation; why does it occur? The
story of howC' P violation is accommodated in the Standard Model is an intrig one.

In 1963, before the Standard Model and even before the existef quarks was experimentally veri-
fied, Cabibbo investigated strangeness changing decaysuHd that quarks did not interact via the weak
force as states of definite mass, but rather a down quarlaictet as a mixture of down and strange flavour
states, described with a mixing angle. This phenomenorviskmown as Cabibbo mixing [7].

In 1970 Glashow, lliopoulis, and Maiani proposed the exiséeof a fourth quark, the charmed quark,
as a partner of the strange, to explain the lack of flavour gimgnneutral currents [8]. With two quark

families Cabibbo mixing was encoded into a mixing matrixwewer, described by one mixing angle it
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could not accommodatgéP violation.

In 1972, Kobayashi and Maskawa (KM) noted that the existefieethird quark family would permit
two more mixing angles and a phase in the mixing matrix [9]e Hiter, if non-zero, would result i@’ P
violation. This is known as the KM mechanism f0iP violation.

Subsequent discoveries confirmed the existence of quatkshair arrangement into three families.
The mixing matrix subsequently came to be known as the Cabiaibayashi-Maskawa (CKM) mixing
matrix. The Standard Model says nothing of its contentsemthan to conserve probability, the matrix
must be unitary. Measurements of the CKM parameters aréregfjio verify if this is in fact so. Such
measurements will either point to a self-consistent CKMriratr provide inconsistent representations of
CKM parameters. The former would announce another sucoesbd Standard Model, while the latter
would present us with a much more intriguing scenario, tles@nce of new physics effects - perhaps in
the form of yet unforeseen fundamental particles, whichpaeglicted to exist in the many extensions to
the Standard Model.

TheC P violation observed in 1964 occurred in the decay of neutrahesons (also known as kaons).
In 1980 Sanda, Carter and Bigi showed the KM mechanism pestliargeC P violating effects in certain
B meson decays [10, 11]. This, coupled with a relatively loatjdm (¢ quark) lifetime, ushered in the era
of the B-factory.

A B-factory, as the name suggests, produces large numbedgsnoéson particles. Two such facto-
ries, currently in operation at KEK and SLAC, are host to tlefl@and BaBar experiments, respectively.
Both consist of a particle accelerator complex which celi@lectrons into their antimatter counterparts,
positrons, at an energy best suited to produdingesons. Both are producing onf, 4 type mesons.

That the CKM matrix must be unitary imposes relations ambitgslements, some can be represented
as triangles in the complex plane. The sides of these teanghn be directly related to CKM matrix
element magnitudes, while the angles are sensitivé Roviolation effects. The triangle relating 18,, 4
meson decays, which has sides all roughly the same sizepverkas theJnitarity Triangle

Belle and Babar, which both commenced taking data in 19%9yigiorously pursuindnitarity Tri-
anglemeasurements. In 2001 both experiments simultaneoustytezbobservation of’ P violation in
the interference between mixing and decay of neutrahesons [12, 13]. Their observations, which were
in agreement, were consistent with KM expectations andeplaevere constraints on one angle of the
Unitarity Triangle, known asp; or .

Further measurements 8f meson decays would go a long way to determine whether the Kkheze
nism is adequate to account for all instance€'@f violation. It is hoped that indications of new physics
will be found and that eventually an understanding wh¥ violation occurs at all will be reached.

This thesis investigates inclusive charmless semileptBhmeson decays, using data collected with

lwhere the subscript denotes the flavour of the quark bourttetbdquark in the meson



the Belle detector. The measurement of the fractiol shesons that decay via this mode can be used to
calculate the CKM matrix elemetiV,;|. |V.s| is one of the smallest elements, which makes a precision
determination of it very difficult. Currently it's value isdown to within about 15%.

This thesis concentrates on determinihg,| through a study of the electron momentum spectrum,
a so-calledendpoint analysis While this is currently not generally regarded as the beshae to pre-
cisely determingV,;|, it still offers much insight into the theoretical uncentés that pervade, although
at a reduced level, more recent determinations. Moreoumre ghe last mature endpoint analysis was
reported [14], the significant backgrounds in the analysigetbecome better understood. Furthermore,
necessary to determinind.,,|, this thesis also investigates measurements of thedrpticameters that
are of consequence in aW,,| measurements made from inclusive charmless semilepf®meson de-
cays.

In summary, better measurementgdf, | are needed to help further constrain the KM parameters and

test whether the KM mechanism is truly adequate to descahe®.
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Chapter 2

On inclusive charmless semileptoni@

meson decays

2.1 The Standard Model

The Standard Model summarises the current state of knowliedaparticle physics. Written in the language
of relativistic quantum field theory, it is a gauge theorydzhenSU(3) ® SU(2) ® U(1). It combines
the theory of strong interactions, known as Quantum Chrgmanhics (QCD), with the unified theory of
electroweak interactions.

In the Standard Model particles are classified as eitheriéerenor bosons. A fermion is any particle
with half-integer spin while a boson is one with integer spifhe spin, measured in units of angular
momentum, is quantised, and is as intrinsic to a particle @assror charge. The fermions of the Standard
Model, which form the fundamental constituents of mattee, tae quarks and leptons. The bosons are
gauge particles which mediate the interactions.

QCD, based on th8U(3) gauge symmetry, describes the strong interactions of oetbguarks and
gluons. There are three colour charge states denoted tedabtl green, and there are eight massless gluon
bosons. Quarks, always found bound to other quarks, areneghifi mesons (quark-anti-quark pairs) and
baryons (quark triplets). QCD dictates that these are catharge neutral states. Collectively, mesons and
baryons are known as hadrons. The residual colour forcedegtwuarks in nucleons is responsible for the
strong nuclear force.

The combined theory of electroweak interactions, basechergauge symmetr§U(2);, @ U(1)y,
describes the weak and electromagnetic interactions. yimengtry is spontaneously broken through the
Higgs mechanism t&/ (1) 17, which has the effect of giving mass to the weak gauge bodtrsandZ°,
while leaving the electromagnetic gauge boson, the photassless.

There are six flavours of leptons and quarks. The weak irtieradistinguishes left handed leptons
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Leptons Quarks
Flavour Symbol Mass Electri¢ Flavour Symbol Mass Electri¢
GeV/c®>  charge GeV/c®> charge
electron neutrino v, <1078 0 up u 0.003 2/3
electron e 0.000511 -1 down d 0.006 -1/3
muon neutrino vy < 0.0002 0 charm c 13 2/3
muon 1 0.106 -1 strange S 0.1 -1/3
tau neutrino vy < 0.02 0 top t 175 2/3
tau T 1.7771 -1 bottom b 4.3 -1/3

Table 2.1: The fermion families of the Standard Model.

Unified Electroweak spin=1
Name  MassieV/c? Charge

~ photon 0 0
W= 80.4 -1
W+ 80.4 +1
A 91.187 0

Strong (Colour) spin=1
Name  MassieV/c? Charge
g gluon 0 0

Table 2.2: The bosons of the Standard Model.

and quarks into three families consisting of two flavour merskeach. Within a family the members are
arranged according to electromagnetic charge. The fesrdlie ordered from heaviest to lightest. All
fermions interact via the weak gauge bosons, which in mastcanediate decay of heavier particles to
lighter particles.

The arrangement and properties of all the flavoured quarttdegsions are shown in Table 2.1. The

gauge boson properties are shown in table 2.2.

2.2 CP violation in the Standard Model

The Standard Model Lagrangian is invariant under the coetbarction of the discrete operatiof’s P,

andT’, each defined as:
C - Charge conjugation transforming a particle into it's antiparticle;
P - Parity inversion changing the handedness of states right handed to left handed and vice-versa;

T - Time inversion reversing the direction of time.



2.2 C P violation in the Standard Model

CPT invariance is manifest in all quantum field theories thatydibe general conditions of: satisfy-
ing Lorentz invariance; possessing a lowest energy staits Energy spectrum (a vacuum); and micro-
causality.C PT invariance demands a particle and its corresponding antiepe have the same mass and

lifetime; so far all observations respect this statement.

C'P violation was first observed in the weak decay of a neutrahk#tte K. Initially thought to be
a pureC P-odd weak-eigenstate, it was found to decay t6a-even state of two charged pionsi 7.
The extent of the violation was small, occurring two in evirgusandK; decays, but was undeniable
nonetheless. Within the Standard Model the only possiblecgoof this type ofC' P violation resides
in the charged weak decay of quarks. Specifically, the weakged current mediating the interaction

between quarks is given by

Jif=@ ¢ tyyVoxm | s |, (2.1)
b

whereVcekw is the Cabibbo-Kobayashi-Maskawa mixing matfikky transforms quark mass eigenstates

from the mass to the weak basis. By convention the matrixaarctise quarks with chargg®, and is written

as
Vud Vus Vub
Vekm = | Vea Ves Vo |- (2.2)
Vie Vis Vi

The CKM matrix elements can be parameterised by three regésiand a phase. The existence of
thisirreducible phase, if non-zero, is the source of time-reversal symmetrand hence” P not being
a symmetry of the weak interaction. An infinite number of paegerisations could be chosen, however
some are better at exposing the underlying physics tharrsoth&ll observations are parameterisation
independent. The standard parameterisation of the matgivén by:
€12€13 512€13 s13e” "
VCKM = —S12€23 — 012823813€i5 C12C23 — 8128238136i5 523C13 ) (2.3)

)

. s
512823 — C12€23513€" —893C12 — S12C23513€"°  €23C13

wherec;; = cosb;;, s;; = sinf;; wherei, j = 1,2, 3 label the quark family and is the phase. The;;

ands;; can all be chosen to be positive ahthay vary in the range < ¢ < 2.

A useful parameterisation &k, proposed by Wolfenstein [15], expresses the CKM matrimelets
as an expansion in powers of the sine of the Cabibbo mixindeang= sin .. The matrix is almost
diagonal, and its elements get smaller the further theyrare the diagonal. It is parameterised by the four

Wolfenstein parameter) (= sin6.) = 0.22, A, g, n), which are all of order unity. For improved accuracy
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the following parameter definitions in the original Wolfégia parameterisation are adopted:
S12 = A S93 = AN?; s13e70 = AX3 (o — in), (2.4)

which are valid taall ordersin \. It follows that

= B oss, =2 sing, (2.5)
512523 512523
and therefore
1— A2 — ) A+ O\) AX3 (o —in)
Vorm = | =A+ LA2N5[1 — 2(0 + in)] — AN - IN(1 4442 AAZ+00) |, (26)
AN (1 -3 —i7) —AN + AN = 2(0+in)]  1— 1A%
where
_ 22 _ A2
e=0l-=),  T=nl-=) (2.7)

The unitarity ofVokn, VVT = I, leads to relations amongst its elements, for exahp)é/; ,V;: = 0,
> ViV, = 0and)_, V., V;; = 0. These relations can be drawn as triangles in the compl@&epl@he
triangle formed from the unitarity relation imposed on thstfand third columns has special significance
since it is one of the few such triangles with sides of roughé/same length@(\?)), which is suggestive
of largeC P violating effects inB,, 4 meson decays. It is known as tbaitarity Triangle. The relation is
given by
VaaVay + VeaVer + ViaVip = 0. (2.8)

Figure 2.1 depicts the Unitarity Triangle, rescaled bydiivy relation (2.8) byV._, V. | and choosing a
phase convention such th@t_,V;) is real. This fixes two vertices &0, 0) and(0, 1) with the remaining

vertex having coordinaté®, 77). The angles and side-lengths are given by:

e R R ol B e ol R R )
ViaVi ViaVi ViaVa
Viud Vs —2 | —2 A2 1| Vi

R = VaudVal _ NS L2 2.10

vl VIR o
ViVl 22 LV

R, = — /(1 -7 = — | Zlub 211

Vvl VTR e

The angles are sensitive €6P asymmetries since they are dependent on the phase. Thetoueasured

constraints of the Unitarity Triangle are drawn in figure. 222 present the five measurements that restrict
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)

1

Figure 2.1: The rescaled Unitarity Triangle

the range of g, 77) are:

e |V.s|, measured from semileptoni8 meson decays, which limits the accuracy in determining the

sidelengthR,;
e cx, measured from neutral kaon decays to two pions, which deéirie/perbola aboyt, 0);
e Amgy, measured fronBY — BY mixing, which determines sidelengfty;

e Amgy/Amg, measured fronB? — BY and B — BY mixing, which determine&; in a different way

to that above;

e a(J/YK,),thetime dependent CP asymmetnAn— J/¢ K g, induced in the interference between

mixing and decay of neutrd? mesons, which determines angleup to a four-fold ambiguity.

For more information on the constraints of thaitarity Triangle see references [16, 17].

Of interest to this thesis is the sidelengfl. Each of the inputs tdR, are determined from tree
level decays and therefore are, to excellent accuracyparmtdent of any new physics contributions. One
might think it uninteresting to investigate channels whichvide little hope of a new physics discovery,
however, the significance dt, lies in its status as a fundamental constant valid in anynsite of the

Standard Model. Resolving each of the factor&inusing world averages [17] gives:
|Vud| = 0.9738 £ 0.0005; |Vp| = (41.3 £1.5) x 1073, (2.12)

|Voa| = 0.224 4 0.012; |Vip| = (3.67 £0.47) x 1073, (2.13)
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15 1
[ | excluded area has < 0.05 CL
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Figure 2.2: Constraints on the Unitarity Triangle in the hoyed Wolfenstein parameterisation

which implies
Ry, =0.39+0.06 . (2.14)

The uncertainty in?;, is dominated by that ifi/,; |.

2.3 Accessing V|

By examining the Standard Model charged current descrithiegveak decay of quarks in equation 2.1, it
may be seen thal/,; | is the strength of thé quark coupling to a quark via a charged weak bosa#,*.
The W+ is virtual and decays to either lepton or quark pairs. The odtany process that contains the
b — uW transition will depend ofV,,;|. All things being equal, any measurement éf-a «W transition
would suffice to extradtV,,|.

All things aren’t equal. A quark in isolation has never beésarved. Quarks live only in hadrons,
confined to other quarks via the colour force, as describeQ®. The complication arises because the
QCD coupling constant is believed to grow as the energy ssédavered, which leads to the phenomenon
of confinement

Perturbative expansions in the strong couplingwhich are used to calculate physical quantities such
as decay rates, become useless, and thus problems requipertarbative treatment. Since the- uW

transition is confined within a hadron, the decay rate isifeago the so-called non-perturbative meson
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dynamics.

Fortunately theorists have been able to discover and explmperties of the QCD Lagrangian in kine-
matic regions that allow for meaningful calculations to bad®. These techniques are introduced and

discussed with relevance ;| in the following subsection.

It's worth mentioning that at higher energies QCD exhibits property ofasymptotic freedomThe
QCD coupling here is found to be small, which allows caldolz to be made through perturbative expan-
sions. Separating the regimes of perturbative and nonxeative dynamics is the scale denoted\ag:p,

which is roughly equal t@00 MeV.

2.3.1 Inclusive Charmless Semileptonid3 meson decays

A charmless semileptoniB meson decay is one where thguark within the meson decays into an up
flavour quarku, and a virtual charged weak bosd#i, which promptly produces a charged leptgrand

lepton-neutrinoy;. The decay interaction is written as
B — X,ly. (2.15)

The Feynman diagram of this process is shown in figure 2.3 ompanying thé quark is the so-called
spectator quark, denotgd The decay is regarded as inclusive when all possijjeare considered. The
decay is said to be exclusive whéf, is specified, for exampl®& — xlv;. A charmed, as opposed to a
charmless semileptoniB meson decay, corresponds to the case wheré theark decays to a charmed

quark ) instead.

14/
W
-
b - u
B Vub Xu
_ -¢ _
q q

Figure 2.3: Feynman diagram of a charmless semileptBriceson decay.

The presence of the leptonic component simplifies the tlieatdreatment to the point of making
|Vus| measurement through the semileptonic channel favouralléemsible compared to that of a purely

hadronicB meson decay.

The process of calculating the inclusive rdiéB — X, lv;) as a function oV,,;, is well presented by

Manohar and Wise [18]. The steps undertaken are summarised h
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The semileptonid3 decay process is well described by the low energy effecteakiHamiltoniah

4G _
Hy = — = Vuy* Pbly, Pru, (2.16)

V2

whereGr is the Fermi constant anf, = %(1 —7s5) projects out the left-handed state. The triple differen-
tial decay rate written in terms of the virtudl boson mass squaregf, lepton and neutrino energiek;

andFE,,, respectively, is then given by

BT(B — Xulv) 1 (Xuli| Hy |B)|?
=122

3¢4 o
d?dE,dE,, omp (2m)°0% (B — ¢ — px..); (2.17)

X, spins
wherepy denotes the four-momentum of particlé, This can be further simplified to

d*T'(B — X,lv;)

= 2G2 |V |P W5 LOP 2.18

where all the physics now resides in the leptonic ten6f, and hadronic tensofy,s. As the name
suggestsL®? describes the leptonic current produced from Wiedecay. Since leptons don't feel the
strong force and therefore are not subject to non-pertdatioblems of the quarks, the expression for

L*8 can be evaluated rather simply. Neglecting lepton massiven by

— Q€A D). (2.19)

L% = 2(p7py, +0/'p% — 9P Py
In contrastV, s, which parameterises all strong interaction physics eslefor inclusive semileptoni&

meson decay is given by

1

o (Bps)| 1 [Xe(px ) Xe(px. )| T |B(p5)). (2.20)

we? =% "(27)** (pp — a — px,)
Xc
whereJy = ay“Prb. It cannot be so easily simplified, and must be approximatae.first step is to use
the Optical Theorem to relal&, 3 to the time-ordered product of current3,s, such that
(BIT [J}0(2) J15(0)]|B)

1 1 ;
Wop=——ImTo3 =——1Im /d4a:e_“1'r . (2.21)
™ ™ 2mp

The second step is the use of the Operator Product Expar@®B)( Employed in describing weak
decays of hadrons, the OPE has the effect of defining two gmegimes; short distance (perturbative) in
the coefficient functions, and long distance (hon-pertiivbin the matrix elements of the local operators.

Specifically, in momentum space, in the limit of large monagpt> Aqcp) and small separation, the

operator product can be expanded in terms of local openaitirgoefficient functions that depend gnin

1The energies involved are much less thanitiienass.
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this limit the time ordered product is dominated by shortatisesy <« AgzéD, and the nonlocal hadronic

tensor,7*”, can be expressed as a sum of local operators.

The mass of thé quark, denoted byn;, within the B meson, defines the scale of the interaction,
g ~ O(my). The coefficient functions are calculable as a perturbatrées expansion ins(ms). The

local operators are written in the language of Heavy Quafédiife Theory (HQET).

HQET, derived from the QCD Lagrangian in the limit of a heawark mass, describes the dynamics
of hadrons containing a heavy quark. It provides a valid deson of physics at momenta much smaller
thanmg, where( denotes the heavy quark. The HQET Lagrangian, constructesiérse powers af,

to first order in1/mg, is given by

B ) B D2 B VG,uu
Luger = Qu(iv-D)Qu = Quy Qv —9Qu ™4 == Q. (2.22)
mq 4mQ
where:
v = heavy quark four-velocity;
@, = heavyquarkfield;
m¢g = heavy quark mass;
G" = Gluon field strength tensor.

In the limit, mg — oo, the HQET Lagrangian is invariant to the flavour and spin eflieavy quark.
The former symmetry arises since quark flavour is mass deperahd the latter since the heavy quark
can only interact with thdight degrees of freedorlight mass quarks and surrounding gluons) via its
chromoelectric charge, which is spin independent. Withim ¢ontext of aB meson, this is the case of
a b quark behaving as a static external source of colour, and&hteraction with the light degrees of
freedom fully describes the meson dynamics. THewg terms explicitly break the flavour symmetry,

whilst the last term, a magnetic moment interaction, bréla&spin symmetry as well.

In the B rest frame, thé quark is almost on shell with momentum fluctuatién which is of order

Aqcp around the mass shell, and thquark momentum is written as
po = mpv + k. (2.23)

At lowest order in perturbation theory (leading ordendy), the matrix element df, 3 between thé quark

states is given by

1
(mpv — g + k)% — m2 +ie

bya Pr, (mey* v, — Y qu + " k)8 Prb. (2.24)

Expanding in powers df gives an expansion ingcp/ms and therefore the expansion in local operators
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can be resolved into effects in powersligin,. Shown schematically this is [16]:

+.... (2.25)

Together with perturbative effects built into the coeffideand parameterised by, the OPE describes a
simultaneous expansion in, and1/m;. To leading order iny; the inclusive charmless semileptoriic

meson decay rate is given by

GZm} Mo 3y d
(B — Xulv) = LV |" 1+ —— + -5 (20— —3 2.26
(B = Xulw) = 52Vl [1 + 505 + 555 (207 = 3)] 1) (2.26)
where
m2
Flp) =1=8p+8p" = p' = 12p’Inp,  p=—, (2.27)
b

andm,, denotes the:-quark mass. Terms of ordéfm,;, do not play a role as a consequence of the heavy
quark equation of motion\; » are non-perturbative parameters that result fromilthe, terms in the
heavy quark Lagrangian\; is proportional to the kinetic energi(;, of theb quark within theB meson,
and is given by

A= —2mp K. (2.28)

A2 derives from the magnetic interaction of the heavy quarkwitlight degrees of freedomnd can be

related to heavy quark meson mass splittings, such that

2 2
mp. —mp

Ay = 1

(2.29)

To leading order im; and1/m, the rate simply corresponds to that of a fiequark decay. For

B — X,ly, decay it is reasonable to set, = 0, and therefore in the limjp — 0

Gpmy
19273

A 9A

T(B ~ Xulv) = wf 23]

(2.30)

The crucial factor in this expression is the dependence @h tjuark mass. Using references [19-22]

the Large Electron-Positron collider (LER),;| working group give

1 1
_ B(B — X,lv)\? [(1.55ps)?
[Vis| = 0.00445 x (1 £ 0.052],, £ 0.020], ,) (W) ( - , (2.31)

wheretg is the lifetime of theB meson, the larger of the uncertainties derives frométiggark mass,

as measured in thdnetic scheme " = (4.58 + 0.09) GeV/c? has been assumed). The calculation
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includes perturbative and non-perturbative correctiormtlera? and1/m; respectively.

Thequark-hadron dualitassumption underlies the OPE, it presumes the equivalénates calculated
at the quark level with those at the hadron level. For therhik Bigi and Uraltsev estimate the effect of
possible discrepancy to be below the half percent level [@#bons estimates a net uncertaintyléf on
total rate via a comparison of inclusive and exclusijg| measurements [24]. In general, the uncertainty

is yet to be incorporated into th¥,,;| extraction formula.

The lepton energy spectrum

A measurement of the full semileptonic rate will giMé,,| to a precision of about 6%. Unfortunately the
full rate is out of reach of current experiments. Problenisirag from the largeB — X .lv; background,
which has a rate roughly 60 times that®Bf— X, v, restricts analysis to limited regions of phase space

where a measurement is feasible.
The electron energy is the kinematic variable of intereghi®work?

In the rest frame of a charmed semileptoiianeson decay, the electron energy kinematic endpoint,

Emax_js dependent on the mass of the lowest lying charmed meseh-teson, and is given By

Mp Mp\*
EP=— 11— (— =2.32 2.32
] 5 < <MB>> 32 GeV, (2.32)
whereM g andMp are the masses of tig&and D mesons respectively. The energy endpoint for charmless
semileptonic decay, likewise dependent on the lowest Masseson, ther meson, reaches beyond that
above t®2.64 GeV. The region spanned between the charmed and charmlessldeematic endpoints is
known as theendpoint regionas depicted in figure 2.4. Often the use of the termdpoint regiommay also

imply regions that include momenta below the endpoint.

Measuring the yield of leptons above the endpoint provitlessartial rate. In reality the knowledge
of the charmed background is adequate enough, to a poirgufficiently accurate measurements of the

partial rate to be made in regions that include energiesnbtle endpoint. Extrapolating from the partial

dar
dE; "

to the full rate requires knowledge of the shape of the engpggtrum
In calculating the full rate in the previous section, no niamtvas made of the intermediate differential
rates necessary to go from equation 2.18 to 2.26. The diffiateate forB — X,ev, as a function of

the scaled energy(= 2E./my), is an expansion both ihgcep /my andAqen/[ms(1 — y)], and is given

2Measurement of the electron momentum spectrum is perforataer than the energy spectrum. Due to the negligible miass o
the electron they are practically indistinguishable.
SNeglecting lepton mass.
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Figure 2.4: The endpoint region, as measured iMt(¢sS) rest frame.

by [18]
dr GEmg 2 a2 6y2p° | 2(3 —y)y?p®
i — g 2(3 — 2y)y? — _ 7
dy Toa7s Vael ) |26 =20y — 60— s =
20| 55 yP5-29)p°  2y°(10 -5y +y*)p°
mZ| 30 T T Ay 3(1—y)°
2\ 6y% + 5 29%2(3 -2 3022 —y)p?  5y2(6 — 4y + y2)p?
__22_(y y) | 2y 2y)ijy( ygp_y( y4y)p (2.33)
my, 3 (1-y) (1-y) 3(1-y)

Unfortunately% becomes singular in the endpoint region and the neglectgtehiorder terms in the
HQET become important as their contributions aref\qcp /[ms(1 — y)])™, which are comparable
to one. To account for these effects a re-summation of thaingeendpoint singularities is performed,
resulting in, at leading order in twiéf to a shape function that encodes the non-perturbativerdigsa

In general, restricted kinematic regions that do not suffan breakdown of the OPE sample hadronic
final states with

m% > ExAqcep > Aep, (2.34)

whereEx and Mx are the energy and invariant mass of the final hadronic stdterefore the low\ x

4The terms appearing in the HQET Lagrangian can be orderaatding to twist. The twist is the spin subtracted from the
dimension. For example, the quark fieldshave a twist of one, as does the gluon field strength texggy,, while the covariant
derivative has a twist of zero.
Parameter ¢ G DH
Dimension  3/2 2 1
Spin 1/2 1 1
Twist 1 1 0
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region, which does not satisfy this criteria, also requieesummation, and therefore needs to be described
with a shape function.
The shape functio#’ (k) describes the motion of thequark inside thé3 meson, known as theermi
motion Here
k* = plf — myot (2.35)

and
ky =k0+ ky, (2.36)

wherek* is the residual momentum of thequark. The longitudinal and transverse spatial compongpts
andk, , respectively, are defined relativertg,v* — ¢*, which roughly corresponds to the direction of the
recoilingu-quark. At this order, the so-called “jiggling” froth, is ignored.

De Fazio and Neubert [25] describe the method for migratiomfthe parton to the hadron level as a
convolution of the parton-level spectra with the shape fiomg whereby the scaled energy variahjehas
been transformed tg,. through the substitution of.;, with (m; + k), while the boundaries have been
shifted from the quark to the hadron level, thus giving th@de energy spectrum in thB-meson rest
frame as

— =2 7 ),  0<E<—, (2.37)

dr /MB—’"b g, Flky) dr Mp
dE; 2E;—my mp + k-l- dy 2

Unfortunately the form of the shape function is not deteedifrom theory. It's moments4,,, are

given by forward matrix elements of leading-twist, higliémension operators in HQET, defined as
Ay = [ AR KL P () = (BOIR D) b B(). (2.38)
The first few moments, calculated using the HQET equationatfan, are given by:

AQ = ].; Al = 0; A2 M—ﬂ' (239)

The leading twist non-perturbative effects, encoded instiepe function, are universal to all~ u,d, s
qguark transition processes, for example the photon engrggtum inB — X~ decays is likewise
sensitive to thd~ermi motion An analogous expression to equation 2.37 holds for thequhenergy in
B — X,~. All that is required is an exchange of labels, lepton to phdt— ~, as well as the substitution
of theb — wly; parton-level spectrum with that 6f— s-.

The idea is to use the photon energy spectrum to extrachirdion about th&ermi motionand apply
it to the calculation of theB3 — X, lv; energy spectrum [25, 27, 28]. This would then give the spéctr

fractions needed to extrapolate partial rate measurertetits full phase space. The CLEO collaboration,

5See reference [26] for detailed information on the shapetiom and its role in the calculation of tHe — X,,lv; lepton energy
spectrum.
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using several models for the shape function form presentéioki literature, extracted the shape function
parameters from a fit to their photon energy spectrum as medudata [29] and calculated spectral frac-
tions for theirV,,;, endpoint analysis [14, 30]. Of course, this method hasritgditions, since differences
betweenB — X,y andB — X,ly; exist at subleading orders in the expansion. Following the@
analysis these were first studied by Leibovich, Ligeti and&\[31], the following discussion is derived
from their work. The subleading twist corrections to béth— X,y andB — X,lv; come from three

sources:

(i) forward scattering matrix element of any dimension 4raper (B(v)|b,iDb,| B(v)), does not van-

ish but includes corrections, due to higher order termsérHRQET Lagrangian;
(ii) corrections to the spinor relation between thguark field in QCD and HQET;

(iii) corrections to the leading contribution of the onergh matrix element (the case of a gluon being

coupled to the internal quark line in the left-most diagrdroven in equation 2.25.)

In the expression fail" /dy these effects are formally 6?(Aqcp /ms)? and include all terms proportional
to \26(1 — y). For each effect the relevant higher dimensional termseérQRE can be re-summed into a
subleading shape function. The function relating to (inseinsitive to the heavy quark spin and universal
to B — X,y andB — X,ly, and therefore can be absorbed into the definition of theingativist
shape function. Of the remaining shape functions, whiclsarsitive to the heavy quark spin, that from
source (iii) is most important, since the respective factrwhich it enters the OPE iB — X, v and
B — X,ly differsby 4 8/2in B — X,y and11/2in B — X,ly;). Corrections to the endpaint rate
from this subleading shape function range fret0% to —40% as the lower momentum cutoff is increased
from 2.0 GeV to 2.4 GeV. Information fromB — X~ can only mask a third of the effect.

An effect that is absent fronB — X,v, but of particular importance to the endpoint region in
B — X,ly;, are weak annihilation (WA) effects, which although entgrat orderAZ?CD/mg in the
OPE are enhanced by a numerical factar«(*). This effect resulting from four-quark operators, which a
dimension-6, in the OPE, give a contribution to the endpaint

_ GEm |V

Tor fEmp (B — B2)d(1 —y), (2.40)

where f is the B meson decay constant ait] » denote the matrix elements of the four-quatk- A
(vector - axial-vector) and — P (scalar - pseudoscalar) operat@bs;,_ 4 andOg_ p respectively, between

B meson states, given by

fEmp
8

2
m
(B|Oy_4|B) = fBS 5B,

(B|Os_p|B) = Bs. (2.41)

1
2

N =

If factorisation is valid, therB; — By vanishes, for both charge®( » = 1) and neutral B, 2 = 0) B
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mesons. A violation at th&0% level leads to an adjustment in the full rate of ab8#t, which at the
endpoint p., > 2.2 GeV/c) translates to a potential correction-620%. Evidently, too large to ignore.
Unfortunately the quark-hadron duality concerns disadissaeference to the full ratd;, also con-
tribute an uncertainty in the evaluationdf/dy. The problem is of even greater concern here since the
averaging over the resonances in figsystem, which helps to validate the duality assumptiorgverely
limited in the endpoint region, as the region is believede¢adbminated by the lowest mads, mesons
(w andp). The B boost in the rest frame of tHé(4.5) provides some smearing which may help to allevi-
ate the problem by populating the region with higher massnless mesons. The more of the spectrum
that is sampled, the less of a problem it is thought to becokh@wever, in general the uncertainty is
unquantifiable.
The procedure for calculating spectral fractions and aatext theoretical uncertainties will be dis-
cussed in more detail in chapter 6, where similar fits to threperted by CLEO are performed with the

Belle measured photon energy spectrum.

2.4 Summary

The goal of an endpoint analysis of inclusive charmlBsmieson decays is the measurement of the CKM
matrix elementV,;|. As detailed in this chapter this requires much theoreiigait.

Experimentally one proceeds from a measurement of theapéranching ratio in electron energy
and extrapolates to the full branching ratio. Here thererisliance on the information about tirermi
motion which though better constrained from measurements of tlaéop energy spectrum, introduces
significant uncertainty. This process is discussed in bigtaihapter 6, where an attempt to assess it is
made. After extrapolation, the full branching ratio is impuo theV,,;, extraction formula, which is given
in equation 2.31. Here the effect of the dependence i tipgark mass occurs to the fifth power, and as

such it's uncertainty is more dominant than that of the HQ&®ted parameters; .
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Chapter 3

The Belle experiment

The Belle experiment is run by a collaboration of more thafl Bysicists from 54 institutes spanning
10 countries. It is conducted at the High Energy AccelerResearch Organisation (of Japan), known as
KEK, which is located in Tsukuba, Japan. Its main goal is thdyof C P asymmetry inB meson decays.

The many millions ofB mesons needed for the study are produced by KEKB, one of aalyaptly
namedB factories currently in operation. The other, PEP-II, istpdrthe Stanford Linear Accelerator
Center (SLAC) and resides at Menlo Park, USA. Both collidecebns with positrons at asymmetric
energies, providing a centre of mass energy best suitedoduping theY' (45) resonance. Th& (45)
resonance is a vector meshinstate.

TheY (45) decays via the strong force almost instantly 8 & meson pair. The colliding beam energy
asymmetry causes the(4.5) to have a non-zero velocity in the laboratory frame. Thissté®needed for
the study of time-dependentP asymmetries. Data from® meson decays at KEKB is gathered by the
Belle detector, which surrounds the electron-positeore(”) collision point.

The KEKB accelerator commissioning began in December 1€28nonths thereafter the Belle detec-
tor started logging data produced frdBnmeson decays.

This chapter briefly describes the remarkable KEKB-Bellpegimental apparatus, which makes the

work of thesis possible.

3.1 The KEKB accelerator and storage ring

KEKB is a ring accelerator measuring 3 kilometres in circarafice colliding electrons and positrons at a
centre of mass energy @0.58 GeV. Electrons with energ$.0 GeV and positrons with energy.5 GeV

are stored in the High Energy Ring (HER) and Low Energy RingR) respectively. The two rings
continuously collide bunches of particles at the Inteacfoint (IP). The IP is located in Tsukuba Hall -

site of the Belle detector, see figure 3.1.
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Figure 3.1: Configuration of the KEKB storage ring.

At the IP, electrons and positrons can annihilate to proqwece energy, which is available for matter
production. Even though the centre of mass energy is tailimel (4.5) resonance production as illustrated
in figure 3.2, only one in every seventy e~ interactions produces afi(4S). Other processes that occur

include Bhabha scattering, tau and muon pair productightdir quark pair production and two-photon
events.

Once created, th€(4.5), moving in the laboratory frame with a bogst = 0.425, decays tad3 meson
pairs with a branching fraction exceeding 96%. The rate oflpction,R, is defined as the interaction

cross sectiony, multiplied by the luminosityZ, measured in units afm? andem—2s~! respectively.
R=oL (3.1)

The interaction cross section fii{4.5) production at thé('(45) resonance energy is

o(ete™ — bb) = 1.1nb, (3.2)
where the unit barnhp = 10~2*cm?. The luminosity is a measure of the beam-colliding accétera
performance, and is given by

N1 Ny
1 (3.3)

L=fn
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Figure 3.2: Cross section af production ine™ e~ collisions.

wheren bunches ofV; and N, particles in opposing beams with overlapping atéameetf times per

second. At KEKB the expression is re-parameterised as

L£=217x 10%¢(1 + r)E : (3.4)
By +
where:
¢ = beam-beam tune shift;
r = aspectratio of the beam shape;
where 1 corresponds to a circular beam and 0 to a flat beam;
E = beam energy itzeV;
I = thecurrentstoredin amps;
B, = thevertical beta function at the IP ém;

and the+ subscript implies that the current and energy parameteysdomaaken either from the High
Energy Ring (HER) or Low Energy Ring (LER). To reduce backgy synchrotron radiation the beams
collide at a finite crossing angle 82 mrad. The design specifications of KEKB are listed in table 3.1.

The KEKB accelerator team has already surpassed the desagfugninosity of103* cm=2s~!. The
current maximum, a world béststands at.30 x 1034 cm~2s~!. £ is an instantaneous quantity so therefore
is not representative of the number6f4.5) decays recorded. At the time of writing the accumulated

integrated luminosity amounted to ov2d0 fb~!. Equivalent to more than 220 millio® meson pair

1As of May 20, 2004.
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decays, it is the largest sample of its kind in the world.

LER HER
Energy E 3.5 8.0 GeV
Circumference C 3016.26 m
Luminosity L 1 x 103 em 2571
Crossing angle (i +11 mrad
Tune shifts & /&y 0.039/0.052
Beta function at IP Bx/ By 0.33/0.01 m
Beam current I 2.6 1.1 A
Natural bunch length o 0.4 cm
Energy spread op/E  T71x107* 6.7x107%
Bunch spacing sB 0.59 m
Particles per bunch N 3.3x 101 1.4 x 10
Emittance e./ey  1.8x1078/3.6 x 10710 m
Synchrotron tune Vs 0.01 ~ 0.02
Betatron tune vy/vy 45.52/45.08 47.52/46.08
Momentum compaction factor «, 1x107*~2x1074
Energy loss per turn Uy 0.817/1.5% 3.5 MeV
RF voltage V. 5~ 10 10 ~ 20 MV
RF frequency frF 508.887 MHz
Harmonic number h 5120
Longitudinal damping time e 437 /231 23 ms
Total beam power P, 2.71 /4.5¢ 4.0 MW
Radiation power Psg 2.17 /4.0 3.8 MW
HOM power Paowm 0.57 0.15 MW
Bending radius p 16.3 104.5 m
Length of bending magnet lp 0.915 5.86 m

: without wigglersi: with wigglers

Table 3.1: KEKB accelerator design parameters (from [32]).

3.2 The Belle detector

The Belle detector is configured withinleb T superconducting solenoid and iron structure. Itis located
the interaction region of the KEKB beams, and consists ofis@ub-detectors, the; silicon vertex detector
(SVD); central wire drift chamber (CDC); aerogvesbrenkov counters (ACC); time of flight counters (TOF);
and an array of CsI(Tl) crystals (ECL); a pair of BGO crystabgs (EFC); and multiple levels of resistive
plate counters (KLM). The Belle detector is depicted in feg8r3 on the facing page.
The SVD measureB meson decay vertices and aids the CDC in providing chargeitiearacking.

Specific ionisation energy loss measurements made with Bi@ &e combined with light yield readings
from the ACC and time of flight information from the TOF to pide charged kaon and pion identifica-

tion. Calorimetry and electromagnetic shower measuresnenicial for electron identification and photon
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Figure 3.3: Side view of the Belle detector.

detection, are performed by the ECL and EFC. The KLM is usedentify muons and deteé’;, mesons.
The following subsections describe the Belle sub-detscftine Belle detector is described in much detalil
elsewhere [33].

Depending on the context, Cartesian, spherical, and aytialdcoordinate systems are used in the
description of the sub-detector components. For refertémee axis is defined as the direction of the
magnetic field within the solenoid, which is anti-parallelthe positron beam. The x and y axes are
aligned horizontally and vertically respectively, andrespond to a right-handed coordinate system. The
polar anglef, is subtended from the positiveaxis. The azimuthal angle, subtended from the positive
x axis, lies in thery plane. The radius, defined in a cylindrical coordinate sysie measured from the

origin in thezy plane,r = /2 + y2. The origin is defined as the position of the nominal IP.

3.2.1 Beam Pipe

The beam pipe encloses the interaction point and mainta@adcelerator vacuum. The determination of
a B decayz-vertex is limited by multiple Coulomb scattering in the bepipe and the distance from the
IP to the Silicon Vertex Detector (SVD). Limiting the beanp@iproximity to the IP is the beam-induced
heating in the pipe from which the SVD must be shielded.

These considerations are balanced to provide a centraletoudil beryllium beam pipe extending from
z = —4.6 cm to z = 10.1 cm with an inner radius of = 20 mm. Helium gas is cycled through the gap
between the inner and outer walls to provide cooling anditsZ minimises Coulomb interactions. The

beam pipe is shown in figure 3.4.
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Figure 3.4: The cross section of the beryllium beam pipeatkh

3.2.2 Silicon Vertex Detector (SVD)

The Y (45) Lorentz boost in the laboratory frame allows measuremetitedB meson decay vertices. The
separation of the twd@ meson vertices, given the known boost, translates into a diffierence between
neutral B meson decays that is necessary for the measurement of tpeaedienC P violation in mixing.
The SVD is able to resolve vertices to within a precision @i pm.

The SVD works by registering the event of a charged partiaksing through a Double Sided Silicon
Detector (DSSD). At Belle this occurrence is known as a SVD fhe SVD uses S6936 type DSSDs,
fabricated by Hamamatsu Photonics.

The DSSD is essentially gn junction, operated under reverse bias to reach full depleth charged
particle passing through the junction liberates electfoms the valence band into the conduction band
creating electron-hole{~h™) pairs. The freee~h™ pairs instigate current infpand n* strips situated
along the surface of the bulk on opposing sides of the DSSB.OBSD operation is depicted in figure 3.5.

Within the SVD the p strips, with a pitch o25 um, are aligned along the beam axis to measure the
azimuthal angleg. The n" strips, with a pitch oft2 um, are aligned perpendicular to the beam axis to
measure:.

A DSSD measures7.5 x 33.5 x 0.3 mm? and consists of 1280 sense strips and 640 readout pads on
each side. Only every second sense strip is readout. Thentm the strips is readout using a hybrid card.
Either one or two DSSD'’s connected to a hybrid form a shorboglhalf ladder (HL) respectively. Two
half ladders connected together with the hybrids at the @ardsa full ladder. Full ladders are arranged in
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Figure 3.5: Schematic view of a Double Sided Silicon Detecto

cylindrical layers. The SVD consists of three such layeesgtl concentrically around the beam axis.

The inner layer, positioned at= 30 mm, is made of 8 full ladders, where each is made from two short
HLs. The middle layer, positioned at= 45.5 mm, is made up of 10 full ladders, where each is made from
a shortand long HL. The outer layer positioned at 60.5 mm, is made up of 14 full ladders, where each
is made from two long HLs.

The overall polar angle acceptance® < 0 < 139°, corresponding t86% of the full solid angle.
The SVD is shown in figure 3.6. Further detail on the SVD candumé in [34].

3.2.3 Central Drift Chamber (CDC)

The Central Drift Chamber (CDC) is designed to measure ageltbparticle’s trajectory, known as it's
track, as well as its specific ionisation energy le§5,/ dz. The track enables measurement of the particle’s
momentum whilelE/dz is useful for identifying the particle’s type. The CDC prdes important trigger
information.

The structure of the CDC is shown in figure 3.7. It consistho#é¢ geometrical sections, referred to as
the cathode, the conical-shaped inner and toroidal-shaysted The CDC extends from a radiusi@fmm
to 880 mm. It consists of 32 axial layers, 18 small angle stereo layemd 3 cathode strip layers. Axial
layers measure the— ¢ position. Stereo layers, inclined at a small angle to therbgipe, in conjunction
with axial layers, measure theposition. The CDC covers a polar angle region@f < 6 < 150°. The
spatial resolution i — ¢ is 130 wm, and is better tha® mm in the z direction.

The CDC contains a total of 8400 drift cells. A drift cell isetfunctional unit of the CDC. It consists
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Figure 3.6: The Silicon Vertex Detector detector configorat
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Figure 3.7: The Central Drift Chamber.
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of a positively biased sense wire surrounded by six nedgthiased field wires strung along the beam
direction. The cells are immersed in a Helium-Ethane gasureof ratio 1:1.

The Helium-Ethane gas mixture has a relatively long ragiiength of640 m, which minimises mul-
tiple Coulomb scattering’s that affect the momentum resmtu The ethane component increases the
electron density, which improves the ionisation energg lngasurement resolution.

A charged particle traversing the cell ionises the gas aitsngath. The ionised electrons and positive
ions are attracted to the anode and cathode sense wirestieslye Their drift instigates further ionisation
resulting in electron and positive ion avalanches. Theamdailes induce current in the sense wire, a so-
called CDC hit.

The time taken for the ionisation column to form is used t@datne the distance between the ionising
track and the sense wire. Track positions with respect toséimese wire are determined using a track
segment finder which sorts hits into tracks. A helix, whiclsd#@ées the path of charged particle in a
constant magnetic field, is fitted to the track. The helix peegers combined with the magnetic field
strength determine the charged particle’s momentum. Tdreswerse momentum resolution, measured

from cosmic ray data is

‘;ﬂ = /(0-20p7)? + (0.29/53)%%, (3.5)
T

wherepr is in units ofGeV /c andg is the velocity in units of the speed of light.

The hit amplitude recorded on the sense wire is used to ditertine total energy of ionisation, and
therefore a charged particle’s energy loss due to ionisafib /dx, in the drift cell. Since the energy loss
depends on a particle’s velocity at a given momentdii/dx will vary according to particle mass, as
shown in figure 3.8. The ionisation energy loss is measuneddch CDC hit and measurements along the
trajectory are combined to calculate the truncated me#ti/dz), of the track.

The (dE/dzx) resolution, measured in a sample of pions fréfa decays, is 7.8%. The CDC can be
used to distinguish pions from kaons of momenta up.&0GeV /c with a 30 separation. The CDC is

described in detail elsewhere [35].

3.2.4 AerogelCerenkov Counter (ACC)

The silica AerogelCerenkov Counter (ACC) plays a crucial role in discrimingtcharged pions from
kaons. When a particle travels faster than the speed ofitighte medium in which it is traversing it will
emit Cerenkov light. The light emitted appears in the form of aezeht wavefront at a fixed angle with
respect to the trajectory.

For a given particle momenta and refractive inde)of the mediumiit is traversing, the threshold energy
for emitting Cerenkov photons is proportional to the particle’s velpcRelecting media with appropriate
refractive indices allows fof( /7 discrimination. The ACC augments the other detector subsys by

performing excellenf /7 separation for momenta between 2.5 and@¥ /¢, and is also able to provide
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dE/dx vs log,,(p)

Figure 3.8: Truncated mean dff /dx versus momentum. The points are measurements taken

during accelerator operations, and the lines are the exghetistributions for each particle typg.
is measured iGeV /c.

useful information for momenta as low as 18V /c and as high as 4GeV /c.

The ACC is divided into barrel and forward endcap regionspéns a polar angle regionof® < 6 <
127°. The barrel contains 960 counter modules segmented int@l&Oin the¢ direction. The forward
endcap contains 228 counter modules arranged into 5 caoilkayers. Depending on the polar angle, the

refractive index ranges from = 1.01 to 1.03. The ACC is shown in figure 3.9.

To detect the light output, each counter is affixed to eithrer or two fine mesh-type photo-multiplier
tubes (FM-PMT). Three different sizes of FM-PMT are usedhwadii of 1, 1.25, and 1.5 inches. The
choice, dependent on the refractive index, is motivatedbyneed for uniform response flo~ 1 velocity

particles. A barrel and an endcap module are depicted indfigui0.

The pulse heights for each FM-PMT have been calibrated usipgir events. The average number of
photoelectronsg,V,..), is plotted for both barrel and endcap counters in figure.3he light yield in units
of photoelectrons ranges from 10 to 20 for the barrel ACC aonhf25 to 30 for the end-cap ACC, which
is high enough fo< /7 separation.

Since pions are the most ubiquitous particles in hadrorgoiesy the ACC'’s performance is measured
by it's ability to identify kaons amongst pions - for whicretiACC can provide good’ /7 separation with

a kaon efficiency of 73% and a pion-to-kaon fake rate of 7%,[@6demonstrated in figure 3.12. The ACC
is described in detail elsewhere [37].
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Figure 3.9: The configuration of the Aerogéderenkov Counter.

3.2.5 Time of Flight counter (TOF)

The Time of Flight counter (TOF) is used to measure the vblaificharged particles in an intermediate
momentum range df.8 GeV/c to 1.2 GeV/c. The velocity is measured by the particle’s time of flight
and the flight length. The latter is provided by the CDC's nueemsent of the track helix parameters.
The velocity combined with the momentum (as provided by tBeCTdetermines the particle’s mass and
therefore type.

The TOF works on the principle of scintillation - the propgeof certain chemical compounds to emit
short light pulses after excitation by the passage of clibpaeticles or by photons of high energy. Scintil-
lation is characterised by the light yield. The TOF measthresime of flight between a particle originating
at the IP and passing through the scintillator.

The TOF system consists of 64 modules concentrically agdrag a radius of.2 m. A module is
made up of two trapezoid-ally shaped time-of-flight cousitard one Trigger Scintillation Counter (TSC)
separated by a radial gap bb cm, as shown in figure 3.13. Scintillation light from a countecollected
by a fine-mesh-dynode photo-multiplier tube (FM-PMT). TwdHPMTSs are used for a TOF counter while
only one is used for a TSC counter.

Time intervals are measured to within a precisiori@d ps. The kaon-pion separation is plotted as a
function of momentum in figure 3.14(a) on page 34, it showtebéhan3o separation for momenta below

1.0 GeV/e. The mass distribution, shown in figure 3.14(b) on page 34smed from hadronic events,
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Figure 3.10: Schematic drawing of a typical ACC counter med(a) barrel and (b) end-cap ACC.

A 3L L B¢ 5
ca C
S 30 E ) Barrel ACC 8 s0b ) °
% £ n=1.028 % E LY
25 }’/ %5- @ ©
20 ;. . . n=1.013 20?
15 F e P / 15?
10 0® ........ 10F Endcap ACC
5 «—rae—> <« —» 5F n=1.030
L n=1.020 n=1.015 n=1.010 C
0 L. P | E . P T R
0 5 10 15 0 2 4 6
row ID layer ID

Figure 3.11: Average number of photoelectrofis,. ), for (a) each counter row in the barrel ACC
and (b) each layer in the end-cap ACC.
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shows a comparison of real data with Monte Carlo simulatet witiming resolution ofl00 ps. Clear

peaks are evident for pions, kaons and protons. The TOF @illed in detail elsewhere [38].
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Figure 3.14: Time of Flight counter performance.

3.2.6 Electromagnetic Calorimeter (ECL)

The Electromagnetic Calorimeter (ECL) is designed to memthe energy and position of photons and
electrons produced in Belle. Itis crucial for electron itiéization andr® — ~~ reconstruction.

High energy electrons and photons entering the calorintetggate an electromagnetic shower through
subsequent bremsstrahlung and electron pair productimeepses. A lateral shower shape ensues from
Coulomb scattering. Eventually all of the incident energpears as ionisation or excitation (light) in the
absorbing material.

The ECL consists of a highly segmented array of 8,736 Cesadiué crystals doped with Thallium
(CsI(TI)). The Thallium shifts the excitation light intogtvisible spectrum. The light is detected by a pair
of PIN photodiodes placed at the rear of each crystal.

The crystals are arranged into three sections: the baclevaichap; the barrel; and the forward endcap.
The barrel, positioned at an inner radiud &5 m, is 3.0 m long, and spans the polar angle regidn2° <
0 < 128.7°. The annular shaped forward endcap is situated-at+2.0 m, and spans a polar angle region
of 12.0° < 6 < 31.4°. The likewise annular shaped endcap is situated-at—1.0 m, and spans a polar

angle region of30.7° < 6 < 155.7°. The ECL configuration is shown in figure 3.15 on the next page.
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Figure 3.15: The Electromagnetic Calorimeter.

A crystal is typically30 cm long, equivalent to 16.2 radiation lengths) for electrons and photons,
and is chosen to minimise energy resolution deterioratidrigh energies due to the fluctuation of shower
leakage at the back of the crystal. Furthermore, the ciey/sta designed such that a photon entering a
particular crystal at its centre will deposit 80% of its emein that crystal. A typical crystal in the barrel
has a forward and backward face measufibgnm x 55 mm and65 mm x 65 mm respectively. In the
forward and backward endcaps the profiles vary febhd mm to 70.8 mm and from54 mm to 82 mm
respectively. Each crystal possesses a tower like strictlr the barrel they are tilted at an angle of

approximatelyi.3° in thed and¢ directions to prevent particles escaping through gapsdmtwerystals.

The ECL performs well over an energy range0di2 < E,/GeV < 5.40. It provides a measured

o 0.066\ > 0.81\2
()= o (5 (3]

0.5 cm
Opos = W? (3.7)

whereFE is measured igzeV. The ECL helps to distinguish pions from electrons sincepideposit much

energy resolution of

and position resolution of

less of their energy in the crystal than do electrons, astiited in Figure 3.16 on the following page. The
plot also shows the difference between the response of imelyadnd positively charged pions that is a
direct result of their different nuclear cross sectionse Tate of mis-identifting a pion as an electron is

found to be less than 1% for momenta ab@vgeV/c.
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Figure 3.16: Distribution of the energy deposit by elecér¢aotted line), by positive pions (dashed
line) and by negative pions (solid line) AGeV /c.

3.2.7 Kl Detector (KLM)

The K, andy detector (KLM) system was designed to identify mesons and muons with high efficiency
for momenta greater thad0 MeV/c. Before reaching the KLM &, originating at the IP will typically
traverse one interaction lengtmost of which (0.8) is due to the ECL. Whenfg, interacts with matter

it produces a shower of ionising particles. The KLM instegathese showers by providing a minimum of
3.9 interaction lengths. The shower location determinedsth flight direction. Fluctuations in the shower
size prevent any useful measurement of the energy.

In contrast, muons of sufficient energy will pass all the waptigh the KLM since they do not feel
the strong interaction or suffer Bremsstrahlung radiaias. Therefore, any track matched with a particle
penetrating several layers of the KLM is most likely a muororbbver, muons can be distinguished from
charged hadrons, particulary* and K+, since on average they suffer smaller deflections.

The KLM consists of alternating layers of charged partigéedtors and.7 cm thick iron plates. The
barrel region is octagonally shaped and is made of 15 detlagters and 14 iron layers. The forward and
backward endcaps contain 14 detector layers each.

A detector layer is a super layer of two glass-electrodetiRedPlate Counters (RPC) modules inter-
spersed between high voltage biased plates, insulatorexdechal pickup strips as shown in figure 3.17.
Figures 3.18(a) and 3.18(b) show barrel and endcap RPCsataagy.

An ionising particle traversing the gas filled gap in the &rlgyer RPC initiates a streamer in the gas

2The interaction length is the mean free path of the partieferie undergoing an inelastic interaction.
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that results in a local discharge of the plates. The diseéharduces a signal on the external orthogonal
pickup strips located above and below the pair of RPCs.

The pickup strips, typically cm wide, providep — z andf — ¢ information in the barrel and endcap
regions respectively. The barrel and endcaps contain 2d@22 RPC modules each respectively. The
polar angular coverage &)° < 6 < 155°. The KLM angular resolution from the IP is better than
10 mrad. For momenta abové.5 GeV/c the muon identification efficiency is greater than 90% with a

mis-identification rate of less than 5%. The KLM is describedetail elsewhere [39].

3.2.8 Solenoid Magnet

A superconducting solenoid provides a magnetic field.6fT in a cylindrical volume3.4 m in diameter
and4.4 m in length. The solenoid encases all the sub-detectors upet&LM. The iron structure of
the Belle detector serves as the return path of magnetic filxaa absorber material for the KLM. The
solenoid details are shown in table 3.2. The results of thgnmiic field mapping made with accelerator

final-focus quadrapole magnets located within the soler@i@S-R and QCS-L are shown in Fig 3.19.

0.02 Tesla/line

Figure 3.19: Contour plot of the measured magnetic fieldénBhlle detector.

3.2.9 Extreme Forward Calorimeter (EFC)

The Extreme Forward Calorimeter (EFC) extends the rangé&ofren and photon calorimetry to the ex-
treme forward and backward regions, defined.d$ < 0 < 11.5° and163.3° < # < 171.2° respectively.

The EFC is placed on the front faces of the KEKB acceleratanpgensation solenoid magnet cryostats,
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Cryostat
Inner Radius
Outer Radius

Central field

Length

Caoll
Effective radius
Length
Superconductor
Nominal current
Inductance

Stored energy

1.70 m
2.00 m
15T

4.41m

1.8m

3.92m
NbTi/Cu

4400 A

3.6 H

35 MJ

Typical charging time 0.5 h

Table 3.2: Parameters of the solenoid coil.

surrounding the beam pipe. It shields the CDC from beameelbackgrounds and synchrotron radiation.
The EFC is also used as a beam monitor and luminosity met&H&B control.

The EFC is constructed from crystals of Bismuth Germana@JB which was chosen for its ability to
withstand radiation doses at the megarad level whilsttiliding good energy resolution. The detector

is segmented into 32 azimuthal and 5 polar sections for batkward and forward cones.

Each crystal is tower shaped and is aligned to point towdredR. The arrangement is illustrated in

Fig 3.20.

Figure 3.20: An isometric view of the BGO crystals of the fard and backward EFC detectors.
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3.3 Trigger and Data Acquisition System

The trigger as its name suggests, triggers acquisitiontanaige of data from the Belle detector. The trigger
decision is based on the need to keep physics events ofshtehde minimising the many uninteresting
beam-related background events.

At an instantaneous luminosity ®034cm~—2s~! the trigger rate for physics events of interest is around
100 Hz and the typical operating rate is 350 Hz. The Bellg#igcan handle rates as high as 500 Hz.

Physics of interest includes hadronic, Bhabhaair, 7-pair and two photon events. Beam related
backgrounds result from interactions of spent electromspansitrons with the beam pipe and the residual
gas molecules therein. Since beam backgrounds depend acdlerator operating conditions, their levels
cannot be well estimated, so the trigger is designed to cagpdavge levels of backgrounds. In order to or
not to trigger on these varying event characteristicsrm#ftion is utilised from each of the sub-detectors.

The trigger is arranged into four levels, denoted as levé| 8,and 4 respectively.

The level O trigger (LO) is a prompt timing signal from the TOF which forces the SVDpitie HOLD

state.

The level 1 trigger (L1) isimplemented in hardware. Itis made up of sub-detectpgéris which feed the
Global Decision Logic (GDL). The GDL sources informatioarin all sub-detectors bar the SVD. All
triggers, processed in parallel, are used by the GDL to cheriae the eventtype. The CDC provides
r — ¢ andr — z track trigger signals. The TOF trigger system provides anetiming signal and
delivers information on the hit multiplicity and topologiyrthe ECL provides two complementary
triggers based on total energy deposition and cluster ptiglty, each sensitive to different types of
hadronic events. The KLM provides a high efficiency triggarmuon tracks. When available the
trigger timing is provided by the TOF, otherwise the ECL isdisThe Level 1 trigger configuration
is depicted in Fig. 3.21 on the next page. To keep hadronictevtke GDL typically relies on three
main trigger classes; multi-tracks, energy sums and isdleluster counts. Each provide more than

96% efficiency for hadronic events individually, combinkd efficiency is 99.5%.

The level 3 trigger (L3) is implemented in software in an online computer farm. Usingiltra-fast track
finder it requires at least one track with an impact paranietetess thary.0 cm and the total energy
deposit in the ECL to be greater thau GeV. The trigger has the effect of retaining physics events

of interest with a 99% efficiency while reducing overall egtes by50 ~ 60%.

The level 4 trigger (L4) is implemented in software and performed in an offline corapiarm just prior

to full event reconstruction. Any one of the four conditidissed below can enact the trigger.

e Certain L1 trigger bits are set. These are saved for use bylstdztor groups;

3A level 2 trigger is not implemented at Belle.
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e Atotal ECL energy deposit of less thditzeV /c. To reduce background from cosmic rays, this

is vetoed by events with coincident KLM and ECL hits as encaidd-1 trigger information;

e At least one track with an impact parameter-iand|z| less thanl.0 cm and4.0 cm respec-

tively, andpr > 300 MeV;

¢ 1% of events not satisfying any of the above criteria are figechonitoring purposes.

The criteria retain hadronic events with an efficiency oB38while reducing the total event trigger

rate by around 73%.
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‘ Axial Wires ’—»‘ Track Segment }—»

multiplicity »
TOF }% topology } >
tlmmg >
Trigger Cell
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CDC

Global Decision Logic

Trigger Signal

Bhabha Gate/Sto,
EFC ‘ Trigger Cell Threshold <: It

I

I

2.2 psec after event crossing !
‘\

I

Beam Crossing

Figure 3.21: The Level-1 trigger system.

The Data Acquistion (DAQ) system is designed to have a dessdtif less than 10% at a trigger rate
of 500 Hz. The system is shown in figure 3.22. The data from sabkdetector is readout upon receiving
the L1 trigger. The data are combined into a signal eventrddopthe event builder. The event records are
processed by an online computer farm which changes the ex@ord into an offline format after which it
is filtered through the L3 trigger. A fraction of these eveats fed to the data monitoring system which
updates histograms that can be checked offline by experatmpsr All of the data is then sent to the KEK

computer centre where it is written to tapes and stored ipexlibrary. A hadronic event typically occupies
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Timing signal

.............................. I_______.|___T___|._______I
Detector Subsystems X X 1 X Y
Sequence Trigger 1 . )
Control  [«-=1 Decision 1 Backg(ound Luminosity
X X Monitor Monitor
Unit Logic 1
1
I
1
1
1
A A !
1
Event 3|  online | Mass
. Computer [—1® Storage
Builder
—> Farm 1 System
A A A I A
L e e e - = S L
! 1
1
| vy v
1
1 Qﬁ?\:iy Event
: Monitor Display
1
. ! [
1 1
Dataow ! CMoar?:rec:I ! Mo'_r|1\i/tor Monitor Accelerator
1 1
= = = Control flow 1 Unit 1 | & Control & Alarm Comm.
- ) ! T T 1 A [} A
--------- # Timing signal [ [ T T T |
Control Control

Figure 3.22: The Belle DAQ system.

30 kBytes of storage space, corresponding to a maximum datsfér rate of 15 MBytes per second when
operating at the maximum trigger rate (500 Hz).

After data is written to tape it is eventually processed byfiime computer farm which filters events
through the L4 trigger. Here the data undergoes full everdnstruction, whereby it is translated into a
Data Summary Tape (DST) format. A DST is made up of highell lgata structures which contain objects
of interest to physicists, for example 4-vectors of positimd momentum.

Further analysis filters events into hadronic, Bhabhpair, y-pair and two-photon event skims. The
skims are saved into mini data summary tape (MDST) files. TI¥ESM is a subset of the DST, which

contains the data needed for physics analyses.

3.4 Simulation

Simulation requires two key components: an event generatal the detector response simulator. An
event generator creates a list of particles created &roaT interactions as well as from subsequent decays
of unstable particles. This list includes the position aramantum four vectors of the particles at the time
of their creation.

Belle employs thegQ98 [40] event generator to generdf§4S) decay eventsQQ98 generates and
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decays particles according to a decay table. The decayspbtifies the decay models, modes, branching
fractions, lifetimes etc. of all possible particles invetlin the decay of th& (4.5) and subsequent decays.
This sequence is commonly referred to as a decay chain. Ttweriation in the table is composed from
world averages. Hadronic continuum events, namély~ — g interactions wherg = (u,d, s, c) is

the quark flavour, are generated usireyr 9T [41] which is based on the LUND string fragmentation
model [42].

The Belle collaboration also uses the event genergtaiGen[43]. One advantage it offers ovgg9s
is that decay amplitudes instead of probabilities are usethé simulation of decays. The framework uses
the amplitude for each branch in the decay tree to simulateriire decay chain.

The generated list of particles are passed to modules whaghagate and simulate the particle inter-
actions with the detector. These engagaNT[44] to model the geometry of the detector and particle
interactions with matter. Collectively all the detectansiator modules are known as GSIM (aSHEANT-
based simulator). GSIM is continually updated with infotima gathered from studies of the detector
response to real data as well with measured experimentdltanrs, such as the beam dependant IP.

QQ98 and GSIM both make use of random number generation to ch@mesegpossible outcomes and
as such the data produced is referred to as Monte Carlo da#C dor short.

This work uses events generated by b@@hs andEvtGen. Where appropriate the details of their use

is discussed.
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Chapter 4

Reconstruction

4.1 Preliminaries

This analysis investigates the momentum spectrum of elestand positrons to measure the rate of in-
clusive charmless semileptoni¢ meson decays. From this point references to 'electronfidies both
electrons and positrons.

An inclusive analysis, such as this one, benefits from higtissics but suffers from large backgrounds.
Typically, the selection criteria are chosen to minimisediror in the signal yield. However, this approach
does not translate to|&,;| measurement with minimal uncertainty since theoreticakutainties play a
major role as well. Nowhere is this more relevant than in dieg which momentum interval to use to
extract| Vi)

Measurements ofV/,,;| in multiple momentum intervals are advantageous since tietgil the be-
haviour of all the uncertainties as a function of the momemné&nd provide consistency checks. A mea-
surement in an interval that avoids the charmed backgroundumters a large theoretical uncertainty.
Measurement in an interval below the kinematic endpoirfessifrom less theoretical uncertainty, but at
the cost of larger experimental uncertainty.

The CLEO endpoint analysis extractdd,,| values in five momentum intervals, beginning at a lower
cutoff of 2.0 GeV/c and going up t®2.4 GeV/c in steps of0.1 GeV /¢, with the higher cutoff fixed at
2.6 GeV/c [14]. The|V,| value they quote was measured in the inter@dl, < p.,/GeV/c < 2.6,
and was a compromise between the two extremes of theoratidagxperimental uncertainties. Similarly,
multiple measurements are performed in this analysis. @halysis repeats the approach adopted by
CLEO, but includes an additional momentum interval for gtud9 < pcn,/GeV/c < 2.6. The “cm”
refers to the centre of mass system, which is equivalentetodst frame of th&'(4.5).

This chapter describes the data set used, the criteria kectsgy signal electron candidates, and the

resultant signal reconstruction efficiency. Based on ClseE®éasurement, the selection criteria are opti-
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mised for the momentum intenval2 < p.,,/GeV/c < 2.6, although they are expected to perform equally

well for other intervals. Hereafter this interval is refedirto as the signal region.

4.2 Data Set

4.2.1 Experimental data

The analysis is performed on data collected by the Bellectimté&om January 2000 to July 2002. During
this period Belle accumulatet.13 fb—! and8.83 fb—! integrated luminosity samples taken at (ON), and
60 MeV below (OFF), theY'(45) resonance energy, respectively. The rate at which this skitavas
collected is shown in figure 4.1.

At Belle, data can be further subdivided into experimentramchumbers. Experiments, denoted by odd
numbers, differ, reflecting slight changes in acceleradbmd@ions made over time. Within an experiment,
a run represents an interval of smooth data acquisitiorallidene run corresponds to a single beam fill.
However, if any DAQ errors interrupt data taking there mayrme than one run per fill.

This analysis uses:

e asubset of the ON sample, inclusive of experiment 13 run #2@gh to experiment 17, amounting

t027.9 fb~? of integrated luminosity; and

o the full OFF sample of experiments 7 to 19 inclusive, amaogitd 8.83 fb~* of integrated luminos-
ity.

The ON and OFF data subsets were originally chosen on the b&sionsistency in detector and
accelerator conditions, which was monitored using the dénto di-electron event ratio (Figure 4.2). The
OFF data subset was later extended to a large data subdet steantage of the increase in statistics of the
full OFF resonance data sample (inclusive of experimentekperiment 19), since the OFF sample limits
our statistical sensitivity. While accelerator condisorary between experiments and runs, they do not do
so to such an extent as to invalidate the practice of using @NGFF data from different experiments.
Using a larger ON resonance sample was considered but waeedesmnecessary since the CLEO analysis
showed[14] that the experimental uncertainties in the nmmioma bins that would benefit from more ON
data were dominated by systematic uncertainties. Theteftdthe chosen data sample will be revisited

later.

4.2.2 Monte Carlo data

Monte Carlo (MC) simulated signal and background eventessential for the choice and optimisation of
cuts. The signal MC is also used to measure the signal recetish efficiency. The Belle collaboration

generates large amounts of MC data of several types withti@ns to account for different experimental
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di-muon to barrel Bhabha ratio

0.090 — —

0.088 — —
'

0.086 — -

44 '

0.084

I
e
|

I
-
|

0.082
%

0.080

0.078 \ \ \ \ \ \ \ \
5 7 9 11 13 15 17 19 2

Experiment

Figure 4.2: Ratio of di-muon to di-electron events as a fioncéxperiment number and run range.
The blue box highlights the experiment and run range chazethé feasibility study (mentioned in
the text), it highlights consistency in the performancehef accelerator and detector.
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conditions. Aside from collaboration wide samples, usése have some capacity to produce relatively

small samples suited to their individual analyses.

Signal Monte Carlo

A very largeB — X,lv; MC sample was produced by Belle for studies of charmlessleptonic B
meson decays. These decays were created bgibeen event generator [43]. In any given event in
the sample only one of the twB mesons will decay vidB — X,lv (signal). The sample incorporates
world average branching ratios f&@ — wlv;, B — ply; and the total inclusive ratd — X, lv; [17].
The sample consists almost entirely of ISGW?2 [45] modelbadsive charmless semileptonit meson
decays. A small inclusive component, conforming to the Dad-and Neubert prescription (DFN) [25], is
included to account for the slight deficit in the sum of exslasates compared with the full inclusive rate.
ISGW?2 is a model describing the dynamics of semileptdhimeson decay to exclusive meson states.
The hadronic matrix element can be parameterised into aressipn involving the available four-vectors
in the decay and form factors (functions of Lorentz scalaFe) the case of a pseudoscalar light meson,

M, in the decay3 — My, the hadronic matrix element takes the Lorentz covariamt fo
Hy, = (M[aPpb|B) = f1(¢°)(pB + p)p + f-(¢*) (B — P ) s (4.1)

where f. are the form factors, angf is the squared mass of the virtudl boson. Three independent

form factors, typically denotedA;(¢?); A2(q?); andV (¢?), are needed for a vector meson final state,
since the meson’s polarisation four-vector is availablednstruct additional terms. The ISGW2 authors
compute normalisation and functional forms of the form dastby modelling the meson as a quark pair
located in a Coulomb plus linear interaction potential.ifBated meson wave functions allow the form

factor normalisation and slope to be computed at the poiseas-recoil,g®> = ¢2,,.. Values at lower;?

are extrapolated frong,,. assuming an exponential form.

ISGW?2 form factors are only computed for mesons with masses thanl.7 GeV/c?, therefore, in
neglecting possible contributions from higher mass statéses not provide a complete description of the
full B — X,lv, rate. However, it is believed to be adequate for the high nmume regions since these
are dominated by the lighter mass meson states.

Inclusive B — X,,lv decays are simulated based on the De Fazio and Neubertiptiesg5], which
is described in section 2.3.1. They derive an expressiothtotriple differential decay correct to next-to-
leading orderQ(«;)) that includes the effect of tHequark’sFermi motion TheFermi motionis encoded
into the shape function, which is parameterised bybthh@ark pole massn,, and the average momentum
squared of thé-quark inside the3 meson 2. The exponential model is assumed for the shape function.
The parameters are setag = 4.80 GeV/c? andu2 = 0.30 GeV?/c2, which are derived from CLEO

measurements of inclusiveé — X .lv recoil mass an@3 — X,y photon energy spectra moments[29, 46],
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but the evaluation differs from that of CLEO in that termspdional tol /m; anda? have been removed
from the relation between measured observables and thepteesn,;, and 2.

A mainly inclusive hybrid sample was also generated forpindhis analysis. It contains the ISGW2
modelledB — =iy, decay and a large inclusive component, implemented in the sgay as described
above withm,, = 4.80 GeV/c? andu? = 0.30 GeV?/c2. Further, four similar samples are generated with
(mp/(GeV/c?), u2/(GeV?/c?)) = {(4.92,0.30), (4.78,0.30), (4.80,0.19), (4.80,0.41) }, which, by in-
corporating upward and downward fluctuations in the paramets determined by their uncertainties, are
used to investigate model dependence in the efficiency.

Electron momentum spectra for each of the signal MC setshawarsin figure 4.3
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Figure 4.3: Electron momentum spectrum for signal MC sets.

Background Monte Carlo

The Belle collaboration usingQ98 generates large MC event samples that are split into foferdift

types [40]:
mixed ete™ — Y(4S) — BB, which includes the effect of neutr& meson mixing;
charged ete™ — YT(4S) — BTB~;

charm ete™ — cg;

1The presence of th& — =l is implied in the mainly inclusive samples. Likewise the gmece of the small inclusive
component is implied in the mainly ISGW2 modelled excluseenple, hereafter, referred to as the “ISGW2” sample.
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uds ete” — wa,dd, ss.

These samples include experiment and run dependent béatedréackgrounds derived from randomly
triggered events in the data. The mixed and charged sanwlésh do not contain any signal decays,
contain all theBB backgrounds, namely charmed semileptoBianeson decays, secondary electrons
from charmed mesons and tau leptons, and electron fakeshfadnons. The mixed and charged samples
are used to calculate tHgB background. The “mixed” and “charged” samples are appabgli combined

to form theBB MC sample. The “charm” and “uds” samples are likewise appatgly combined to form

the hadronic continuum MC sample.

4.2.3 ON to OFF sample scaling

Continuum background is evaluated using the OFF resonaaesdt. Yields derived from the OFF sample
are scaled to match expectation in the ON sample. The saatw fdenotedy, is given by the ON to OFF
ratio of integrated luminosity corrected for the crossieect:, which is inversely proportional to the centre

of mass energy squared,such that

Lon Sof  Lon (10522
- = Tnrs | - 4.2
“ Loff Son Eoﬁ <1058) ( )

Since the number of detected fermion pairs frene™ interactions is proportional to the integrated lumi-

nosity multiplied by the cross section,can also be determined as

_ NON(ff) . (4.3)

“~ Norr(f)

The yield of Bhabha events detected in the barrel is usedc¢alete
a = 3.005+0.002 £ 0.015.

The efficiency for detecting fermion pairs is implicitly incled in equation 4.3. The ON and OFF sample
mismatch may affect the measurement since experiment and run dependent factdrs éfficiency will
not precisely cancel in the ratio.

This problem cannot be altogether avoided even if the ON aRB €amples are matched, since at
Belle only a small fraction of the time (one ninth of the rumé) is spent collecting OFF resonance data,
and small changes in the running conditions do occur. A syatie uncertainty is assigned through a
comparison oty calculated from Bhabha and di-muon detection events.

Since di-muon events are triggered by different criterentBhabha events, their respective detector
responses, and therefore efficiencies, are independemsegoently ON and OFF sample mismatch effects

if evident are not expected to be the same imeasurements made separately with di-muons and Bhabha
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events. The difference of scale factors is found to be 0.284, ¢f which is taken as the systematic
uncertainty inu.

An additional 0.4% systematic uncertainty is assigned dasean offline luminosity measurement
study performed by Belle collaborators[47]. The study aered effects on the Bhabha event selection
deriving from: the ECL trigger; ECL and CDC selection criégerand the inner material of the detector.

Full numerical details of thee measurement are given in table 4.1.

Ratio ON/OFF measurement

= R

Statistical error

stat(eTe™) = prescale x 1/ N/prescale

Systematic error

() = 3 (R (e e™) = Ry (et u0)

@ 0.4% (see text[47])

Exp 13r1200+15+171 Exp 7-19

Data Non NOH
ete™ —ete™ 184127950 61284110
ete™ — utp~ 15548117 5183503

prescale = 50

Table 4.1: Calculating, the scaling factor for the ON to OFF data samples.

At momenta abov@.8 GeV /¢ there are no sources of electrons frait.S) decay chains. Thus the
ratio of yields above.8 GeV/c provides a cross check of the ON to OFF luminosity ratio mesment.
The ON to OFF ratio of electron yields far8 — 4.5 GeV/c givesa = 55622/18492 = 3.0079, which is

in agreement with the above measurement.

4.3 Hadronic event selection

The HadronB[48] skim has become the standard #8meson and hadronic continuum physics analyses
at Belle. It has an efficiency of 99.1% fa#(4.5), 80% for hadronic continuunete™ — u, dd, s3, c),
and less than 5% for non-hadronic continuum events. Ther laitludee™e™ — ete™ (v), utp =, 7777,
2~ and beam background interactions. HagronB criteria are designed to remove non-hadronic events.

These backgrounds have lower track multiplicity théf.S) decays, and therefore each track possesses a
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large fraction of the available centre of mass energy and8edtively they tend to be collimated. Thus
high-momentum back-to-back tracks are frequently enayedtin these backgrounds. Particles from these
backgrounds are also often out of the detector acceptagmmreso there is little visible energy.

The hadronic event selection variables are calculatedyusinonstructed tracks and ECL clusters.
The reconstructed tracks used haxe > 100 MeV /¢, and impact parameters from the nominal IP of
dr < 2.0 cm and|dz| < 4.0 cm. ECL clusters with energi’ > 100 MeV, and those not matched to CDC
tracks define photon candidates within the CDC acceptarie{ 6 < 150°). The tracks and photon
candidates are boosted into tfi¢4.5) rest frame with pion and zero mass assumptions respectinelye
following, the square of the total centre of mass energy itk bys.

TheHadronB criteria are:

e The number of charged tracks,
NtrACK > 3; (4.4)

e The total visible energy defined as the sum of track and phenengies

EvisiBLE > 0.204/s; (4.5)
e The sum of track and photon momentum projected ontaHais

’szc

< 0.5V/s; (4.6)

e The primary event vertex, determined from all tracks, megpdsitioned within a cylindrical surface
defined by
r<1lb5cmand |z < 3.5 cm 4.7)

and centred at the nominal IP;

e The sum of the cluster energies in the ECL within the CDC aizoee

0.1 < EGRG/V's < 0.80; (4.8)

e The number of ECL clusters in the barrel region of the detdet0.7 < cosd < 0.9)

NcrusTeER > 1; (4.9)

e The energy sum of clusters within the ECL, and the Heavy Jess\d;.;

EESL /s >0.18 or Mjgr > 1.8GeV/c2 (4.10)
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Mg is the maximum of the invariant masses of summed track antbpliour-momenta calculated
separately in two hemispheres. The hemispheres are dikiddee plane perpendicular to the thrust
axis of the eventM ;g is essentially the invariant mass irr-pair events. Thé/;gr requirement

keeps a continuum event not consistent wittygair event;

o If Mpr <1.8 GeV/c2 then
MjgT > 0.25Ev1s; (4.11)

e The average cluster energy calculated from clusters witieérECL,

EéEgllﬁ/NgI%STER <1GeV. (4.12)

The motivation for these cut choices is described in detsévehere [48]. The resultant cross sections

and efficiencies for various processes after the applicatitiadronB criteria are shown in table 4.2.

ProcesgTe- — BB q7 7t7~ efe (y) v
e(%) 99.1 795 4.9 0.002 0.4
o(nb) 1.09 262 0.05 0.001 0.04

Table 4.2: Cross sections and efficiencies for various s subject to thigadronB selection
criteria.

4.4 The number of BB events

At Belle the number of3 B events is calculated using

€ON
€OFF

NBB = NON — OZNOFFa (413)

whereqa is the ON to OFF luminosity scaling variable;norr) is theHadronB skim efficiency for con-
tinuum events at ON(OFF) resonance energy [48]. The latebken calculated using hadronic continuum

samples generated at both ON and OFF resonance energiés giveh by

€ON

= 0.9958. (4.14)
€OFF

The ON resonance data sample analysed has

Ny = 29,388,453 + 381,999(1.3%),
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where the statistical and systematic errors have been d@ddgehdrature. The statistical error amounts
to 0.3%. The systematic error comprises of three componsen&dinga +1.1%; beam gas background
—0.1%; andGON(OFF) +0.5%; in all £1.2%.

45 Selection criteria

45.1 Pre-selection

Prior to the task of analysis it is necessary to reduce the skttto a manageable size. There are many
events that pasBadronB cuts which are not of interest for the purposes of this amglymmely those
without electrons and events from continuum.

To reduce background from continuum events only eventsevtier second normalised Fox-Wolfram
moment meets the condition

Ry < 0.5, (4.15)

are selected. HerB, = H,/H,, with

Hy =) [pillp; | P (cos ¢i;), (4.16)
,J
where the indices andj run over the tracks and neutral clusters (particles) preduc the eventg;; is
the angle between particleandj, andP,(x) is the Legendre polynomial of ordef49]. R is a measure
of event topology. Continuum events tend to be collimatedgla signal axis, and on average have high
R, values, whereaB B events tend to be more spherical and therefore have IBwenalues.
Events are required to have at least one charged track temisigith an electron hypothesi§{ > 0.8,

as described later in section 4.5.3), and the momentum dfdbk, must satisfy
Pem > 1.3GeV/c. (4.17)

This range includes lower and upper sideband momentummregiecessary for background studies.
After requiring events containing an electron candidagertbn-hadronic continuum background was

found to be reduced to roughly 36% of the continuum backgdoiinis was much larger than most other

B-meson analyses. Therefore, the tighter hadronic skirer@iimplemented for th@adronC sample

were used. The more stringent cuts are:

EvisisLe > 0.50/s; (4.18)

‘szc < 0.30v/5; (4.19)
Nrrack = 5. (4.20)
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The fraction of events remaining for MC and data after pleei®n are given in table 4.3.

Sample Event fraction (%)
ON sample 1.99
MC BB 3.86
MC charm 0.82
MC uds 0.18

Table 4.3: Remaining event fractions after applying prieesion cuts in data and MC.

45.2 Track selection

Charged tracks are detected primarily by the CDC (as destiibsection 3.2.3). Axial wire hits provide
r — ¢ coordinates while stereo wire hits measuredto@ordinate. Hits in the CDC and SVD were fitted to

particle tracks by assuming particles follow a helicalacapry. A helix is described by 5 parameters:
e the radius of curvature, which is proportional the transeanomentum;
e the pitch, which is proportional to the longitudinal momemt
e and the pivot point coordinates, these define the point aledbapproach to the detector origin.

The helix model neglects magnetic field non-uniformitieergy loss due to ionisation and multiple scat-
tering. These effects along with SVD hit information aredrporated into a re-calculation of track param-
eters through the use of a Kalman filter algorithm. The additif SVD hit information improves the pivot
point measurement. Tracks are extrapolated all the wayet&LiM using a Runge-Kutta method.

To further compensate for non-uniform magnetic field eBeethich are most evident in the very
forward and backward regions of the detector as demondtirmfegure 3.19, correction factors are applied
to the measured momentum. These are calculated from cosnpardof measured and true invariant mass
peak positions of well known particles [50].

Poorly reconstructed tracks are rejected by imposing auth@track impact parameters denotieg>
anddzip. They are the: andz distance to the measured IP at the track’s closest approable tP. Dis-
tributions ofdrip anddzip in ON resonance data are shown in figures 4.4(a) and 4.4(le)diBfributions
reflect the width of the beam profil& meson flight length and the resolution of the reconstruatsckt

All tracks to be considered as electron candidates mustfgati

drip < 0.05 cm; (4.21)

and
|d21p| < 2.0 cm. (4.22)
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These cuts favour tracks originating fraBimeson decays over those from secondary decays.

" " " " 1 " " " " " " " " 1 " " " "
0 0.05 0.1 0.15 0.2
dr (cm) [dzp| (cm)

(a) dr1p distribution for charged tracks. (b) |dz1p| distribution for charged tracks.

Figure 4.4: Charged track impact parameter distributiorexpperiment 15 ON resonance data for
tracks that are consistent with an electron hypothesis afidpat, > 1.5 GeV /c.

4 5.3 Electron identification

Electrons in Belle are identified using five discriminatiregiables that utilise information from the CDC,
ACC and ECL subdetector systems. The five variables are lagvil

Track to Cluster Matching x2 The projected electron track is required to match the positif a ECL

cluster. The matching condition is decided by measuring-sghare, defined as

X = + =, (4.23)

whereA¢ and A6 are the angular separations between the centre of the rchrgleprojected track
position. Bothoa s andoag are the resolutions determined from electron samples m datrack-
cluster match is found if? < 50. If multiple tracks satisfy this requirement then the matdth the
lowesty? is declared the matching track. The position resolutiorefectrons is better than that for

hadrons, as demonstrated in figure 4.5(a).

E/p is the ratio of energy measured by the ECL and momentum megdyr the CDC. Electrons, on

average, deposit all of their energy in the calorimeter. dntrast, hadrons deposit only a small
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fraction of their energy, and this fraction fluctuates dsea€onsequentlyF /p will tend towards

one for electrons but will be less than one for hadrons, adstrated in figure 4.5(b).

E9/E25 is the ratio of energy deposited in a clusteBix 3 crystals,Eg, and 5x5 crystalskss, about the
centre of the shower. Electrons and hadrons shower ditiigrienboth longitudinal and transverse
directions in the crystals since hadrons typically indegaore than one shower. The differences are
demonstrated in figure 4.5(c), the peak of pions evident apfesents high momentum pions acting

as minimum ionising particles.

dE/dx is the rate of energy loss due ionisation along a charge#'srér@jectory through the CDC. De-
scribed in section 3.2.3, for highly relativistic partislgg ~ 1), dE/dx depends logarithmically on
the Lorentz factory, of the particle, and therefore its mass. It provides erc¢keparation between

electrons and pions for momenta greater th@GeV/c, as shown in figure 4.5c.

ACC lightyield (N,p.) is quantified by the yield of photoelectrons or lack theresfiiting fromCerenkov
light. The threshold for electrons is a féleV /¢ whilst that for pions is in the rande5 GeV /¢ —
1GeV/c. Thus discrimination between pions and electrons is onbsiide for particle momenta
below1 GeV /¢, and therefore is of no consequence to the track candidatessdered for this anal-

ysis.

Probability density functions (PDF) characteristic ofattens and non-electrons (pions) are formed for
each discriminating variable. These are constructed frata df electrons from Bhabha events and pions
from K, decays. A PDF is calculated for each1df x 6 bins in lab momentum and polar angle region
respectively. An electron (pion) likelihood function idoalated as the product of the electron (pion) PDFs

for each variableﬁf(”). The overall likelihood used for identification of an electiis then defined as

_ H?:l ﬁf
[T, co + 11, £F

(4.24)

€

where the products are over the five discriminating varmhlg is plotted in figure 4.6 for both electrons
and pions. The likelihood is not a probability. Correlasdpetween variables cause minor peaking of
electron and non-electron hypothesis particles at 0 anddetdively.
Having passed the track quality and momentum cuts a chargeklis classified as an electron candi-
date if
Lo > 0.38. (4.25)

In addition, since electron identification in the MC is foundigree best with data for electrons that shower

in the barrel region of the ECL (discussed later in secti@2j, and due to heavy reliance on MC in the
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Figure 4.5: (a) The track to cluster matching, (b) Ratio of energy deposition to track momentum,
E/p, (c) Transverse energy shag®,/ E2s5, and (d) Rate of ionisation energy |O%, for electrons
(solid line) and pions (broken line).
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Figure 4.6: The electron likelihood;., for electrons (solid line) and pions (broken line).

analysis, candidates must also be within acceptance ofitelp

—0.626 < cos 6 < 0.846. (4.26)

4.5.4 Continuum suppression

Continuum events are a significant background in this aisalyénlike the background from® — X_.ly,
decays it cannot be avoided with a cut on the momentum. Ireiem2.2 < p.,/GeV/c < 2.6 the signal

to background is aboutto 7 after pre-selection.

Eventually scaled OFF resonance data is subtracted fro@kheesonance data to reveal distributions
representative of data just fromB events. The statistical uncertainty will depend on the amhotiOFF
resonance data as well as on the level of the continuum bagkdrbefore subtraction. Therefore it is

necessary to reduce the continuum background as much ablposs

Continuum backgrounds can be classified into two categories
Hadronic continuum consisting™e™ — ¢g whereq = (u, d, s, ¢);
QED related continuum mainly consisting of:

e two-photon events;Te™ — ete y*y* — eTe™ hadrons;
e radiative bhabha eventsfe~ — eTe™7;

e T-paireventseTe” — 777,
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Photon conversion andr®-Dalitz decay veto

The continuum produces many photons and neutral pions,endudssequent decays respectively, through
photon conversiony — eTe~ and Dalitz decayy® — ete™, provide background candidate electrons.
To suppress this contribution, the invariant mass of theteda candidate paired with an oppositely charged
track that is consistent with an electron hypotheSis,> 0.8, and meet$ladronB track requirements (if
so found), must satisfy

[Mete-| > 0.1GeV/c?. (4.27)

Figure 4.7 shows then.+.- distributions in hadronic continuum MC for mass regions rakrest,
where the MC generator information has been used to idethigy® or photon mother of the candidate
electron. The veto reduces hadronic and QED-related amntirby 5% and 30% respectively. The signal
inefficiency is less than 0.1%. The leakage, defined as tlatidraof electrons for which the veto is

ineffective, is estimated to be 57% and 68%{cand~ decays respectively.
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Figure 4.7: Hadronic continuum M@+, distributions for generator identified (a) photon con-
versions and (b)r’-Dalitz decays. The electron candidates satisfyi > 1.5GeV/c and the
impact parameter cuts.

Virtual calorimeter

For signal events, the little energy available & in the collision rest frame ensures that their decay
products have a higher probability of being evenly distiétolithroughout space. In contrast, continuum
guark pairs hadronise and produce patrticles collimatediatk-to-back jets, hence these events tend to be
highly directional. The effect is more pronounced for tlghtiquarks ¢, d, s) than for the heavier charm

quark ).
Since the dynamics of the hadronic parti®f— X,ev are not well established it is important that
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selection requirements retain acceptance over a wide i@ingein order to minimise model dependence.
The R, variable, a measure of event topology, which is well suitediscriminate background from signal,
is not used because it has been found to disproportionatebyf signal events with higf? (the squared
mass of the virtual’ boson) over those with low?. Low ¢ events mimic the continuum background
topology since in these events the hadronic systé recoils hard against the lepton pair. For this reason,

only a loose cut o, was applied at the pre-selection level.

The effort to minimise the? bias has also meant that cuts on the magnitude of missing ntome
and its direction with respect to the candidate electrorehmt been used, even though they are amongst
the best available suppressors of continuum backgroundseltvere used in an earlier CLEO endpoint
analysis [51]. The recent CLEO analysis employed an adjusteual calorimeter type variable to recover

acceptance at low? while still providing overall good background suppression

This analysis uses a similar virtual calorimeter type J@dadenotedFy,w . Frow iS a Fisher discrim-
inant [52] of a set of “energy flow” variables formed by grongidetected particles in bins of 0.05dos ¢
(cones), wherd is the particle angle with respect to the candidate eledtraentre of mass frame, and
taking the energy sum in each bin. The cones are depictedirefiy8. The detected particles are formed
from tracks and clusters in much the same waylhéronB event selection variables were calculated.
Though instead of assuming a pion mass for charged track;lpadentification information is used to

assign a mass hypothesis.

Electron

Figure 4.8: Energy flow into cones that are centred on thereledirection.

Energy flow into the*® cone is defined as

Errow_; = Z Ej (COS 0; < cos 9j < Ccos 91'4_1) + Z Ej (COS 0; < cos t9j < Ccos 9i+1),
j—tracks j—photons

(4.28)
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where
cosf; =1— (i —1) x 0.05, 1=1,2,...,39.

Following the CLEO analysis, the energy flow in the backwardation —1.00 < cosf < —0.95 was not
used, as it was found to have a disproportionate effect itothig? region [30]. The Fisher discriminant is
defined as;

Fiow = ZaiEFLow—i, (4.29)

where the coefficients are given by

ai =3 (UG + U™ ] + 15), (4.30)
J
andpS®) andU3(P) are the “energy flow” variable mean and covariance matrigesignal (continuum)
events respectively. The coefficients define a hyper-plarfenergy flow” variable space and provide
the best linear separation between continuum and signatevé&hey were calculated using signal and

continuum Monte Carlo samples. Distributions&f,., are shown in figure 4.9.
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Figure 4.9: Signal and continuuffi,., distributions.

Tagging a rare B meson decay

In addition to suppression based on event topologyflavour tagging variable was implemented. The
variable k!1, is defined as
kIl =Q(e)(N(K') — N(K™)), (4.31)
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where(Q(e) is the charge of the electron candidate &dK +) and N (K ~) are the number of positively
and negatively charged kaons identified in the event, réispbc A B — X, [v; decay will produce no
net strangeness, however the decay of the associateeson from thél'(4.5) resonance decay will on
average produce a net strangeness throbghvac — s quark transition since these are favoured processes.
Moreover, the sign of the strangeness will be inverselyetated to the charge of the candidate electron.
Continuum processes are strangeness symmetric and tteerefa@orrelation exists. The sign#l(4.5)
event properties are demonstrated in figure 4.10. Furthermo correlation is evident in non signal type

B decays.
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Figure 4.10: The rargtag.

Calculating the difference in number of positively and riegdy charged kaons is a way of calculating
the strangeness. Information from neutral kaons cannoseé since these can only be evidenced through

detection of{;, and K's which give no strangeness information.

At Belle charged kaons and pions are identified by combitiiig probabilities of specific ionisation
energy loss measurements made with the CI¥¢/dx, with light yield readings from the ACC and time
of flight information from the TOF to form & (r) likelihood, R x(r)[53, 54]. Discrimination between

kaons and pions is decided through the likelihood ratio

Lk

oy

(4.32)

The average kaon identification efficiency and fake rate eetd.5 < pia,/GeV/c < 4.0 are(83.0 +
0.1)% and (8.5 &+ 0.1)% respectively. These are measured using fully reconstubte — D(—

K¥r%)rE  decays whereby kaons and pions are tagged by the charge sibtingion, 7o, Tracks

slow
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with
Rix > 0.60 (4.33)
are identified as kaon candidates.

MC signal and hadronic continuukal distributions are plotted in figure 4.11. The asymmetrygmai

events is apparent, while little or none is evident in camntim events.
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Figure 4.11: Distributions ofl1 for signal (above) and continuum (below) MC events.

The event thrust axis

Most QED related backgrounds derive from either a radi@@ivabha interactione(-e™ — e*e™~) cou-
pled with beam backgrounds or a two photon everite( — ete y*y* — eTe hadrons). In these
events a beam particle will scatter within the detector ptaoece region while the other will escape down
the beam pipe. Since the escaped particle will carry awayesafrthe energy its existence can be inferred
from missing momentum pointing in the beam direction. Thesinig momentum is calculated as the dif-
ference between the momentum of the beams and the sum of ¢kevel track and cluster momenta as
measured in the laboratory frame.

The detector acceptance for electrons was determined astidio of the cosine of the missing momen-
tum polar angle4-direction cosine);os 0,,iss, in both OFF data and hadronic continuum MC. Distributions
representative of QED-related continuum events were oaetstd by subtracting hadronic continuum dis-
tributions from those in OFF data - hereafter referred tohaspseudo QED-related continuum sample.
Furthermore a sideband region, definedlby < p../GeV/c < 1.9, was chosen to avoid using OFF data

that is later subtracted from ON data to reveal the signal.



4.5 Selection criteria

65

Thecos 62 . distribution for events with electron and positron cantkdas shown in figure 4.12. The
distributions peak at -1 and +1 for electron and positrordadates respectively, which is indicative of
beam positrons and electrons escaping down the beam pigeevidlent asymmetry in the yields at the

edges is due to the asymmetric nature of the detector.
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Figure 4.12: Distributions aofos 05 for electron (above) and positron (below) candidates.

Rather than imposing cuts @ns 62, as was done in previous analyses, the missing momentum was

miss’?

used in the calculation of the event thrust axis. The thrxistaf an event is the directiof, that maximises

.
> | 7 5 (4.34)

%

wherep; is the momentum of thé® track or cluster as measured in the centre of mass frame.zThe
direction cosine of the thrust axisps Otnhrust—a, Which has been calculated with the inclusion of the
missing momentum, was found to suppress QED related cantirhackground just as effectively as a cut
oncos 0<% (since they are strongly correlated) but did a slightly éxgitb of minimising the;? bias, as

demonstrated in figure 4.13, even though the respectivalsgfficiencies were comparable.

The MC signal and QED related sampl& 611,45t o Sideband distributions are shown in figure 4.14
where clear discrimination is evident. It is not well undeosl why the signal distribution should be

asymmetric although it may be due to the asymmetry of thectimte
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Figure 4.13: Normaliseg? spectra; before detector acceptance (solid line), Withs @t ust—a <
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related continuum events (dotted line).
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4.5.5 Optimising cuts onFy,,, , kl1 and cos Orprusi—a

To arrive at the eventual signal yield the continuum backgcbwill be subtracted using scaled OFF res-
onance data. Therefore, the cut positions should be choserinimise the statistical uncertainty in the
eventual signal yield derived from this subtraction.

If T'and B denote the total number of electrons in the ON and OFF datplsamespectively, then the

number of signal electrons in the ON samejs given by
S=T-aB, (4.35)

whereq is the OFF data scale factor(as described in section 4.Z18).fractional error squared is then

given by

(4.36)

AS\?  (S+aB)+ao’B
s) - s2 '

Since the cut variable distributions for hadronic and QEBtesl continuum events are different, the back-

grounds are treated separately, such that
B = Bqg + Bqep, (4.37)

thereby giving

52T T st & 52

AS? 1  a(l+a)By n a(l—l—oz)BQED. (4.38)
The fractional error is minimised by minimising each of i@rs. Since the hadronic component is the
greater of the two continuum contributions, tg,,, andk/1 cuts were chosen to minimis%(HS‘é—)B“’,
hereafter referred to &%,;. Accordingly thecos fhruss—a CUt was chosen to minimis§+ %,
hereafter referred to @&, rp. Thel/S term is part ofF o p instead ofF,; becauseB,; is much larger

thanBokp.

To determineF,4, S and B,; were calculated using the ISWG2 signal and continuum MC $esnp
that contained 00, 000 and50, 000 events in the signal region respectively. The samples wendated to
match experiment 15 run-time conditiorfsandB,; were appropriately scaled to the expectation¥gys
equivalent to that of the ON resonance data sample. An iivellisanching fraction oB(B — X,ev,) =
1.77 x 10~2 was assumed based on the CLEO measurement in the same sg@joa[14]. In determining
Foep, S andBggp were calculated in the sideband region from the signal MCpamsiido QED-related
continuum background samples.

For improved signal efficiency the placing of a cut on ktié variable was avoided by instead making

the cut onFy,,, dependent okil (Fuow (kI1)). Specifically three cases &1 were examinedkl1l < 0;

2The term including the uncertainty inis negligible.
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kl1 = 0; andkl1 > 0. The optimalFa.w (k1) cut was found to be:

kll<0 — Friow > 0.50; (439)

Kl1l=0 — Friow > 0.60; (4.40)

kKl1>0 — Frlow > 1.10. (4.41)

This cut has a signal efficiency of 32%, with hadronic and QERted continuum background sup-
pression factors of about 33 and 2, respectively. The diffee in the suppression factors exemplify the
differences between hadronic and QED related continuukgsaands in theFy,,, cut variable, and there-
fore validate the procedure for separating the backgroumiti® cut optimisation procedure.

The optimalcos fyust— A CUt was found to be:
€08 Ohrust—a < 0.75. (4.42)

This cut has a signal efficiency of 90%, with hadronic and QEBted continuum background suppression
factors of about 2 and 1.2, respectively. The continuum =seggion variable distributions as well as the cut

positions are shown in figure 4.15.

4.5.6 Physics vetoes foB B backgrounds

The same variable used to veto candidates frérDalitz decay and photon conversions, .- , was also
used to reduce the background froify) — ete™ andy)(25) — ete™ decays. Figure 4.16 shows th3
MC distributions form,+ .- in the J/¢ andi(2S) mass region for events which have passed the analysis
cuts, and where the generator information has been use@mdtifidthe mother particle of the candidate
electron. The long tail to the left of the mass peak is a resulbe electrons suffering bremsstrahlung
energy loss. The mass peaks are well modelled Gy¥8TAL BALL line shapé. Vetoes are placed from

—T7o and+30 around the peak, where= 0.01 GeV/c?, and are given by:

o J/Yp —ete veto

ete— —Mj/y

m
—0.07 .03; 4.44
0.07 < Gov/c2 < 0.03; ( )

e (25) — eTe™ veto

ete— — Ty(28)

m
iy 03, 4.45
0.07 < =5 < 0.03 (4.45)

3TheCRYSTAL BALL (CB) line shape is given by

N exp(—(z — p)?/(20?)) T2 - a0

Nexp(_a2/2) (%)n (u—fﬂ—ao—i-ga)_n r<p-—ac (4.43)

fep(z) = {

whereN is a normalisation constant, is the peak positiony is the resolutionn, and« are empirical parameters.
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Figure 4.15: Distributions of the cut variables for sigredl{d line), hadronic continuum (dashed
line) and QED-related (dotted line) processes. The linesaarows indicate the retained regions.
The signal and background levels reflect expectations i@ttieample after all cuts so far discussed
have been applied.
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The leakage, either due to the measured .- not surviving the cut or a failure to reconstruct the other
electron, is estimated from the MC to be 41% and 38%Jiap and(25) decay backgrounds, respec-

tively. These vetoes result in a signal inefficiency of 0.4%.
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Figure 4.16:BB MC samplem,.+.— distributions for generator identified (&Y« and (b)) (25)
decays. The candidates have all but continuum suppressierizapplied. The vertical lines bound
the vetoed interval.

4.6 Reconstruction efficiency

In order to calculate a branching fraction the observed®acspectrum must be corrected for the signal
reconstruction efficiency. The efficiency is measured asation of the momentum in the centre of mass
frame; for a given momentum regioAAp, there areV, generated electrons and after cu¥s,electrons are

recovered, therefore the signal efficiency is calculated as

emc(Ap) = (4.46)
Table 4.4 shows a summary of the cuts applied to select> X, ev. events and the cumulative
efficiencies for each cut in the signal regidh2 < pem/(GeV/c) < 2.6. The Faey cut is the most
restrictive.
The efficiency as a function of generated momentum is plattdayure 4.17. The reduction in effi-
ciency seen for higher momenta is a consequence of the camticuts, since at these momenta the event

topology of signal events comes to resemble that of contmuu
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Cut Candidates Efficiencyc
Generated 194606 -
Detector Acceptance ~ 091
+ Track finding pr.p > 1 GeV/c) ~ 0.93
+ Electron ID 148953 ~ 0.90
Ry < 0.50 143470 0.963
HadronC 122568 0.860
IP + Barrel 106370 0.868
70/ veto 106292 0.999
Frow(ki1) 33929 0.319
€08 Orprust—a < 0.75 30537 0.900
J/v veto 30451 0.997
¥(25) veto 30420 1.000
Net 30420 0.156

Table 4.4: The selection criteria in order of applicatioasultant remaining candidates and effi-
ciencies for the momentum interva,2 < pem/GeV /c < 2.6 in the ISGW2 signal MC sample.
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Figure 4.17: The efficiency as a function of momentum catedlaising the ISGW2 signal MC
sample
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The following subsections describe sources of systematieniainty and model dependence in the

efficiency measurement that derive from the use of MC.

4.6.1 Tracking efficiency in data and MC

The uncertainty on the track finding efficiency is a non-rgghle source of systematic uncertainty. The
tracks considered as electron candidates all have mometite lab frame greater tharGeV/c. At Belle
tracking performance for this kinematic region was studisithg the embedding method [55]. The study
is briefly described here.

The embedding method involves embedding the MC simulatesttie response to a single track into
MC and dataBB events, and running the track finding and fitting softwarer ¢lre samples. The track
finding efficiency is defined as the probability of recondtingthe embedded track.

In the embedding study performed, care was taken to conalidenown sources of uncertainty in the
MC simulation: magnetic field effects; CDC wire hit ineffinigy; uncertainties in the material budget of
the SVD and CDC; and drift time resolution effects in the CI®.significant deviation between the data
and MC single track reconstruction efficiency was found. Tdt@® of track finding efficiency in data to
MC was found to be consistent with unity with an error of 1%cAdingly, a 1% uncertainty was assigned

as the systematic error in the efficiency due to tracking.

4.6.2 Electron identification efficiency in data and MC

At Belle a study of the electron identification (ID) efficisnbas been performed with QED type two-
photon events;te™ — eTe~eTe™, and a sample which contains single MC electron tracks eduxkih
hadronic data events[56]. The study measured the eleatsonification efficiency for the cu, > 0.8,
the same as chosen for this analysis. The ratios of the meghsfficiencies in two-photon to embedded
MC electron track samples,

€e—1p(27)
- 4.47
R= o (Embedded MC)’ (4.47)

for various polar angle regions are given in Table 4fbis interpreted as the electron identification ef-
ficiency difference in data compared to MC. The measurenshiw very good agreement in the barrel
regions of the ECL, less so for the endcaps. For this reagatreh candidates were required to be within
acceptance of the barrel EC2.20° < 0 < 128.72°.
For the benefit of this analysis a study of electron ID efficiewas undertaken in inclusivg/y events.

A comparison of/ /v yields between the cases where either one or both of the tenigdcks are subject to
an electron ID requirements can yield an ID efficiency measient (the method implemented is similar to
that described in reference [57]). The study involved fullgonstructing/ /¢y — eTe™ decays with tracks

satisfying the same track requirements as those met byr@hecandidates considered for this analysis,
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which are described in section 4.5.2. The study found£for- 0.8,

€e—ID:DATA

= 1.00 + 0.02. (4.48)

€e—ID:MC

Due to the measured consistency between MC and data inaiddentification as demonstrated in the
study, no corrections to the MC were applied. The error inrdti®, 2%, was assigned as the systematic

uncertainty in the efficiency due to electron identification

Le>0.8
6 region (LAB) R
18 — 25 1.045 + 0.039
25 — 35 1.028 £ 0.037
35— 40 1.000 + 0.049
40 — 60 0.998 +0.016
60 — 125 1.011 £0.013
125 — 132 1.124 £ 0.170
132 — 151 1.096 £ 0.058

Table 4.5: Electron identification data to MC efficiency odtk) for £. > 0.8.

4.6.3 Event selection

A sample of fully reconstructeB* — D(— Kr)p* decays was used to investigate possible differences
between MC and data response to the event selection critenaely theFyq., (kl1) andcos Oryrust— A
cuts were investigated since these were the most restrictiv

The decayB™ — D(— K)p™ was chosen for its ability to mimic the kinematics Bff — X, /v,
decay. The{r system is associated to the. system, such that the kaon, disregarding the particle iden-
tification is taken as the electron while the pion is assiggethe neutrino. The study is constrained to a
limited kinematic region sincg? = m?, = 3.5 GeV?/c*.

Charged kaons and pions were selected from tracks satisRijn, > 0.6 and Ry, < 0.6 respec-
tively. Neutral pion candidates were reconstructed froratph pairs with invariant masses in the range
0.115 GeV/c? < m,, < 0.154 GeV/c?, corresponding to an interval éf3c about the nominat® mass,
whereo is the experimental resolution. Photon candidates detdntéhe barrel and endcap ECL were
required to have a minimum energy &f MeV and100 MeV, respectively. Ther® reconstruction is the
same as that implemented in the Belte— p°z° analysis[58]. NeutraD meson candidates were recon-
structed from the< r decay mode with masses in the ranget GeV/c? < my«,+ < 1.89 GeV/c?[59].
Chargedp meson candidates were reconstructed fromsthie® decay mode with masses in the range
0.620 GeV/c? < m+.0 < 0.920 GeV/c?, corresponding tetI,,, wherel', is the natural width of the.

B meson candidates were subsequently reconstructed fr@nd p meson pairs.B mesons originating
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from theY' (4S) decay must each have half of the beam energy. This congraiviles two variables that

are useful in selectingg meson candidates. These are the beam constrained mass,
Mbc - (Ecm/2)2 - P%v (449)

and the missing energy,
AE =Ep — Ecn /2. (4.50)

Here E'p is the reconstructed energy of tliemeson candidatey.,,, is the beam energy, ang is the
reconstructed momentum of tH& meson candidate in tH€(45) rest frame.B meson candidates were
required to have ai/,,. > 5.27 GeV/c?, in the circumstance of more th@hmeson candidate being found
in the event, then that with smalle&tZ’ was kept. The combinatorial background in the MC was found to
be negligible. The continuum background was modelled uSiR§ data, which was appropriately scaled
and subtracted from yields found in the ON data to revealdigncandidates.

Signal B meson yields were measured fgf candidates with momentum rangé < pen/(GeV/c) <
2.6 in 0.05 GeV/c bins. The kaon in thé&3™ — D(— Km)p™ decay was required to pass the same track
and impact parameter cuts as the candidate electrons. Thargables were calculated assuming miss-
ing momentum and energy from the pion, as is the case with sineuThe cut selection efficiency was
measured as the ratio of yields after and beforefihg, (k11) andcos fry,ust—a CUtS were applied.

The cut efficiency is plotted for both data and MC in figure 4aléhg with the resultant data to MC

efficiency ratio. The ratio was fit with a constant giving

Ceut:DATA _ (.997 + 0.022. (4.51)

€cut:MC

The result translates to an uncertainty2§f in the continuum cut selection efficiency. The uncertainty
doubled, 4%, was assigned as the systematic uncertaintypdient selection. The doubling was imple-
mented to compensate for the assumption that the resuftstfre study could be extrapolated to the other

regions ofg>.

4.6.4 Model dependence

The main continuum suppression variable used in the sigealtselection was chosen on its ability to min-
imise the bias iny2. Theg? efficiency, as taken from the generator information, istplibin figure 4.19a.
The use of theFy,,, Variable as opposed to a conventioRalcut, causes the efficiency curve in the lgiv
region to plateau. The thrust axis polar angle cut is foundaoginally reduce the efficiency at highgr.

The efficiency as a function of the hadronic recoil maefs;,,, is plotted in figure 4.19b, which shows a

u?

slight degradation for highe¥/x . Since different models predict different shapes in mommenti-lepton

mass, and hadronic recoil mass, the efficiency, dependehege variables, measured in one sample will
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Figure 4.18:B — D(— Kw)p control sample: (afaow (k1) andcos Ornrust—a cut efficiency
in data (triangle) and MC (square) as a function of momentuaoh (@) the ratio of data to MC
efficiencies as a function of the momentum.

differ to that as measured in a sample that has been coreiriiom different model assumptions. In other
words, the efficiency is model dependent.

The model dependence was investigated by measuring thieedfjdn all the signal MC sets described
in section 4.2.2. The resultant measurements were useddaata a meany, and a root-mean-square

deviation,orns. The uncertainty in modelling was calculated as

Amodel = (it — €mc) @ ORMS; (4.52)

whereeyc is the efficiency as measured from the mainly exclusive 1ISGié2elled signal MC sample.
The measured efficiencies in each of the signal MC sets aldthghe mean, root-mean-square and resul-
tant model uncertainty are given in table 4.6. The model depece ranges betweér6% — 2.6% and
increases as the lower momentum cutoff is decreased. Tiig isnexpected, since as shown in figure 4.3,
the wide momentum intervals encompass the turning poiriteeispectrum, and this is where discrepancies

in the spectral shapes are most noticeable.

4.6.5 Summary

The reconstruction efficiencies in the overlapping momeritiervals relevant to the extraction|®f,;| are
shown in table 4.7. The error includes the uncertaintian fC statistics, tracking, electron identification,

event selection and signal modelling. The consistency &éetvthe MC and data response was such that no
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Figure 4.19: The (a)* and (b)Mx, acceptance in the momentum regiarg < G‘;C\;“/c < 2.6,
calculated using the ISGW2 signal MC sample.

Signal reconstruction efficieney%)
Regionz : © < pem/(GeV/c) < 2.6
Sample r=19|2=20|2=21|2=22|2=23|z=24
ISGW?2 (nc) 17.03 16.62 16.17 15.70 15.22 14.79
Inclusive
my 2
4.80  0.30 17.08 16.45 15.97 15.58 14.97 15.22
4.68 0.30 17.75 17.20 16.59 16.18 15.42 14.75
4.92 0.30 16.55 16.17 15.65 15.26 14.95 14.63
4.80  0.19 17.34 16.95 16.38 15.83 15.72 15.25
480 041 16.66 16.21 15.84 15.32 15.03 14.94

o 17.07 16.60 16.10 15.65 15.26 14.93
ORMS 0.44 0.41 0.35 0.34 0.28 0.22
Amodel 0.44 0.41 0.36 0.35 0.28 0.24

Table 4.6: Signal reconstruction efficiency for varioussigMC samples(as described in Sec.4.2.2)
and the resultanB — X, /1, model uncertainty.
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corrections to the efficiency as measured by the MC were eghpli

pem GeV/c emc (%)

1.9-2.6 17.03 +£0.90
2.0-2.6 16.62 +0.87
2.1-2.6 16.17 £ 0.82
2.2-2.6 15.70 £ 0.80
2.3-2.6 15.22£0.76
2.4-2.6 14.79£0.73

Table 4.7: Efficiency in overlapping momentum intervals.
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Chapter 5

Analysis procedure

The analysis procedure in brief is as follows - once all thection criteria are applied, the measurement of
B — X,ev, is conducted for electron candidate momepta,, abovel.9 GeV/c and below2.6 GeV /¢,
in six overlapping momentum regions defined{iy9, 2.0,2.1,2.2,2.3,2.4} < pem/GeV /e < 2.6.

The continuum background is estimated from OFF resonarige dinor BB backgrounds, namely
fakes and secondary electrons, are modelled fronBtBeMC sample and normalised according to a fit of
MC to data in the vetoed /) mass region. The majds B background3 — X_ev,, is modelled using a
calibratedB B MC sample, and normalised according to the results of a fileoted in the lower sideband
region. This region is defined betwe&s GeV/c and2.2 GeV /¢ (the upper bound depends on the lower

bound used for the signal extraction).

5.1 Raw electron yields in the ON sample

The electron candidate yields in the ON data sample aftespipécation of selection criteria are given in
table 5.1. The yields are made up of signal and backgroumtretecandidates. The following sections

describe the estimation of each background.

Pecm (GQV/C) NON
1.9-26 104472 £ 323.2
2.0-2.6 94566 £ 233.6
21-26 23617 £153.7
22-26 8854 £ 94.1
23-26 3534 £59.2
24-26 1741 +£41.7
2.8—-3.5 2237 +£47.3

Table 5.1: Raw electron candidate yields in the ON data samgiere the error is statistical.
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5.2 Continuum Background

To account for the difference in beam energies between ONOdfel resonance running conditions, the

momentum of candidates in the OFF sample are scaled by ibeofaN to OFF centre of mass energy,

such that
EON  10.58
B = — =1. 51
FOFF ~ 1052 000 6.1
and
EON
Pem — ESI;T]_F Pem- (5.2)

The continuum background is calculated by multiplying tHeFGrields by the scaling factos,. The
systematic uncertainty is derived from the erroninwhich is0.5%. The OFF data sample electron yields
after the application of selection criteria are given indéah2. The ON and scaled OFF electron candidate
momentum spectra are plotted in figure 5.1(a).

The beam energy difference may affect the continuum seleeificiency. All event shape distribu-
tions, such asy,, andcos O1y,,ust— A distributions are affected by the energy difference bes#us event
topology is sensitive the available energy, that is evaand to become more jet-like at high energies and
thus ON resonance continuum is more jet-like than OFF resmmeontinuum. The combineh,., (k1)
andcos fOyust—a CUt efficiencies were measured in hadronic continuum ed@tgenerated at ON and
OFF resonance energies. For electron candidates with mtamewg,, > 2.0 GeV/c the ON to OFF ratio
of efficiencies was found to be

ON

99 _ 0994010 53
U=, 10. (5.3)

qaq

The error in the study was limited by statistics.

The effect was also investigated by subtracting the scaled eld from the ON vyield in the mo-
mentum regior2.8 < p.m/GeV/c < 3.5, above the kinematic maximum fd@ B events. The resulting
yield of 85 4 93 electron candidates is consistent with zero. The resutiatracted spectrum is plotted in
figure 5.1(b).

Pem (GeV/c) Norr aNorr
1.9—-2.6 2075 £45.6 | 6234.3 +£136.9 +25.3
2.0—2.6 1631 +£40.4 | 4900.3 £121.3+19.9
2.1—-2.6 1244 £ 35.2 | 3737.6 £ 106.0 = 15.2
2.2—2.6 913 4+ 30.2 2743.1 +£90.8 £11.1
2.3 —2.6 625 4+ 25.0 1877.8 £75.1+7.6
24 —2.6 388 +19.7 1165.8 £59.2 +4.7
2.8 —-3.5 716 £+ 26.8 2151.2 +80.4 +£10.7

Table 5.2: Raw electron candidate yields in the OFF data Eamp
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Figure 5.1: Electron candidate momentum spectrum in (a) @th(points) and scaled OFF (open
histogram) data samples (b) continuum subtracted dé¢a (— aNorr).

5.3 Minor BB backgrounds

The minorBB backgrounds consists of fakes and secondary electronsohaduch as pions and kaons,
which are misidentified as electrons are referred to as Sak&econdary electrons are electrons that

originate from non primary3 meson decays.

5.3.1 Monte Carlo to Data Normalisation

The BB MC sample is used to estimate the background contributimm fakes and secondary electrons.
The sample contains roughly three and half times as nNigh events as the ON data sample. The exact
scaling, referred to as the MC normalisation factor, de®ig.. . ., iS required to properly scale these
background contributions.

The ratio of the number of vetoed electron candidates fa ttaMC in theJ /) mass region is used
to calculateRq,¢./mc. The benefit of this approach is that normalisation can oafter the full selection
criteria have been applied. It therefore takes into accaartifest MC and data efficiency differences.
Furthermore, inclusivd /¢ decays are reasonably well modelled in the MC, with the sigkibranching
fraction B(B — J/¢X), as implemented in theQ98 event generator being consistent with the world
average measurement[17].

The yields of electrons frond/+), in 0.05 GeV/c bins, were extracted from fits to the,+.- distribu-
tions in the mass range,7 GeV/c? — 3.4 GeV /c?. In the fits,CRYSTAL BALL line shape and exponential
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functions were used to model the signal and backgroundecéisply. The yield was calculated as the
integration of thecRYSTAL BALL line shape function in the vetoeffy) mass region.

Rgata/me IS calculated by performing g2 fit of the MC momentum spectrum of vetoed electron can-
didates from//+ to the equivalent spectrum in datly... /m is the free parameter in the fit. The fit result
is displayed in figure 5.2. It finds

Riata/me = 0.263 £ 0.004. (5.4)

The ratio of N5z events in data to MC i8.278, which is slighter larger than that given by the fit. The
difference between the two measures, 5.4%, is taken as ensyst uncertainty in the evaluation of the

fake and secondary backgrounds.

¥/ ndf 72 1 13
P1 0.2625 ]

+

Electron Candidates / (50 MeV/c)

100

16 18 2 22

Momentum (GeV/c)

Figure 5.2: Fit of MC (histogram) to data (data points) in thementum spectrum of vetoed elec-
trons fromJ /.

5.3.2 Fakes

In the MC all but a very small fraction of electron fakes arased by pions#£ 2% kaon,~ 1% proton).
The inclusive pion rate fron8 decays in the generator is consistent with the world averfdgasurements
of the pion to electron fake ratg;, in MC and data were carried out in the momentum interval, <
Pem/(GeV/c) < 2.7, using a sample of(; — 77~ decays. The pions were required to meet the same
track requirements as those applied to the electron catedidia this analysis with the exception of the
impact parameter cuts.

A correction factor, calculated as the ratio of fake rate atado MC, is applied to the MC electron
fake yield. These are given in table 5.3. Figure 5.3 disptAgsmomentum spectra of fakes in tB3
MC sample as well as that of the pions used in figsample fake rate study. It demonstrates that the

corrections as calculated using the latter sample arelbdaitar application to the fakes spectrum, in that,
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the corrections are not marred by spectral differences. cbneected fakes yield from MC are scaled by

Rdata/mc-

0.15

0.1

0.05

Fake Electrons/ (50 MeV/c)

T T I T S T R I T NS NS S L
15 1.75 2 2.25 25
Momentum (GeV/c)

Figure 5.3: The normalised momentum spectrum of electrkesfafter applying selection criteria
(dotted line) and of pions fromk, — =+ 7~ decays in data (solid line).

Barrel : Pion to Electron Fake Rafg (%)
Sample Momentum GeV/c)
1.5-2.2 2.2-2.7
DATA 0.060 £0.004 | 0.114 4+ 0.017
MC 0.123 £ 0.010 | 0.137£0.031
RATIO 0.49 + 0.05 0.83 £0.23

Table 5.3: Pion to electron fake rate measurements.

The yields of fake electrons are given in table 5.4. Thestadil error derives from MC statistics. In
the signal region the relative uncertainty in the correctictor is 0.3, and is assigned as the systematic

uncertainty in the fakes yield. This more than dominateséteuncertainty associated Witk .. /mc-

1Rounded up.
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Pcm (GQV/C) Nfake
1.9-2.6 2314+£7.1+694
20-26 176.8+ 6.2 £ 53.0
21-26 129.1 £ 5.3 £ 38.7
22-26 79.3+4.24+23.8
2.3—-26 39.9+294+12.0
24—-26 11.1£1.6+3.3

Table 5.4: Fake electron candidate yields derived fromeoted MC. The first error is statistical
and the second is systematic.

5.3.3 Secondary electron8 — X — e

The non primaryB-meson decays contributing secondary electrons inclide — ete~, D — Xeu,,
¥(28) — ete™ and to a lesser extemt— evv, D, — Xev,, photon conversions and’ Dalitz decays.
The branching fractions were measured in the generatortirdg sf one million generi@ decays. Where

they differ from world average values, corrections are igplphs listed in Table 5.5.

Secondary Electron8 — X — e
X correction
DO 0.91
D* 0.83
¥(25) 0.89
T 0.94

Table 5.5: Inclusive branching fraction correction fastor

Figure 5.4 shows the background from secondary electrahgiendpoint region. The “other” category
includes background fronv,, 7° and~. Even though an explicit veto is applied, thgy — ete™ is
found to be the dominant background. The yields fréf are given in table 5.6. The first error is the
uncertainty from MC statistics and the second error is ttetesgatic uncertainty. The latter is obtained
from the uncertainty in thé&s — J/vy» — e inclusive rate, 5.2%, combined the uncertainty fré}a /me.
which in total is 7.5%.

The remaining secondary background yields, dominateddxstrains from semileptoni®-meson de-
cays, are given in table 5.7. The first error is from MC stasst The second error, the systematic uncer-
tainty, derives from the MC normalisation, 5%, which is condal with each individual inclusive decay
branching fraction uncertainty. Since backgrounds froand7® have little effect on the endpoint region,
a conservative 100% systematic uncertainty was assigrieg systematic uncertainties for the remaining
backgrounds were assigned according to the cumulativesarravorld average inclusive measurements;
80% for D, 12% forr, 16% fory(2s), 14% forD*, and 6% forD°.
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Figure 5.4: Secondary electron backgrounds in the endpegibn.

Pem (GeV/c) Nyy
1.9-26 889.6 £15.4 £ 66.7
2.0-2.6 569.0 £12.3£42.7
21-26 339.0+£9.5+254
22-26 191.4+71+£14.3
2.3-2.6 93.7+£5.0£7.0
24—-26 399+£32£3.0

Table 5.6: Secondary electrons frofyly, where the first error is statistical and the second is sys-
tematic.
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Pem (GeV/c) Np_x—e
1.9-26 576.6 £17.6 = 75.0
2.0-2.6 269.8+9.5+344
21-2.6 129.8 £5.9+£15.0
22-26 53.5+3.6+£6.1
2.3—-2.6 231+24+2,7
24—-2.6 7.8+14+0.38

Table 5.7: Secondary electrons from all other decays, wilerdirst error is statistical and the
second is systematic.

5.4 Major BB backgrounds : Charmed SemileptonicB decay

Candidate electrons from charmed semileptdRimeson decay are the dominant background for regions
including momentump.., < 2.3 GeV/c. This background was evaluated from fits of MC simulated spec

to the ON data electron spectrum in the lower sideband redibis is the same approach undertaken in
the CLEO analysis [30].

Thefits performed in the lower sideband regions, which afieeébyl.5 < p.,/GeV/c < {1.9,2.0,2.1,2.2},
determine the charmed semileptoBianeson decay backgroundin the regiofis9, 2.0, 2.1, {2.2,2.3,2.4}} <
pem/GeV /e < 2.6 respectively.

The spectrum fronB — X_ev, in the Q98 generator is modelled using four componéntyx, =
D(ISGW2), D*(HQET), higher resonance charm meson stdi&$(ISGW2) and non-resonard*)
(Goity and Roberts [60]). The spectrum frabh — X, ev, is derived from the (mainly) inclusive sig-
nal MC sample (described in section 4.2.2, with = 4.80 GeV /c? andu2 = 0.30 GeV?/c?).

The background estimate is sensitive to the makeup ot X .cv, processes, so therefore as much
information as possible was sourced from available dataettebmodel the background. This translated

into an exhaustive MC calibration effort. The calibratiomolved:

Beam energy correction In the centre of mass frame, the endpoint of the electrontspadrom B —
X.ev, decaysER2* is determined by thé&-meson boost}, and endpoint energy in thB-meson

rest frame E5?%..,,. such that for a small boost

Een™ = (1+ B) EpZies:- (5.5)

2The procedure however deviates slightly from that of CLE@Ge only spectra derived from the data and MC samples whiere a
selection criteria have been applied are used. CLEO detedrthe relative weights of the sub-component backgrourais fits to
spectra where the main continuum suppression cuts had antdpplied. The relative weightings were then preservelerfits of
simulated MC to data spectra where the continuum suppressichad been applied.

The approach used here is different, since the assumpgdrcantinuum cuts don'’t affect the relative weighting is matde. The
selection criteria bias th¢? and momentum spectra and may therefore act differently oh sab-component of the background.
This may cause the relative sub-component proportionsriphefore and after cuts. Though the extent to which this nayois
not examined.

SMore information is given in Appendix A
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A beam energy difference between data and MC will cause ardifice in the respectivig@ boosts
and therefore a likewise change in the kinematic endpoiinceheY (45) mass is so close to the
BB production threshold the endpoint is highly dependent erndtal energy of the colliding beams.

The nominal centre of mass collision energy during ON resoeaunning is given by

N \/2EQ+E6_ (1 + c08 Oerossing) = /2 X 3.5 x 8.0 % (1 + cos(0.022)) = 10.58 GeV, (5.6)

and it is these beam conditions that are implemented Q@98 generator. The KEKB accelerator

team do their best to implement these parameter valueséxitably there is a tolerance.

Belle has measured the beam energy in data from a sampldyaffobnstructed3 meson decays[61].
The study measured the beam energy in run intervals choserdaeg to the consistency of hadronic
to Bhabha event ratios. The measured beam energy in the @i¢aaiple used for this analysis was
calculated as an average of their measurements weightée Ioyimber of Bhabha events. The beam

energy in data was calculated to be
EPeam = (5.28863 + 0.00014) GeV. (5.7)
This value is lower than that simulated in the MC
Ebeam . — 5.29003 GeV. (5.8)

Furthermore, the resolution, though slightly finer in datas found to agree with the MC predic-
tion within uncertainty. The beam energy difference is gigant. For example, it translates into
a 13% over-estimate of the background fréim— Dev, in the momentum interval.3 GeV/c —
2.6 GeV/c. The large discrepancy meant that the typical procedure-gfaighting the MC inB-
meson momentum was not applied. Rather an event by evemction, based on the measured
difference in beam energy in data and MC, was applied to tbensructed candidate electron mo-

mentum in MC. It was implemented as follows:

1. For a semileptonid&3-meson decayB — Xev, retrieve the generator information of tiie
meson and electron 4-momenta in théLS) rest frame P and P. respectively. In this frame
denotep?*™ as the magnitude of the electron momentum, which is the gégetmomentum of

the reconstructed electron;
2. BoostP, into the rest frame of th&-meson;

3. BoostP, back intoY'(4.5) frame; using a correctel boost vector calculated such that

E?m:MC - (EEm:MC - E(?m:MC:u) + E?m:DATA:;N (59)
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whereED, yc., @dED para., refer to the mean beam energies. Denglé¢’ as the new

magnitude of the generated electron momentum;

4. Shift the reconstructed electron momentum in MC¢, by the difference in generated mo-

mentum,

rec rec gen/

P — pot + (pI — pI"). (5.10)

The correction was tested by observing tBanomentum distribution in MC before and after the
correction, and comparing the latter to that of a small MC gangenerated with measured beam
energy in data. Figure 5.5 displays the results of the coisparwhich shows the correction to be

adequate.

e I I

01 02 03 04 05

po, (GeV/e)

Figure 5.5: B meson momentum distributions for defaliB MC (dotted line), corrected default
BB MC (solid line), and corrected at the generator leig@8 MC (dashed line). The correction
applied acts to transform the “dotted” line spectrum to tfdhe “solid” line, therefore conforming
to the case of a correct beam energy in the MC as given by trsh&dH line spectrum.

QED radiative corrections The MC does not include effects of QED radiative correctionsere pho-
tons are radiated in the final statB (— Xev.y). These are not to be confused with subsequent
Bremsstrahlung energy loss from interaction of the elecwih the detector. QED radiative cor-
rection, also known as final state radiation loss, was stiuasing thePHOTOS package[62]PHOTOS
simulates the photon emission from the decay electron owvemt &y event basis. It uses a leading-
log approximation for the bremsstrahlung matrix elemertie FHOTOS simulation of the electron

spectrum ofB — Dev, has been found to agree to within 10% of an exagt) calculation[63].

Four million B — X_.ev. simulated events generated with and withBEBTOS implemented were
used to construct weighting histograms in generated electromentum. These histograms were

used to reweight th& B MC sample so as to include the QED radiative effects on thensteucted
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MC momentum spectrum. Figure 5.6 shows the generated @begtomentum spectrum with and

without PHOTOS implemented.

— NO PHOTOS

PHOTOS

O“‘O.S““lwwl.SH‘Z 2.5
Momentum (GeV/c)

Figure 5.6: Semileptoni@@ meson decay electron spectra with and without using the RBEOT
package.

Form factors for B — D*/Dev, The differential partial decay width faB — D*ev in HQET is given

by:
dr . GE|Ven|?
%(B — D*lv) = T

Kp(w)F(w)?, (5.11)
wherew is the inner product of thé3 and D* meson 4-velocities (and is directly related to the
leptonic mass;?), Kp is the phase space factor, adw) is the form factor (FF). In the MC, the
B — D*lv componentis modelled using a linear approximation for thieffactor, which has since
been shown to be inaccuréteThe latest measurements of the spectrum assume a nonsiregze
for the form factor function, which is parameterised by tlaps of the form factor at zero recoil
(w = 1), p?. The MC is re-weighted ig? according to the non-linear shape given in reference[64]
with the slope parameter set to the world average valie; 1.514-0.13[17]. Additional information
necessary to specifying the decay dynamics are the veatibaxial form factor ratiosR; and Rs.
These were set according to CLEO measurementsfdbl= 1.18 and R, = 0.71, as was done in
the determination of the? world average. Th@Q98 and re-modelleg? spectra are compared in

figure 5.7a.

In the MC B — Dev, decays were generated assuming the ISGW2 form factor mdidisl.re-

weighted according to the HQET-based parameterisati@ngivreference[64], with the form factor

4A discussion can be found in thé,, review article appearing in the 2002 Review of Particle Risj$7]
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slope variable set to the world average valige= 1.19 + 0.19[17]. The respectiveg® spectra are

compared in figure 5.7b.

0.014
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Figure 5.7: Differentialy® decay distributions for (a3 — D*ev, where FF refers to form factor
and (b)B — Dev.

Makeup of B — D**ev, Following the prescription in the Belle x — ¢ V.., analysis[66, 67], the better

known subcomponents were required to satisfy

B(B — D;(2420)lv) + B(B — D3(2460)lv)

= 0.45+0.2 12
BB = Dir) 0.45 = 0.25, (5.12)

RD** =

which has been derived by averaging maximum and minimunsassats of each of the branching

fractions in the above expression. In theRi- is fixed to 0.45.

Relative B — D*/Dev, proportions To better constrain the fit,

B(B — D*lv)

which has been calculated as a mean over world average v@068) of neutral and charged
modes,
1
B(B — D*lv) = 5((5.53 +0.23) 4+ (6.5 +0.5)) = (6.015 £ 0.28)% (5.14)

B(B — Dlv) = %((2.15 +0.22) + (2.14 +0.20)) = (2.145 £ 0.14)%. (5.15)

5The use of the PDG world averages for 2003 is justified giverlatge increase observed in t8éB — D*lv;) world average
between 2002 and 2003. The information is given in Append{ge® Particle Data Group 2003 archives at http://pdgdi).g
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Consequently in the fit the ratio of the rates was fixed to 2.80

Before fitting, the above corrections were incorporated ihe BB MC. The fits were conducted using
the HBOOK[68] routine,HMCMLL[69]. TheHMCMLL routine receives histograms as inputs and implements a
binned maximum likelihood fit. The likelihood takes into acat the bin to bin statistical fluctuations of
the fitting components.

The fit determines the fraction of each of the floated comptneith the constraint that all the fractions
sum to unity. The fit fractions are converted to normalisafectors for theB — X_ ev, calibrated MC
yields found in the signal region.

The fit components are displayed in figure 5.8 and are as fellow
e OFF resonance data (Continuum background) - fixed (Figap.8(
e MC Fakes and secondary electron - fixed (Fig. 5.8(b));

e MC B — (D + D*)ev - floated (Fig. 5.8(c));

e MC B — D**ev - floated (Fig. 5.8(d));

e MC B — DWrey, - floated (Fig. 5.8(e));

e MC B — X,ev - fixed for all but thel.5 < p..,/GeV/c < 2.2 fit (fixed to the Belle measurement
B(B — X,ev) = (2.27 + 0.60) x 10-3[66]) (Fig. 5.8(f)).

Thefitresults forthé.5 < p.,/GeV/c < {1.9,2.0,2.1, 2.2} intervals are displayed in Figures 5.9, 5.10,5.11
and 5.12 respectively.
The goodness of fit was estimated by calculating given by
di — fi)*
X2 = Z %7 (5.16)

i 9a;

whered and f are the data and fitted yields respectivelgenotes the bin, and, is the data yield uncer-
tainty. All the fits have acceptabjg’ values.

The D** and D)7 components have very similar momentum spectra, only slighaitions are ev-
ident at higher momenta, as such the fits showed a preferenaitlier of the two contributior’s. This
phenomenon is here after call&d*) 7/D** mode switching. It's problematic in the estimation of syste
atic uncertainties because it tends to occur when fit quesitiire varied about their errors. Its impact is
discussed in the next subsection.

Inclusive semileptonic branching ratios calculated frdra fits provide consistency checks but are
subject to large uncertainties from model dependent effigiealculations for each of the charmed back-

ground components. With an uncertainty of the order of 108heneasurement is found to be consistent

6This behaviour was also evident in the CLEO analysis fab former factor variation introduced for a systematic error
calculation[30]:page 157, Table 4.8. It occurs more oftethis analysis.
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with the world average value ¢10.70 £ 0.28)%. Moreover, the exclusive combined branching fractions,

B — (D + D*)ev,, for all fits are found to be consistent with the world avesage

5.4.1 Systematic uncertainties

The systematic uncertainties in the charmed semileptBnimeson decay background yields have been
assessed by varying fixed constraints in the fits by their ti@icgies(t10). This included the variation:
of the form factor slope variables fd»* and D; the ratio of the branching fractions f&¢ — D*ev, to
B — Dev,; of known higher mass charm resonances with respect to taealbeontribution,Rp««; the
B — X,ev, branching fraction where applicable; of the beam energyhéomainly ISGW2 modelled
signal MC; to the case of no non-resonant charmed backgraumaicho final state radiation loss correction.
The observed change in the estimated background is assigraeslystematic uncertainty. In the case of
a symmetric variationf10), the maximum of the observed changes was assigned as tegainty. The
total uncertainty was calculated as the quadratic sum ahtiieidual uncertainties. The results are given
in table 5.8.
The uncertainties associated with the fake, secondaryamthaum backgrounds in the lower sideband
fit were found to be negligible. In general the greatest uagay was derived from the variation in the

B — D*ev, form factor slope. It was to be expected as it is the largeskdrmund. For the fit in the

momentum interval .5 < G’:\;ﬂ/c < 2.2, the signal component, which was left to float, was found to
give B(B — X,ev.) = (0.256 £ 0.037)% (statistical error only). In the other three sideband fitsat
fixed, and the variation of the assumed branching fractiased the second largest source of systematic
uncertainty.

The systematic changes in the momentum inte/al < pe/GeV/c < 2.6, yielded similar changes
in the X, yield. As the momentum interval is widened the behaviouhwéspect to the makeup of the
charmed background is somewnhat erratic becauge(tfr/D** mode switching. The results for varying
Rp-~ for the momentum interval.9 < p.,/GeV/c < 2.6, gave the change in thE, yield for Rp«- =
0.70 equal to—4.7 while for Rp«« = 0.20 it was equal—755.3. By assigning the maximum observed
change as the systematic uncertainty, the mode switchfagté$ taken into account in the uncertainty.

In addition, to ensure the uncertainty is not being undémeded a systematic error is assigned ac-
cording to the observed change when no non-resofant{ D*)rev,) component is included in the

fits.

The efficiency for selectingB — X_.lv events

The B — X.ev momentum spectra are modelled using thB MC sample. As detailed in the previous
subsection, great effort was made to calibrate the varionsponents. Another source of discrepancy

between MC and data may come about from the response to thé sslection cuts. The effect of the
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Figure 5.9: The lower sideband fit5 < pcm/(GeV/c) < 1.9 (“EDM” and “ISTAT” are param-
eters specific talINUIT[70] which is called byHBOOK. “EDM” is the vertical distance remaining
to the minimum. “ISTAT" is a status integer indicating howogbis the covariance matrix: O - Not
calculated at all; 1 - Diagonal approximation only, not aete; 2 - Full matrix, but forced positive
definite; 3 - Full accurate covariance matrix).
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Figure 5.10: The lower sideband fit5 < pem/(GeV/c) < 2.0 (‘EDM” and “ISTAT” are param-
eters specific tlINUIT[70] which is called byHBOOK.“EDM” is the vertical distance remaining to
the minimum. “ISTAT” is a status integer indicating how goiscthe covariance matrix: 0 - Not
calculated at all; 1 - Diagonal approximation only, not aate; 2 - Full matrix, but forced positive
definite; 3 - Full accurate covariance matrix).
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Figure 5.11: The lower sideband fit5 < pem/(GeV/c) < 2.1 (“EDM” and “ISTAT” are param-
eters specific tolINUIT[70], which is called bydBOOK. “EDM” is the vertical distance remaining
to the minimum. “ISTAT” is a status integer indicating howogbis the covariance matrix: 0 - Not
calculated at all; 1 - Diagonal approximation only, not aate; 2 - Full matrix, but forced positive
definite; 3 - Full accurate covariance matrix).
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Figure 5.12: The lower sideband fit5 < pem/(GeV/c) < 2.2 (“EDM” and “ISTAT” are param-
eters specific tolINUIT[70] which is called byHBOOK. “EDM” is the vertical distance remaining
to the minimum. “ISTAT” is a status integer indicating howogbis the covariance matrix: 0 - Not
calculated at all; 1 - Diagonal approximation only, not aate; 2 - Full matrix, but forced positive
definite; 3 - Full accurate covariance matrix).
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T < pem/GeV/c < 2.6
X 1.9 | 20 | 21 | 22 | 23 |24
D* form factor slope
p? =1.64 1255.3 | 744.3 | 230.1 | 186.7 | 216 | 0.1
p? =1.38 -1335.5| -528.6 | -391.5| -144.6| -16.8| -0.1
D form factor slope
pH =1.38 -269.0 | -1424| -83.1 | 459 | -81 | -0.2
p% = 1.00 217.2 | 117.0 | -454 | 31.3 6.0 | 0.2
RelativeB — D*/Dev, rates
Rp-,p =3.03 -76.3 -80.0 | -40.3 | -32.1 | -6.6 | -0.2
Rp«/p =2.57 83.9 90.7 47.3 28.3 6.6 | 0.2
Higher mass charm meson proportions
Rp« =0.70 -4.7 278.1 0.1 53.6 59 | 0.1
Rp++ = 0.20 -755.3 | -119.5| -0.3 | -304 | -3.5 | -0.0
B — X,ev, branching fraction
B(B — X,ev,) =0.287% | -746.2 | -271.8 | -320.0| nla n/a | nla
B(B — X,ev,) =0.167% | 745.7 | 627.4 | 191.7 n/a n/a | nla
Beam energy variation
Epeam = 5.28877 GeV 104.4 | 103.6 | 844 48.2 | 10.0 | 0.0
Epeam = 5.28849 GeV -90.0 -95.1 | -75.7 | 46,5 | -13.2| 0.0
Signal component modelling
ISGW2 | 521 | -64 |-1354| 31.8 | 3.1 | 0.0
Removal of non-resonant charmed component
No B — D rev, | -380.7 | 17.7 | -119.9] -39 | 05 | 0.0
Removal of final state radiation loss correction
No PHOTOS | -25.1 | 1556 | -54.6 | 284 | 2.6 | 0.1
Total | 1774.7| 1043.4] 4553 | 212.2| 28.3 | 0.3 |

Table 5.8: Systematic uncertainties in the estimation®Bh— X.cv. background.
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Fhow (k11) andcos O1nrust— A CUtS were investigated in a control sample that consistettbfsiveJ /¢ —

ete~ decays inBB events.

The B — J/v(— eTe™)X for the most part can be represented)as:"e~, by regarding one
of the electrons as the neutrino it's evident tjer has event topology and fingtrangenesgon-
tent similar toX.(— X,)ev’. The similar final statestrangenesgontent has the effect of preserving
the kI1 dependence in th&y,,, cut. However, the sample is monochromaticst)y where necessarily
¢* =m3,, =96 GeV?/ct.

The decay//+y) — ete™ was reconstructed in both ON and OFF sample datalaBAMC. The.J/
daughter with the highest momentum was assigned as theoglezandidate and was therefore required
to meet the same track and electron ID requirements as triidzdes considered in this analysis. The
other electron candidate was assigned as the neutrinohenefdre, was treated as a missing particle in

the Faow (k11) andcos Ory,ust— 4 Variable calculations.

J/+ candidates were reconstructed within the mass winddw< m.+.- /GeV/c? < 3.4. Distribu-
tions of J /¢ candidates fronB B events were obtained by subtracting scaled OFF data fromad @he
J/v signal yield was calculated from a fit to the mass spectrunerely aCRYSTAL BALL line shape and
exponential function were used to model the signal and brackgl components respectively/: yields

were likewise obtained in thBB MC sample.

The selection efficiency as a result of thg. (k1) and cos Oyust—a CUtS was measured as the
after to before cut ratio of yields. Yields were extracted dandidate electron momentum in the range
1.5 < pem/GeV/e < 2.5, in 0.05GeV/c bins. The cut efficiency is plotted for both data and MC
in figure 5.13a, along with the resultant data to MC efficieratjo in figure 5.13b, which is fit with a
constant plus a slope. There is no apparent bias as a furaftimomentum since the slope is negligible,
the error on the slope places a limit on the systematic bisiseatevel of 5%, and is insignificant when
compared to the systematic effects discussed previoukly.value of the constant 897 + 0.01, which
is a slight downward shift from unity. This shift is of no c&mgience to the analysis as tBe— X .ev,

components are not fixed in the lower sideband fits, and thexdie fit can compensate for the shift.

5.4.2 Summary

The resultantB — X_.ev, background yields are given in table 5.9. The first errorwaarifrom MC
statistics and the second error is the systematic uncgrtaihe uncertainty in the knowledge of theg*

form factor dominates the error.

"The use ofB — J/¢(— etTe™)X as a control sample was used first in the Befle— M x V,,;, analysis[67]
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Figure 5.13: (a) The combinefi. (k1) andcos frhrust—a cut efficiencies in data and MC as
extracted from thé8 — J/¢ X control sample and (b) the resultant data to MC efficiendp red
a function of the momentum.

Pem (GeV/c) Np_x.ev.
1.9-2.6 88955.7 + 174.3 £ 1774.7
2.0—-2.6 43218.4 +123.8 £1043.4
2.1-26 15798.5 + 73.9 + 455.3
2.2—-26 3686.4 + 35.6 & 212.2
2.3—-26 348.7 £ 10.9 £+ 28.3
2.4 —2.6 3.6+1.1+£0.3

Table 5.9: Candidates from charmed semileptdhimeson decays, where the first error is statistical
and the second is systematic.
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5.5 Endpoint B — X,ev, yields

The signal yields are calculated by subtracting each of #ui&drounds from the ON yield,

Np_x,ev. = Non — («NoFF + Nrakes + NB—x—e + Np—j/p—e + NBX er. ) (5.17)

these are given in table 5.10 for all the overlapping mommarituervals.

Pem (GeV/c) 24-26 23-26 22-26
Nox 1741.0 + 41.7 3534.0 + 59.4 8854.0 + 94.1
aNorr 1165.8 £ 59.2 £ 4.7 1877.8 £ 751+ 7.6 2743.1+90.8 £ 11.1
Fakes 1114+1.6+3.3 39.9+£2.9+12.0 79.3 £ 4.2 +23.8
Np_ijpe 39.9+32+3.0 93.7+£5.0+7.0 191.4+7. 4143
Np_x—e 78+1.440.8 23.1+24+27 53.5+ 3.6 + 6.1
NB_X.en. 3.6+1.1+03 348.7 4 10.9 =+ 28.3 3686.4 & 35.6 & 212.2
NB—xX,ev, 512.8+£72.5+6.5 1150.8 £96.6 +£32.5 | 2100.3 + 135.8 + 214.4
Pem (GeV/c) 21-26 2.0—26 1.9-2.6
Non 23617.0 + 153.7 54566.0 & 233.6 104472.0 + 323.2
aNorr 3737.6 & 106.0 & 15.2 4900.3 +121.3 +19.9 6234.3 + 136.9 + 25.3
Fakes 129.1 + 5.3 + 38.7 176.8 + 6.2 +53.0 231.4+7.1+69.4
Np_\ippe 339.0 £ 9.5+ 25.4 569.0 £ 12.3 + 42.7 889.6 - 15.4 + 66.7
Np_x—e 129.8 £ 5.9 +15.0 269.8 £ 9.5 + 34.4 567.6 + 17.6 & 75.0
Np_X.ev. | 15798.5+73.9+455.3 | 43218.4+ 123.8 4+ 1043.4 | 88955.7 + 174.3 + 1774.7
Np_x,ev. | 3483.0+201.2+458.2 | 5431.7+291.4+1046.4 | 7593.3+392.6+ 1779.0

Table 5.10: TheB — X,ev. endpoint yields, where the first error is statistical andsbeond is

systematic.

5.6 Corrected End-Point Electron Spectrum

The background subtracted and efficiency corrected datrspe attributed taB — X, ev, is shown in
figure 5.14, overlay-ed is a histogram representing an eapen of the spectrum shape, which has been
derived using information from a fit to the Belle measufed- X,y photon energy spectrum (as detailed
in the next chapter). In order to construct the plot, systenaad statistical uncertainties for signal yields

and efficiencies were calculated for each momentum bin. €hemor is the quadratic sum of the statistical

and systematic errors. There is a bin-to-bin correlaticthénerrors.
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Figure 5.14: The electron momentum spectrum attributed3to— X,ev. for background
subtracted efficiency corrected data (black circles) antiemaretical prediction based on mea-
surements of theB — X~ spectrum and calculated using the De Fazio and Neubert pre-
scription with an exponential model for thiequark shape function, wher@AS", A\fF) =
(0.66 GeV/c?, —0.40 GeV?/c?) (histogram). The histogram has been normalised according t
the net signal yield in the regid2 < pcm/GeV/c < 2.6.



Chapter 6

Extracting |V,,;|

6.1 Partial branching fractions

The partial branching fractions are calculated as

N(B — Xyeve)(Ap)

AB(B — Xyev,) = N —enc(Bp)

(6.1)

whereN (B — X ,ev.)(Ap) is the signal yield (given in section 5.6) aadc(Ap) is the signal reconstruc-
tion efficiency (given in section 4.6.5), as measured in tbenentum interval denotefip. The number of

B mesons contained in the analysed data set is givell\jy;;, whereN 5 is the number of3B events
(givenin section 4.4). The calculated partial branchimagfions for the six momentum intervals considered
are given in table 6.1. The first error is due to statistics thedsecond, which includes the uncertainty in
N7 and the efficiency, is systematic. The systematic unceytanore or less doubles as the interval is
increased byt 00 MeV/c.

Momentum interval AB(B — X,ev,)

(GeV /c) (104

1.9-2.6 7.59 +£0.39 +1.83
2.0-2.6 5.56+0.30£1.11
2.1-2.6 3.66 + 0.21 £ 0.52
2.2-2.6 2.28 £0.15+£0.26
2.3-2.6 1.29 £0.11 £ 0.08
2.4-2.6 0.59 £0.08 £0.04

Table 6.1: Partial branching fractions in overlapping matoe intervals, the first error is statistical
and the second is systematic.
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6.1.1 Stability studies

To investigate the stability of the partial branching frantmeasurements to the main event selection
criteria, namely continuum suppression cutSi,,, (k{1); andcos Otyust—a, the analysis was redone for
multiple cut variations. The variations are listed in taBl&. They examine the the effect of relaxing
and tightening the continuum cuts. The measured partialdhiag fractions are plotted in figure 6.1 and
figure 6.2 for theFg.w (kI1) andcos fTiust—a CULS, respectively. No significant trends are evident. In
general, the greatest fractional changes are observetdararrower momentum intervals, this is due to
statistical fluctuations encountered in the OFF resonaatz shmple, for which the selection efficiency

varies greatly as a function of the cut.

The analysis was also redone for the cut
Fﬂow > 070; (62)

where the cut chosen was optimal and independehtlofAll the branching fraction measurements were
found to be less tha@% smaller than the default value, with the exception of the sneament in the
narrowest interval, which was found to differ by3.1%. Since this is the first time &/1 type variable has
been used in an endpoint analysis, conservatively, thatieniwas assigned as a systematic uncertainty,

which has been included in the errors shown in table 6.1.

fﬂow fﬂow (kll) cut Cos eThrusth
cut index kil<0 klI1=0 kI1>0
1 > 0.2 > 0.3 > 0.8 < 0.75
2 > 0.3 > 04 > 0.9 < 0.75
3 > 0.4 > 0.5 > 1.0 < 0.75
47 > 0.5 > 0.6 > 1.1 <0.75
5 > 0.6 > 0.7 > 1.2 < 0.75
6 > 0.7 > 0.8 > 1.3 < 0.75
7 > 0.8 > 0.9 >14 < 0.75
€OS OThrust—A Flow (kll) cut €OS OThrust— A
cut index kil<0 klI1=0 kI1>0
1 > 0.5 > 0.6 >1.1 < 0.95
2 > 0.5 > 0.6 >1.1 < 0.85
3t > 0.5 > 0.6 >1.1 < 0.75
4 > 0.5 > 0.6 >1.1 < 0.65
5 > 0.5 > 0.6 >1.1 < 0.55

Table 6.2: Labels and definitions of cuts used in the statstidy.. - the default cut used in this
analysis.
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6.2 The spectral fractionsf,,

To extract values fofV,,;| the partial branching fraction measurements must be eotxgal to the full

phase space using spectral fractiofis,such that

AB(B — Xeve)(Ap)

BB = Kueve) = FulAp)

(6.3)

The CLEO collaboration were the first to deriyg from their measured3 — Xy photon energy
spectrum[29]. Previously they were extracted from modete following subsections describe a method
based on that devised by CLEO[14, 30], as applied to the Batlasured spectrum[71]. The results of the
study to extract the shape function parameters also appeafieirence [72].

From an experimentalists’ point of view it is natural to talkout the momentum, as opposed to the
energy, since the former is measured to a greater precisamthe latter. Theorists phrase discussions
of the spectral fractions in terms of energy. Their conwenis adhered to in this section. Owing to the
electron’s relatively tiny mass, there is a negligibleeliéince between the magnitude of its momentum and

energy, therefore energy and momentum spectral fracti@nscuivalent.

6.2.1 The BelleB — X v photon energy spectrum

The full details of theB — X~ photon energy spectrum measurement at Belle can be fouefkiences[71,
73]. Here the analysis is briefly reviewed.

The analysis used data samples amountintitbfb—! and15fb—! of integrated luminosity taken at
(ON) and60 MeV below (OFF) theéX' (45) resonance energy respectively.

The analysis procedure involved reconstructing photoriciates with energy greater tharb GeV
as measured in th#(45) rest frame. Photon candidates were vetoed if they had a kglihbod of
originating fromz° and» decays to two photons. The likelihood, modelled in MC, wasudated as a
function of: the combined invariant mass of the photon cdaigi paired with another photon reconstructed
in the event; and the energy and polar angle of the other photihe laboratory frame.

In general, the background of photons from continuum dotemdt is suppressed through use of event
shape variables, which are used as inputs into two Fisherimimants[52]. The first discriminantis used to
distinguish spherically-shape@lB events from jet-like continuum events and includes the:-Raifram
moments[49]; thrust; and the angles of the thrust axis wégpect to the beam and candidate photon
directions. The second discriminant is designed to exphaEttopology ofb — s+ events by utilising
energy flow into three angular regions; < 30°, 30° < a* < 140°, o* > 140°, wherea* is the angle
to the candidate photon. After cuts the remaining continbargkground is removed by subtracting scaled
OFF data yields from that of ON data.

Backgrounds fronBB decays are estimated froB\3 MC and scaled according to studies in data wher-
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ever possible and then subtracted from the data. Theiribatitins include:
e photons fromr® andn (veto leakage);
¢ other real photons mainly from, n’, and.J/«;
e ECL clusters not due to single photons (mainly electrorerauting with matterk'? andn);
e and beam background.

The photon spectra for ON and scaled OFF data samples aldhghei results of subsequent back-
ground subtractions are plotted in figure 6.3(a). The—~ X,y photon energy spectrum that has been

corrected for efficiency is shown in figure 6.3(b). The anialyseasured the branching fraction,
B(B — X.v) = (3.55 + 0.3275:30+0-11y 5 1074, (6.4)

where the errors are statistical, systematic and theafgetiespectively. This result is in agreement with
the latest theoretical calculations [74, 75], as well ahwitevious measurements made by CLEO and
Belle [29, 76]. The first two moments fat),, > 1.8 GeV, as obtained from the efficiency corrected

spectrum and adjusted for tligboost, energy resolution and binning effects, were medsorbe
(Ey) =2.29240.026 £ 0.034 GeV, (6.5)

and
<E§> - <E7>2 = 0.0305 + 0.0074 & 0.0063 GeV?, (6.6)

where the errors are statistical and systematic.

6.2.2 Fitting the energy spectrum

Information about the shape function, which describe$#reni motionof theb-quark within theB meson,
can be gained from thB — X~ photon energy spectrum (the relationship is describeddtise2.3.1).
The information is obtained by fitting MC simulated specwathe “raw” data spectrum. “Raw” here
refers to the spectrum as obtained after the applicatioheoBt— X~ analysis cuts and from which the
background has been subtracted.

Using MC “raw” spectra correctly accounts for efficien&/poost and energy resolution effects. The
MC spectra are derived using the Kagan and Neubert preistijp?](as described in section 2.3.1), which
includes the shape function.

The procedure is as follows:

1. Assume a model for the shape function;
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Figure 6.3: (a) Photon energy spectra in HeLS) frame. (b) Efficiency-corrected photon energy
spectrum. The two error bars show the statistical and totat

2. Simulate the photon energy spectrum based on the KagaNeurtukrt prescription for a certain set

of the shape function parametérs®™, \;¥);

3. Perform ay? fit of the MC simulated spectrum to the “raw” data spectrum rghanly the normali-

sation of the simulated spectrum is floated and keep theteegyf value;

4. Repeat steps 2-3 for different sets of parameters in @aodeonstruct a two dimensional grid with

each point having &2 value;
5. Find the minimuny? on the grid and all points on the grid that are one unjtdabove the minimum;

6. CalculateB — X,lv; spectral fractions for thg? minimum point as well as for select points that

have ay? value one unit above the minimum;

7. Repeat steps 1-6 for a different shape function model.

Shape function models

Three shape function forms suggested in the literaturerapdoyed; Exponential, Gaussian and Roman[78].
These are described in table 6.3. The shape function varigbie residual light cone momentum. The
shape function is parameterised hy" and \J¥. These parameters are related to frguark massin,

and the average momentum squared ofithgark, .2, via the relations

ASF = MB — My, (67)
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and
A =2, (6.8)

whereM g is the mass of th& meson. Example shape function curves are plotted in figdre 6.

Shape Functior Form
Exponential F(ky;a)=N(1— x)ae(1+a)w
Gaussian F(ky;e)=N(1— x)cefb(l—mf

whereb = (I'(3(c + 2))/T (3 (c + 1)))?

Roman F(k+;p):N%exp{—i(%ﬁ—n(l—x))2}

wherer = %e””Kl (p/2) (I1-MacDonald function)

wherer = k, /ASF
—my < kg < ASF
anda, ¢, p, N are chosen
to satisfy
Ag=1,4; =0, Ay = —\}¥/3,

whereA, = [k} F(ky)dky

Table 6.3: The three models used for the shape function forms

Monte Carlo simulated photon energy spectrum

Itis not feasible to generate signal MC samples with all #ugations of shape function form and parameter
ranges necessary to simulate a spectrum that would best fitafa. Instead, a large inclusile— X,y

MC sample is used in which th&/x  spectrum has been generated according to a Breit-Wigner. for
The MC is re-weighted in generatéddx to agree with spectra as calculated with the Kagan and Neuber
prescription (with the given shape function model and sgiashmeters). The Bell8 — X~ analysis
cuts are applied to the MC and the result&nt> X,y photon energy spectrum in th&(45) rest frame is

measured.

Fitting the spectrum

A 2 fit of the MC simulated photon spectrum to the “raw” data speutis performed in the interval

1.5 < EY/GeV < 2.8. The normalisation parameter is floated in the fit. The “rapéctrum is plotted in
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Figure 6.4: Shape function model curves for Exponerha™, A\$¥) = (0.66, —0.40), Gaussian
(AT, AFF) = (0.63, —0.33), and Romar(AST, A\$F) = (0.66, —0.39), whereASF and \f* are
measured in units dfieV /¢ andGeV?/c? respectively.

figure 6.5, where the errors include both statistical antksyatic uncertainties. The latter are dominated
by the estimation of thé3B background, and are 100% correlated. Therefore the coxarimatrix is

constructed as

Vij = 04,04, 0ij + 03 07", (6.9)
wherei, j = 1,2, ..., 13 denote the bin number ang is the error in the data. Then th& minimised in
the fit is given by

= (di = f) (Vi) dy — £, (6.10)

ij

where(V;;)~* denotes theé;j‘" element of the inverted covariance matkix.

The best fit and Ay? contour

The best fit parameters are associated with the minimumeehired casey?; . Thelo error “ellipse”

is defined as the contour which satisfidg? = x? — x2,, = 1. The contours are found to be well

1In general the covariance matrix can be written as
tat _stat Sys _Sys
Vij = Uzsiia Usja éij + pi]-o'd); o'd)]’_ (6.11)

wherep;; is the correlation coefficient between the errors inbémd;. When the errors are 100% correlated across pjns= 1,
when they are uncorrelates; = J;;.
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Figure 6.5: “Raw” photon energy spectrum in tfi¢4.5) frame. The errors include both statistical
and systematic uncertainties.

approximated by the function[79]

SF SF\2 2 SF\2 2
AXZ(ASF,)@F):<)\1 +a(A™) +b> +((A)f+d) . (6.12)

Cc

The parameters, b, ¢, d, ande are determined by fitting thA 2 function to the parameter points that lie

on the contour.

Calculating spectral fractions

Spectral fractions are evaluated using De Fazio and Ng@bgdalculations of theB — X, lv; lepton

energy spectrum. The spectral fractigfi, is defined as

2.6GeV gr 1
fm dEL dECIH

fr=" , (6.13)

which is the fraction oB — X, v, events lying between the lower lepton energy cutofiand2.6 GeV,
as measured in tHE(4.5) rest frame.

The spectral fractions are calculated for the parametelegatorresponding to the minimugd point,
denoted:, and the points that define the long and short axes af\the = 1 fitted contour, denotee, e,

es, andey4, and depicted in figure 6.6. For a given shape function model

fu—shape = qu (C)a (6-14)
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with the statistical uncertainty given by

(Filer) = fii(ea)) o (fii(es) = fi(ea)) (6.15)

A.fu—shape - 2 2

Figure 6.6: The points of interest on they? = 1 contour.

Results

The minimumy? fit for each shape function model is displayed in figure 6.7 Gbntour fits to the points
with Ax? = 1 are shown in figure 6.8. The minimug? point (c) and points of interest on the contour
(e1, e2, €3, e4) are given in table 6.4. The best fit parameter values aredféoiibe consistent across all
three shape function forms. The spectral fractions for tier@y intervals of interest to this analysis are
given in table 6.5. Since there is no preference for one shapwion over another, the fing* values are

calculated as an average over the three models,

N
fu=Y" f“’# (6.16)

shape
with the statistical uncertainty likewise averaged,

N

Afu=>" Af“*Thap (6.17)

shape

whereN is the number of shape function models usdd-=£ 3). The spread across different shape function
models is assigned as a systematic error, and is calculatdttaoot-mean-square (RMS) of deviations

from the central value, given by

~ -
RMS = | Y W (6.18)

shape
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The resultanyf’ values and uncertainties are given in table 6.6.
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Figure 6.8: The fitted\x? = 1 contours for each shape function model, wh&r& and\iF are
measured in units aiGeV/c?) and(CGeV?/c?) respectively.

6.2.3 Strong Couplinga

The strong coupling constant, is an input into the parton-level calculations for bbth sy andb — ulv

spectra. By defauli; (1) is evaluated at the mass scale= m;,. It is calculated using the relation

As (N) =

1

2
1 23
a(My0) T 12n In (MMZO)

(6.19)

To investigate the systematic effect of the choice= my, the analysis is redone for = m,;/2 and

p = 2my, using the exponential shape function form. TH&" and\$¥ values corresponding tgZ,;, for
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Shape Exponential Gauss Roman
ASF )\%F ASF )\%F ASF /\?F

(GeV/c?)  (GeVZ/c?) | (GeV/c?) (GeVZ/c?) | (GeV/e?) (GeV?/c?)
c 0.659 -0.400 0.629 -0.330 0.659 -0.390
e 0.614 -0.231 0.598 -0.220 0.613 -0.246
e 0.736 -0.714 0.680 -0.517 0.720 -0.600
es3 0.719 -0.462 0.681 -0.357 0.707 -0.410
e4 0.635 -0.483 0.598 -0.380 0.627 -0.434

Table 6.4: The best fit shape function parameter values éoy3h, point, ¢, and for points defining
the long and short axis of tkzeXQ = 1"“ellipse”, e1, e2, e3 ande.

fu
Exponential
Point| x=19 | 2=20|2=21|2=22|2=23|2=24
c 0.3213 | 0.2454 | 0.1730 | 0.1088 | 0.0578 | 0.0239
e1 0.3377 | 0.2591 | 0.1822 | 0.1126 | 0.0574 | 0.0221
e 0.2988 | 0.2276 | 0.1614 | 0.1033 | 0.0570 | 0.0249
es3 0.3023 | 0.2272 | 0.1572 | 0.0966 | 0.0499 | 0.0200
e4 0.3283 | 0.2539 | 0.1829 | 0.1188 | 0.0662 | 0.0292
Gaussian
Point| =19 | 2=20|2=21|2=22|2=23|2=24
c 0.3293 | 0.2518 | 0.1777 | 0.1122 | 0.0604 | 0.0257
e1 0.3422 | 0.2631 | 0.1855 | 0.1154 | 0.0599 | 0.0240
e 0.3108 | 0.2370 | 0.1682 | 0.1083 | 0.0606 | 0.0274
es3 0.3124 | 0.2351 | 0.1626 | 0.1001 | 0.0523 | 0.0215
ey4 0.3374 | 0.2613 | 0.1883 | 0.1228 | 0.0692 | 0.0313
Roman
Point| =19 | 2=20|2=21|2=22|2=23|2=24
c 0.3206 | 0.2447 | 0.1728 | 0.1091 | 0.0584 | 0.0242
e1 0.3374 | 0.2593 | 0.1833 | 0.1146 | 0.0596 | 0.0235
e 0.3009 | 0.2288 | 0.1619 | 0.1036 | 0.0572 | 0.0249
es3 0.3056 | 0.2298 | 0.1590 | 0.0977 | 0.0502 | 0.0198
ey4 0.3296 | 0.2546 | 0.1832 | 0.1192 | 0.0667 | 0.0295

Table 6.5:f7 for the three shape function models.
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z(GeV) fa
1.9 0.3237 £ 0.0218 = 0.0043
2.0 0.2473 £ 0.0196 = 0.0035
2.1 0.1745 £ 0.0161 = 0.0025
2.2 0.1100 £ 0.0120 = 0.0018
2.3 0.0589 £ 0.0083 = 0.0014
2.4 0.0246 £ 0.0050 £ 0.0009

Table 6.6: The spectral fractions calculated as an avenegyetloe three shape function forms. The
first error is statistical. The second error is the root megrage deviation and is assigned as a
systematic uncertainty.

differenta, are given in table 6.7. The greatest variationfinobserved from either of these changes is

taken as the systematic uncertainty. The uncertaintiegiaee in table 6.8.

I s () ASF APF
(GeV/c?) | (GeVZ/c?)
mp 0.210 0.66 -0.40
my/2 | 0.257 0.65 -0.41
2my, 0.177 0.68 -0.43

Table 6.7: The best fit parameters for variaususing the exponential shape function form.

x (GeV) | UncertaintyA f, ()
1.9 0.0030
2.0 0.0033
2.1 0.0034
2.2 0.0031
2.3 0.0024
2.4 0.0014

Table 6.8: The uncertainty ifi, due too.

6.2.4 Theoretical Uncertainty

The assumption of shape function universality is only vediteading order in /m;. CLEO quantified an
uncertainty for this assumption by varying the best fit shamametersAS” and\PF by +£10% based on
a recommendation by Neubert. However since then work has d@ee to better quantify the uncertainty,
as alluded to ir§2.3.1. In general these uncertainties are known as poweeatams, deriving from
subleading twist effects that are encoded into subleadingesfunctions, and weak annihilation effects.

Leibovich, Ligeti and Wise considered the effects of [31]:
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¢ the subleading shape functions, which are suppressed bgrp@fA o /7, but are enhanced by
numerical factors. Assuming the functions were positivealbvalues ofk., the fractional rates in
the endpoint regions were found to decrease by large amdanexample -15% foF, = 2.2 GeV,
where E is the lower energy cutoff (as measured in the rest frame®Bthmeson). The use of

B — X, results, as reported in this thesis, can alleviate thisection by about a third.

e weak annihilation (WA) graphs (the dimension-6 four quaplei@ators in the OPE). These are sup-
pressed b)A?QCD/m?) but are enhanced by a numerical factod 6. The terms vanish if factori-
sation is assumed and the vacuum saturation approximatievoked. They assume deviations of
10% from that ideal case and find a fractional correction anghrtial rate forky = 2.2 GeV of

12 — 17%. Moreover, the sign is undetermined.

They conclude that the uncertainty gn,;,| for Ey = 2.2 GeV is above the 10% level, even with the
inclusion of information from thé3 — X~ photon energy spectrum. This uncertainty is larger thandou
by varying the shape parametersby0%.

Bauer, Luke and Mannel[80] also studied the subleadingesifiapction effects. They calculated a
correction of 15% tdV,,;| for Ey = 2.2 GeV. Since in their own evaluation the calculation was “highly
model dependent”, they estimated the uncertaintyin| to be at the 15% level.

Although pessimistic about th&,,;| extraction atE, > 2.2 GeV, both papers point out that ji/,,;|
could be extracted for a lower energy cutoff B < 2.0 GeV, then the|V,,;| extraction can proceed
without recourse to the shape function, and therefore stitjea much reduced theoretical error.

Following these studies, Neubert also performed calanatiof subleading effects [81]. Neubert
showed that the first moments of the subleading shape fursctjave a large negative non-vanishing con-
tribution to f,,, which were found to affecf, even forE, values well below the endpoint. The correction
was found to be of ordefkéCD/(mbAE), whereAFE = Mg /2 — Ey. Consequent subleading shape func-
tion modelling uncertainties ifV,,;| are then treated with respect to this correction and armetgi to be
below the 10% level.

All these evaluations are performed in the rest frame ofBhmeson. Although thé3 meson boost
in the T(45) frame is small it still introduces smearing, and this cowgdiés the use of relations given
in the theory papers. Therefore, likely power correctiang,t have not been implemented but rather are
treated as uncertainties. Therefore, in light of the findidgcussed above, it was decided, instead to be
more conservative with the theoretical uncertainty ewnaby varying the shape function parameters by
+20%, such that they bound the corrections. The uncertaintylGultzed as

+20%ASF _ p—20%ASF F20%ATF o —20%A5F

& “ : (6.20)

A 2 2

The resultant uncertainties are given in table 6.9 as wérasomparison, those fat10% and+15%
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variations. The errors ofi, roughly agree with those estimated by Bauer, Luke and Mg80¢!

Region P.C. uncertainties

(GeV) | £10% | £15% | +20%
1.9-2.6| 0.0205| 0.0307| 0.0408
2.0-2.6| 0.0210| 0.0314| 0.0417
2.1-2.6| 0.0201| 0.0301| 0.0399
2.2-2.6| 0.0173| 0.0259| 0.0343
2.3-2.6| 0.0126| 0.0188| 0.0250
2.4-2.6| 0.0070| 0.0105| 0.0140

Table 6.9: An estimate of power correction (P.C.) effectsfpnas found by varying the best fit
shape function parameters #10%, +15% and+20% .

6.2.5 Summary

The spectral fractions used to extrapolate the partial ¢oftii branching fractions are summarised in
table 6.10. The first error is statistical, the second, a suquadrature of the RMS and; related uncer-
tainty, is systematic, and the third is a theoretical effbe spectral fractions found by CLEO are givenin
table 6.11.

CLEO spectral fractions are larger than those presented ffis is due to the difference in the respec-
tive ASF. For the exponential shape function model, CLEO fouddF', A\$¥ gy, = (0.545, —0.342)[24].

In general, larger values ofS" will give smaller f,, values for the energy spectrum. Independent of
the extracted-quark shape function parameter values, the discrepamchedraced to the difference in
the measured first order moments of the— X,~ photon energy spectrum. The CLEO measured mo-
ment fromE, = (2.0 — 2.8) GeV/cis (E,) = 2.346 £+ 0.032 & 0.011 while for Belle, measured from
E, = (1.8 —2.8)GeV/c, itis (E,) = 2.292 + 0.026 + 0.034.

Both CLEO and Belle spectra were obtained for energies asunea in thel' (4.5) rest frame. Belle,
aided by a larger sample of both ON and OFF resonance dataacethip CLEO, was able to measure
significant yields in the energy bin§l.8 — 1.9) GeV and (1.9 — 2.0) GeV. The statistical uncertainty
is dominated by the statistics available in the OFF resomaata sample, even though the Belle analysis
used fourteen times more ON resonance data, only three times OFF resonance data was available.
The statistical errors are roughly half those of CLEO.

The CLEO systematic uncertainty is typically~ 3 times larger, which may be due to the inclusion
of an uncertainty due th8 B background normalisation in their analysis. In the analpsesented here
the uncertainty in thé3 B background is included in the error on the points in the rata dgectrum and
incorporated into the definition of thg?. Therefore it is taken into account in the statistical er@oth

analyses include effects of the shape function model diffees and., variation.
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The theoretical uncertainties, as discussed in the pre\sabsection, are estimated differently in this

analysis, and dominate the overall uncertainty.

z (GeV) fi
1.9 0.324 £ 0.022 £ 0.005 £ 0.041
2.0 0.247 £ 0.020 £ 0.005 £ 0.042
2.1 0.175 £ 0.016 £ 0.004 £ 0.040
2.2 0.110 £0.012 £ 0.004 £ 0.034
2.3 0.059 £ 0.008 £ 0.003 £ 0.025
2.4 0.025 £ 0.005 £ 0.002 £ 0.014

Table 6.10: Spectral fractions extracted from the Bélle—~ X~ analysis,f,. The first error is
statistical, the second is systematic, and the third is fitweory.

z (GeV) fi
2.0 0.278 £0.043 £ 0.025 £ 0.017
2.1 0.207 £0.037 £ 0.020 £ 0.017
2.2 0.137£0.025 £ 0.016 = 0.016
2.3 0.078 £0.015 £ 0.009 £ 0.013
2.4 0.039 £ 0.008 £ 0.003 £ 0.009

Table 6.11: The CLEO spectral fraction,. The first error is statistical, the second is systematic,
and the third is from theory[30].

6.3 Branching fraction measurements

The total inclusive branching fraction is calculated as

AB(B — Xyev.)(Ap)
fu(Ap)

B(B — Xyev.) = (1+ 0raD), (6.21)

wheredrap accounts for the distortion in the yield caused by the ebecémergy loss through final state
radiation. In the procedure for extractifig, |, in equation 2.31 this effect is not taken into account. The
distortion is momentum dependent and is calculated fromnapemison of ISGW2 modelled MC spec-
tra generated with and without implementiPBOT0S. The PHOTOS package was described previously in
section 5.4. Thérap for the relevant momentum intervals are shown in table 8b2ed on studies com-
paringPHOTOS results with detailed theoretical calculations[63], a 18#étematic uncertainty is assigned
and combined with the statistical error &g p. The resultant branching fractions are calculated andhgive
in table 6.13. For comparison the errors finare kept separate. The branching fractions are consistent

with each other.
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Momentum interval

GeV/c 5RAD

1.9-26 0.060 + 0.007
2.0 —2.6 0.066 + 0.007
2.1—2.6 0.074 £+ 0.008
2.2—-2.6 0.086 £ 0.010
2.3—2.6 0.096 + 0.011
24 —2.6 0.107 £ 0.014

Table 6.12: Final state radiation loss corrections in @amping momentum intervals. The error is

both statistical and systematic combined. The latter isidant.

B(B — X,eve)
(107%)

Momentum interval
GeV/c
1.9—-26
2.0-2.6
2.1-2.6
22—-26
2.3—2.6
24 —2.6

248+£0.61+0.17+£0.31
2.40£0.50£0.20 £ 0.40
2.26£0.35+0.21 £0.52
2.25+£0.30+0.26 £0.70
2.40+£0.25+0.36 £1.02
2.656+£0.41+0.56 £1.51

Table 6.13: Full branching fractions for the overlappingmemtum regions. The first error is
the experimental error (combined statistical and systieinathe second is fromny,, (combined
statistical and systematic) and the third, also frinrelates to the assumption of the shape function

universality inb — sy andb — wulv decays (., theoretical uncertainty).
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6.4 Calculating|V,,|

The branching fractions given in table 6.13 are used as $iptd the|V,,;,| extraction formula [17], which

is given by

[V

<1.55ps)27 (6.22)

B

0.002
whererp = (1.604 + 0.012) ps is the B lifetime [17], which is calculated as an average over chérge
and neutralB mesons. The resultafit,,;| values are shown in table 6.14. The error associated with the
calculation is taken as the quadratic sum of the unceréariti theB lifetime, b quark mass, and non-
perturbative parameteps . For purposes of comparison, the error associated withlthg calculation
is denoted separately, in addition to those already mestidor the branching fraction. The total error is
calculated as a quadratic sum of all the contributing erfbing |V,;| values with total errors are plotted in
figure 6.9a. There is a less than 10% variation in|iAg| values. The relative error from each contribution
is plotted in figure 6.9b. The plot shows that for high momenttutoffs the theoretical uncertainties
associated with the subleading shape function effects rkteni As the cutoff is lowered they are reduced
and the error becomes dominated by the systematic undgresisociated with the charmed background
estimation. The plot neatly shows that if there were no taecal uncertainty inf,, then the|V,,;| of
minimal uncertainty would occur at a lower cutoff 22 GeV/c. If it were halved it would occur for a
lower cutoff of2.1 GeV/c. Owing to the large theory error frorfy,, | V.| values of minimal uncertainty,
as based on a quadratic sum, are found in the regions witlowest momentum cutoffs. The contributing
uncertainties are summarised in table 6.15.

The |V,| of minimal uncertainty is extracted in the momentum inté8 < p.,/GeV/c < 2.6,

with an uncertainty o15%, and as such this is tH#,,;| measurement quoted for this analysis:
|Vis| = (4.79 £ 0.50 + 0.20 & 0.40 £ 0.26) x 1073,

The first error is the experimental error (combined statidthnd systematic). The second is derived from
fu (combined statistical and systematic) and the third, alsmff,, relates to the assumption of the shape
function universality irb — sy andb — ulv decays. The fourth is from th#&,,;| extraction formula. The
largest uncertainty comes from tiie— X cv. background subtraction since the background is very large

in this region. The theoretical uncertainty fip runs a close second.

6.4.1 Comparison with the CLEO endpoint analysis

The CLEO analysis[14] collected yields of both electrond aruons, utilising integrated luminosity sam-

ples of9.13 fb~! and4.35fb~! taken at and just below th#(4.5) resonance energy respectively. The
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Momentum interval |Viun|(1073) Total error

(GeV/e)

1.9-26 4.88£0.60+0.17£0.31+0.26 | £0.74 (15.3%)
2.0-2.6 4.79+0.50+0.20£0.40 £ 0.26 | £0.72 (15.0%)
21-26 4.65+£0.36 +£0.22£0.563 +£0.25 | £0.72 (15.5%)
22-26 4.64+£031+0.26£0.72+0.25 | £0.87 (18.7%)
23-26 4.79+0.25+0.36 £1.02+0.26 | £1.14 (23.7%)
24-26 5.04£0.39+0.54+£1.43+0.27 | £1.60 (31.7%)

Table 6.14: Values dfV,,;| calculated for the overlapping momentum intervals. Thédinor is the
experimental error (combined statistical and systemafisg second is derived frorf), (combined
statistical and systematic) and the third, also frinrelates to the assumption of the shape function
universality inb — sy andb — ulv decays. The fourth is from th&,; | extraction formula.

Momentum Interval GeV/c)

Source of Uncertainty | 1.9—-2.6 | 2.0—-2.6 | 2.1 —2.6 | 22—-2.6 | 2.3—2.6 | 2.4 —2.6
Statistical 0.13 0.13 0.13 0.15 0.20 0.36
B — X_.ev, background|  0.57 0.46 0.30 0.23 0.06 0.00
Other B background 0.04 0.03 0.03 0.03 0.03 0.03
Efficiency-detector 0.11 0.11 0.11 0.11 0.11 0.12
Efficiency-model 0.06 0.06 0.05 0.05 0.05 0.05
kl1 dependence 0.03 0.03 0.02 0.04 0.03 0.08
Ngp 0.03 0.03 0.03 0.03 0.03 0.03
ORAD 0.02 0.02 0.02 0.02 0.03 0.03
fu Statistical 0.16 0.19 0.21 0.25 0.34 0.51
fu Systematic 0.04 0.05 0.06 0.07 0.11 0.17
fu theory 0.31 0.40 0.53 0.72 1.02 1.43
[Vis| : mp(1S), M2, 7B 0.26 0.26 0.25 0.25 0.26 0.27
total +0.74 +0.72 +0.72 +0.87 +1.14 +1.60

Table 6.15: Uncertainties contributing [f,,5|.
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Figure 6.9: MeasuretV,,;| as a function of the lower electron momentum cutoff. Thereis@
quadratic sum of errors given in table 6.14. (b) Relativeautainties inV,,;|, where the histograms
show the effect of the accumulation of errors from statéstgystematics, spectral fractions, shape
function universality and thg/,,;| extraction formula respectively.

proper comparison of the respective endpoifyt,| measurements can proceed if the full branching frac-
tions for this analysis are calculated with the CLEO deterdispectral fractions.

Table 6.16 containg/,;| values measured with CLE@, values, as well as CLE(Q/,,;| values cal-
culated with thgV,,;| extraction formula used in this analysis. Only experimbemteertainties are given
since the errors ofi, and the|V,,;| calculation are the same. All results agree very well, thotingre is
better agreement for intervals beginnin@at GeV/c and above. However, the relative uncertainties are
much reduced for this analysis compared with CLEO for theewitbmentum regions. There are several

reasons why this and other differences arise:

¢ the systematic uncertainties in the wide momentum interae¢ dominated by the modelling of the
B — D®ey, background. The understanding of the dominant charmedgpackd has improved
since the CLEO analysis was conducted.

e The relative rate o8 — Div; andB — D*[y, is fixed in the estimation of the background for both
analysis. However, this measurement uses the 2003 worldge® forB(B — D*lv) which are

more than 20% larger than those for 2002, and moreover haaguged uncertainty.

e The Fyow -kI1 combination cut not only shows a preference for signal oeetinouum, but is 25%
more efficient for charmless semileptonitmeson decays than charmed. Therefore this gives a

slight improvement over the CLEO analysis by increasingsifaal to background ratio.

e The assumed branching fraction for tBe— X, iv in the lower sideband fits (with the exception of
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the1.5 — 2.2 GeV/c region where none is assumed) is taken t¢227 & 0.60) x 103, as assigned
from a Belle|V,,;| measurement [66, 67], whereas the CLEO analysis assumesghehtimg fraction
~ (1.9040.20) x 10~ based on their earlier published analysis [51]. As refleittede systematic

error evaluation for this assumption, this will affect tesultant signal yield.

Momentum interval Vi (1073)
(GeV/e) This measurement CLEO
2.0—-2.6 4.52+0.47 3.90 £0.83
2.1-2.6 4.27+0.33 3.99 £0.47
2.2—-2.6 4.15+£0.28 4.12+0.34
2.3—-2.6 4.16 £0.22 4.31+£0.24
2.4—-2.6 4.00+£0.31 4.08 £0.28

Table 6.16: Values ofV/,;| with CLEO spectral fractions for measurements presenteel dved for
CLEO measurements (as adjusted for a comifitgn| formula).

6.4.2 Comparison with other|V,;,| measurements

Other|V,;| measurements are compared with {t¥ig,| value calculated for the momentum intenal) <
p/GeV/c < 2.6. Figure 6.10 shows a plot of that value along with all pul#ginclusive|V,,;,| measure-
ments as well as the world average of exclusive decays.

Since |V,,;| was confirmed to be non zero by both CLEO[82] and ARGUS[83]umlper of |V, |
measurements have been made. All four experiments at LEEPAI[84]; L3[85]; DELPHI[86]; and
OPAL[87], measuretV,;| from B — X, lv decays. Thé3 mesons were produced in jets originating from

Z9 — bb events. The LEP Heavy Flavour Group calculated an averathedbur measurements[17],
[Vio| = (4.0915:3610-42 + .25 +0.23) x 1073,

where the first error combines statistical with detectotesysitic uncertainty, the second is the- clv
background systematic, the third is from the extrapolatiom the restricted to the full phase space, and
the fourth from theV,,;| calculation. The other measurements in the plot, includé flom CLEO, as
discussed in the previous section, and measurements fr@arf8] and Belle[67].

The BaBar analysis was the first to utilise®i(4.S) resonance event sample where one offraesons
had been fully reconstructed via hadronic modes. Refeared fully reconstructed® samples, they allow
for a much improved determination of neutrino momentum.sTgrovides improved resolution i/ x
reconstruction than is the case for samples lacking thistcaint. The efficiency for fully reconstructing a

B meson in any givef('(45) decay is small, they quote an efficiency of about 0.5%#drB~ and 0.3%

B°B°. An My analysis offers mor& — X,lv phase space and better signal to noise than an endpoint
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analysis. However the fraction of signal eventdir, within acceptance is similarly sensitive to thermi
motionof the b quark. BaBar measuretf,;,| with a cut of Mx < 1.55 GeV/c?.

The Belle analysis was the first to explore the so-calledrdétesally clean region[89] ofV,;| ex-
traction, by combining information on the leptonic invarianass squared;?, and Mx, and imposing
> > 8GeV?/c* andMx < 1.7GeV/c2. ltis far less sensitive to thiequarkFermi motioneffects than
either Mx or endpoint analyses, whilst still accessing ample—~ X, lv, phase space~( 30%). Belle
employed a novek,, reconstruction method in which a simulated annealing misation technique was
used. It effectively fully reconstructed one of tfiemesons from th& (4.5) resonance decay with much
better efficiency than the traditional method at the expefisereduced signal to noise levet (1 : 5.5).

|Vus| can be, and is, determined from branching fraction measemésof exclusive process8s— plv
andB — wlv. To calculatdV,,;| one needs to know the relevant form factor, which are caledlasing a
variety of methods: lattice QCD; light cone sum rules; andrgumodels (ISGW?2 for example). Exclusive
|Vup| values are not easily compared with inclusive determimatibut are equally important. The world

average (WA) value given in the 2004 Particle Data Groupesg\af particle physics[90], is
[Vis| = (3.26 £ 0.19 £ 0.15 £ 0.0470-55) x 1072,

where the errors derive from statistics, experimentaksyatics plv form factor uncertainties, and Lattice
QCD and Light Cone Sum Rules, respectively. Adding the uagdres in quadrature gives an upwards
relative uncertainty of 18%. The measurement presenteglibér6o away from this average, so at first
sight, is not in good agreement. But this is the wrong viewaket since exclusive and inclusive deter-
minations belong to distinct theoretical frameworks, ngnggienched lattice QCD and OPE regimes of
long (HQET) and short (perturbative i) distance physics, respectively, a systematic differéscmt
unexpected.

In summary the measurement presented here is within uimtgrtd all inclusive values given in the
plot. Moreover, the overall relative uncertainty is conifpet with the latter three measurements, which
are state of the aft/,,] measurements, as their treatment of fhe> X /v background supersedes that of

LEP experiments[17].

6.4.3 Implications of the measurement

A measurement such as this, if published, will be incorpaatan the world averagé/,;| value. The
problem of averaging thg/,;| values determined from inclusive rates is very difficult.
Recently, Gibbons advocated the procedure of averagingthesive|V,,;,| measurements that are least

susceptible to theoretical uncertainties, and using thasomements in the more theoretically sensitive re-

2For some discussion see t1ig,; | review article in reference [17]
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Figure 6.10: Comparison with oth§r,;| measurements. (W.A. refers to the World average)

gions to provide bounds for the theoretical errors in theayed measurement[24]. To date, only Belle had
aq? — My |V.»| measurement[67] that could be included in the average l#saiendpoint measurements
of |V,,,| were used to constrain some of the theoretical uncertsitithe average.

This procedure was pursued in the 2004 Particle Data GroD@Peview article onV,,;| [90]. The

inclusive average quoted is

V| = (4.63 £ 0.285 a1 + 0.395vs £ 048, £ 0.32r¢heory £ 0.27wa £ 0.31gsr +0.111,qp) x 1072,
(6.23)
where the first error is statistical (STAT), the second igaystic (SYS), the third is associated with the
spectral fraction i and M x (f,ar), the fourth is from théV,,,| extraction formula as dominated by the
uncertainty in theé quark massI{theory), and the remaining refer to theoretical unceriggnfrom weak
annihilation graphs (WA), subleading shape function effd&SF) and the assumptions of local quark
hadron duality (LQD). Naively summing in quadrature the em&inties amount to 19%. Endpoinf,; |
measurements were used to constrain the WA and LQD unciggtaiithe measurements reported here will
undoubtedly help to reduce the theoretical error or at ting least provide a more thorough understanding

of them.

3The available measurements include the published CLEO mpuhlished BaBar and Belle endpoint analyses. As a rulgjlunp
lished|V,,;| measurements, have not been compared with the measuransatesn this thesis.
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A review of theoretical uncertainties ifV,;| extractions given by Luke at the second CKM work-
shop [91] identified four main experimental goals in helpiegolve outstanding theory issues, two of

which this thesis has investigated:
e improved determination of the shape function from the» X,y spectrum;

e |V.»| values as a function of the lepton momentum cut that can bthendize of subleading shape

function corrections.

Perhaps superseding all the above, igthg| extraction in the momentum intervalp) < p..,/GeV/c <
2.6. The result was able to be achieved due the improvement rttierstanding of the charmed semilep-
tonic B meson decay background. Though incurring large expermhantertainty due a poor signal-to-
background of 1:9, the theoretical uncertainties are Bigitly reduced as compared to {fig; | extraction
in the interval.2 < pe,/GeV/c < 2.6.
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Conclusion

7.1 Improvements and limitations in the analysis

The uncertainty in the charmed semileptoBieneson decay background modelling is the major limitation
in reducing the experimental error in th,,| measurement. The lesser componeBts~ D*ev, and

B — Dev, components, need to better constrained to avoid the modetsmg phenomenon. In hindsight
it would have been better to constrain the— D**ev, component to be greater than tBe— D™ rev,
component, as is the case for measurements presented itetagute to date[17]. In fact, an extreme
case of this was implemented in the systematic uncertaintysvhere no non-resonant component was
included in the fit. Although the mode switching effect wdsstainto account in the systematic uncertainty,
it is believed, that such a constraint would make the evaloaif the uncertainty more robust.

The systematic uncertainty in the efficiency estimated f@neé selection was performed in a limited
region of phase space. In future, modes similaBte~ D(— K)p should be investigated to increase the
range and therefore confidence in the evaluation.

The theoretical error oif, has a significant impact on the uncertainty, it was calcdlatea crude
fashion. If it were reduced by half, then the minimal undetain |V,,;| would be found to be 12% instead
of 15%. The inclusion of subleading effects in the evaluaté f, is possible given recent theoretical
developments[31, 80, 81]. An application of these methadmie form or another should better quantify
the error.

The signal MC samples using the De Fazio and Neubert catézlildifferentialB — X,lv spectra
used values for the parameters and 2 that were set using CLEO measurementsof- X /v and
B — X,y moments (as described in section 4.2.2). This procedurearsied out on the assumption that
moments of thé-quark shape function are directly related to local opesaito HQET. A point of issue
are recent results reported by Bauer and Manohar [92]. Taes®rs further investigate leading shape

function effects inB — X,y andB — X,lv; decays. They engage soft-collinear effective theory (SCET
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to investigate the shape function regionfin— X,y andB — X,lv; decays. Their pertinent findings

include:

e due to different anomalous dimensions (deriving from rikacorrections) of the shape function
and local operators, moments of the shape function are nettt)i related to local operators in
HQET;

e that the procedure of convolving the perturbative parewel spectrum with the non-perturbative
shape function, as performed by De Fazio and Neubert (DFhic@rect because there are large

perturbative corrections present in the definition of thapghfunction.

The latter finding is of prime concern as the approach of DFNeupins the experimental technique,
from the generation oB — X, lv Monte Carlo events and resultant efficiency measuremeniddhthe
evaluation of the spectral fractiorfs, which also relies on Kagan and Neubert calculation® ef: X+,
whose approach of migrating from the parton-to-hadror iethe same as DFN. Unfortunately the authors
do not quantify the source of the discrepancy between tlesinlts and the hitherto accepted practice of
DFN. Shortly following the appearance of the Bauer and Mamoésults, some overlapping work, which
also uses SCET, was reported by Bosch, Lange, Neubert an@¥azhereby they disagree with Bauer
and Manohar on the conclusion that moments of the shapeduargannot be related to HQET parameters.
Quite significant, perhaps, are the new expressions théyeder B — X, /v, decay distributions, one of
which predicts a spectral fraction féh > 2.2 GeV, as measured in the rest frame of fBeneson, 022%.
Even adjusting for smearing due to tBemeson motion in th& (4.5) rest frame, this estimate far exceeds
that calculated for this and the CLEO analysis, whichiard and14% respectively. Since these results
are very recent, they couldn’t be satisfactorily incorpedsdnto the analysis as presented in this thesis. To
date no|V,,;| analysis has incorporated these effects. The above disolsdn part included to give the
reader references to the new and exciting work in the thebiryctusive semileptonid3 meson decays in

it's application to the determination ¢, |.

7.2 Outlook

The future of inclusiveV,,;| measurements is promising owing to the ever-growing sampié(45)
resonance decay events currently being accumulated byetheedhd BaBar experiments.

Improved measurements of charmed semileptéhineson decays are needed to reduce uncertainties
associated with its modelling, in particular tite — D*[v; form factor slopep?. Currently this number
is dominated by the uncertainty in the associated form faetiios, R; and Rz[17, 94]. To date only the
CLEO collaboration has measured these parameters. Ingbrogasurements will reduce the error in the

|Vup| measurements presented here.
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If this analysis is repeated with larger ON and OFF data sam(dt Belle there is currently 10 and
3 times more ON and OFF data available), the statistical evomld be reduced, but the overall error on
|V.s| would decrease marginally. However, for a study of the phréites or the spectrum & — X ev,,

increased OFF data statistics would be of benefit to the higtmemtum bins.

The measurement of té — X, [y momentum spectrum presented here is perhaps precise efoough
an extraction ob-quark shape function parameters from the spectrum iisp#rformed, thef,, theoretical

error would be reduced.

The ever increasing size of fully reconstructBddecay samples available for analyses at Belle and
BaBar will have a significant impact. These samples allowiémgntation of methods that require infor-
mation of the neutrino. Two such methods proposed, by Bauaf&9] and Bosch et al[95], predict that

theoretical uncertainties di,,; | at the 5-10% level can be achieved.

There is no reason why,,;| extractions from the lepton momentum spectrum could nospmed

in a fully reconstructed decay sample as well. Moreover, it is beneficial because:

e the momentum could be measured in the rest frame ofRhmeson through use of the four-
momentum of the associated fully reconstruciecheson. This in combination with a similar mea-
surement of thé3 — X~ photon energy spectrum, though less feasible than X, /v because it
is rarer by an order of magnitude, would remove the need fant@nmediate shape function in the

fu calculation.

e The measurements could be performed separately for chargkdeutralB mesons thus allowing a

test of weak annihilation effects[31, 91];

e Uncertainties in the efficiency related to the modelling®of-> X, [ would be diminished because
the continuum background would be significantly reduceds thvoiding the need to bias tigé

acceptance through harsh continuum suppression cuts.

7.3 Conclusion

Inclusive charmless semileptonitmeson decays were investigated usig & fb—! ands.8 fb~! dataset

collected by the Belle detector at, and just below, T{dS) resonance respectively.

Partial branching ratios aB — X, er, are measured as a function of the electron momentum. These
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branching ratios are measured to be:
B(B — X,ev.)(1.9 < pem/GeV/e < 2.6) = (7.5940.39 +1.82) x 10~3;
B(B — Xyev)(2.0 < pem/GeV/e <2.6) = (5.56+0.3041.11) x 10~>;
B(B — Xyev)(2.1 < pem/GeV/e <2.6) = (3.66+0.2140.52) x 1073;
B(B — Xyev)(2.2 < pem/GeV/c < 2.6) = (2.28+£0.154+0.26) x 1073;
B(B — Xyer.)(2.3 < pem/CGeV/e < 2.6) = (1.2940.114+0.08) x 1073;
B(B — X,ev.)(2.4 < pem/CGeV/e < 2.6) = (0.59 =+ 0.08 4 0.03) x 1073,
(7.1)

where the first error is statistical and the second errordtesyatic.

The parameters of thequark shape function, which describes Begmi motionof the b-quark within
the B meson, were extracted from fits to the Belle measu?ed X,~ photon energy spectrum assuming
three different models for the shape function. The resolt@ch model were found to be consistent with

each other.

Theb-quark shape function parameters were used to calculatérapiactions for the lepton momen-

tum spectrum. The spectral fractions were calculated to be:

Fu(1.9 < pem/GeV/c < 2.6) = 0.324 4 0.022 + 0.005 % 0.041;
Fu(2.0 < pem/GeV/ec < 2.6) = 0.247 4 0.020 = 0.005 % 0.042;
fu(2.1 < pem/GeV/e < 2.6) = 0.175 4 0.016 = 0.004 % 0.040;
fu(2.2 < pem/GeV/c < 2.6) = 0.110 4 0.012 = 0.004 % 0.034;
fu(2.3 < pem/GeV/c < 2.6) = 0.059 & 0.008 = 0.003 % 0.025;
Fu(24 < pem/GeV/e < 2.6) = 0.025 4 0.005 = 0.002 % 0.014,

(7.2)

where the first error is statistical, the second systematid,the third is from theory. These in turn were

used to extrapolate from partial to full branching ratio sile@ments. The full branching ratios were used
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to calculate the CKM matrix elemefit,;|. The|V,;| values were calculated to be:

[Vup|(1.9 < pem/GeV/c < 2.6)
V| (2.0 < pem/GeV /e < 2.6)
[V |(2.1 < pem/GeV /e < 2.6)
[V |(2.2 < pem/GeV /e < 2.6)
[Vu|(2.3 < pem/GeV/c < 2.6)

( )

[Vi] (2.4 < pem/GeV /e < 2.6

(4.88 £ 0.60 & 0.17 4 0.31 + 0.26) x 10~%;
(4.79 4 0.50 £ 0.20 + 0.40 4+ 0.26) x 10;
(4.65 4 0.36 £ 0.22 + 0.53 + 0.25) x 1073;
(4.64 +0.31 4 0.26 + 0.72 + 0.25) x 10~3;
(4.79 £ 0.25 & 0.36 & 1.02 + 0.26) x 10~3;
(5.04 £ 0.38 4 0.54 4 1.43 + 0.27) x 1072,

(7.3)

where the first error is experimental, the second is fifgirthe third is from the theoretical error ify,, and

the fourth derives from thg/,,; | extraction formula.

The best|V,;,| value, based on the overall fractional uncertainty, wasaektd for the momentum

interval, 2.0 < pem/GeV /e < 2.6,

|Vip| = (4.79 £0.72) x 107>, (7.4)

The uncertainty in the value is 15%. The measurement is in ggoeement with inclusively measured

values of|V,;| [14, 67, 88].

The measurements presented here improve the determinésiie-lengthR, of theUnitarity Triangle

and therefore provide a better understanding of the KM mashafor C' P violation.
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Appendix A

Charmed SemileptonicB decays Iin

QQ98

Charmed semileptoni® meson decays in QQ98 are simulated with various models.eTall lists the

models implemented in thgq98 generator for charmed semileptodemeson decays.

ChannelX,. Model

D* HQET linear form factor model? = 0.92 R; = 1.24 Ry = 0.72
D ISGW2

D ISGW2

D, ISGW?2

D1 ISGW2

D: ISGW?2

Dy (1S,) ISGW?2
D>(384) ISGW2
Dtr0 Goity & Roberts
DOt Goity & Roberts
Dt 0 Goity & Roberts
D0t Goity & Roberts

Table A.1: QQ98 description of charmed semileptoni8 meson decay (ISGW2 [45],Goity &
Roberts [60]).



Appendix B

World averages

Branching ratio %

Mode 2002 [17] 2003f
BY — X[ty 10.5+ 0.8 10.5+0.8
B — DIty 2.1140.17 | 2.1440.20
B® — D*(2010)"I*v | 4.60+0.21 | 5.5340.23
Bt — XItv 10.2+0.9 10.2+0.9
Bt — DOty 2.154+0.22 | 2.1540.22
BT — D*(2007)v 5.3+0.8 6.5+0.5
BT — D1(2420)°1tv | 0.56£0.16 | 0.56 +£0.16
Bt — D3(2460)°1tv <0.8 <0.8
B*/B° - Xety, 102404 | 10.70 £0.28
B*/B° — Xty 10.38 4 0.32 | 10.64 4+ 0.23
B*/B° — D**[ty 2.7+0.7 2.74+0.7

Comparison of 2002 and 2003 Particle Data Group world aesr.ag- see Particle Data Group (PDG)
2003 archives at http://pdg.lbl.gov
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