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CHAPTER |

INTRODUCTION

The search for the fundamental constituents of matter has parsued and studied
since the dawn of civilization. As early as the fourth ceptBCE, Democritus, expanding
the teachings of Leucippus, proposed small, indivisibléies called atoms, interacting
with each other to form the Universe. Democritus was coradnaf this by observing the
environment around him. He observed, for example, how @&ctdin of tiny grains of sand
can make out smooth beaches. Today, following the lead de€byocritus more than 2500
years ago, at the heart of particle physics is the hypothleaissverything we can observe
in the Universe is made of a small number of fundamental gdagtiinteracting with each
other. In contrast to Democritus, for the last hundred yesr$iave been able to perform
experiments that probe deeper and deeper into matter inetirets for the fundamental
particles of nature.

Today'’s knowledge is encapsulated in the Standard Modehuigte physics, a model
describing the fundamental particles and their interastidt is within this model that the
work in this thesis is presented. This work attempts to adthéounderstanding of the
Standard Model by measuring the relative branching fraatiithe charmed semileptonic
decayD™ — p°utv with respect toD™ — F*O;ﬁu. Many theoretical models that
describe hadronic interactions predict the value of tHatikee branching fraction, but only
a handful of experiments have been able to measure it withpeggision. By making a
precise measurement of this relative branching fracti@ortists can distinguish between
viable models as well as refine existing ones.

In this chapter, a general introduction to the Standard Misdgven. Along with it, an
introduction to heavy quark physics with emphasis on themhsector and semileptonic

processes will be presented.



.1 The Standard Model

The Standard Model (SM) of particle physics is a very sudoégdhenomenological
model that describes the elementary particles of matter thed interactions. By
elementary we mean patrticles that are structureless arsifde (at least at the scale
of 10716 cm). In the Standard Model fundamental particles are dladsin two groups:
matter particles calletermionsand the force carriers calldzbsons The model includes

three of the four fundamental forces in nature. These faxoes
e The Electromagnetic Force
e The Weak Nuclear Force
e The Strong Nuclear Force

There is a great deal of effort to extend the Standard Modelincprporating the
gravitational force into it, but so far, these efforts haweib unsuccessful. Fortunately,
the mass scales involved in particle physics are so smalgthagity has a negligible effect

on patrticle reactions seen in the laboratory.

1.1.1 Fermions
Particles with half integer spin obey Fermi—Dirac statistind are callefiérmions The

electron and the quarks arranged in the familiar protonsnaudrons, the building blocks
of matter, are examples of charged fermions. Fundamentaidas have spin of 1/2 and
can be classified dgptonsand quarks There are three charged leptons in nature, the
electron, the muon, and the tau. Three neutrinos, one of #&ar, correspond to each
charged lepton. Neutrinos have zero charge and because abtirobservation of right
handed neutrinos, they are assumed to be massless wittitathdard Model. The recent
discovery of neutrino oscillations has shown that neusrido have a small but non-zero
mass providing a small but important departure from theiptieshs made by the Standard

Model.



The leptons are organized in three generations, each chi@gten with its corresponding

neutrino.

: : (1.1)

The masses of the charged leptons increase as we move fratett®n generation to
the tau generation. One member of a generation can be trarexido the other member
of the same generation via the weak interaction. Leptonsotiéerl the strong force.

Quarkscarry fractional charge of-2/3|e| (up-type quark) and-1/3|e| (down-type
qguark). There are three up-type quarks (up, charm, top)aed tlown-type quarks (down,
strange, bottom) arranged in three generations accorditigetr masses. Each generation

has an up-type quark and a down-type quark.

, , (1.2)

Currently we do not know why there are three generations aflguand leptons or
why the masses differ so much from generation to generaliba.values for the fermion
masses are input parameters of the SM that are determinedmentally.

The weak interaction can transform one quark into anotherwlereas the leptons
can only be transformed to the other member of the generajitarks can cross between
generations as long as this is energetically possible ancetiction hafAQ| = 1.

Some of the properties of the fermions are summarized ireTlabland Table I.2. Each
fermion has its own anti-particle which has the same madseggarticle but with opposite
guantum numbers, such as the charge.

Quarks bind together to forrhadrons Hadrons can be classified agesonsbound
states of a quark and an anti-quadgq), andbaryons bound states of three quarksqq)
or three anti-quarkygq).

Quarks not only carry electrical charge, but they also caalpr charge. The color



charge can be eithezd, greenor blue Only colorlesscombinations of baryons and mesons
are allowed. This new degree of freedom was first introduneatder to account for the
ATt (uuu) baryon, a bound state with three quarks in the same statgroBsras spin
1/2 particles, obey Pauli’s exclusion principle: two ideat particles cannot be in the same
state with the same quantum numbers. This contradictioasslved if a new quantum
number, color, is introduced. The seemingly arbitrary &ddiof a new quantum number
is validated by the measurement of the ratio

o(ete” — Hadrong

R= .
olete — ptu)

This ratio depends on the sum of the squares of the quarkielebargesy . (e;)?, where
e; is 2/3e for up-type quarks and-1/3e for down-type quarks. For a model with five

guarks and no color charge the ratio is

R=(2/3)*+ (—1/3) +(2/3)* + (=1/3)* + (—1/3)* = 11/9.

This prediction is off by about a factor of three as shown guie I.1 suggesting that each

guark comes in three different kinds that we call colors.

Table 1.1:Summary of the charged lepton properties [1].

Lepton Chargge| Mass (MeV)
e -1 0.511

L -1 105.658
T -1 1776.99

A very important property of the quarks is that they have néeen found in isolation.
This property, known as confinement, is responsible for #uoe that quarks only exist in
bound states such as mesons and baryons. Because quaid intth the gluons that keep

the hadrons together, determination of the individual mss$the quarks is not trivial. The
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Figure 1.1: World data on the cross section ©fe~ — Hadrons (top) and the ratio
R = 2lele —Hadrony 5 4 thez0 mass (bottom). This ratio is predicted to be 11/9 for

glete-—ptp~ g ) ’
a model with 5 quarks with no color charge. The value from tkigeemental data is
about a factor of 3 higher than predicted. This is evidencéhe color charge of the

quarks. Reprinted from [1] with permission from Elsevier.



Table 1.2: Summary of quark properties [1].

Quark Chargee| Mass

up (u) +2/3 2.5570 02 MeV
down () -1/3 5.04702% MeV
charm ¢€) +2/3 1.271097 GeV
strange $) -1/3 104128 MeV
top (t) +2/3  171.2+ 2.1 GeV
bottom p)  -1/3 4.27047 GeV

gluons contribute a sizable fraction of the energy of théesysand therefore also contribute

to the total mass of the system.

1.1.2 Bosons

Particles with integer spin obey Bose—Einstein statistitsare callethosons The SM
describes the interaction between patrticles (i.e., forassan exchange of gauge bosons
between such particles. The range of the interaction andhheacteristic lifetime for a
given interaction is determined by the mass of the gaugerbosiating the interaction
and the strength of the interaction, respectively. In theeaaf the interaction range, the
more massive the gauge boson, the shorter its interactigrerd-or the case of the lifetime,
stronger coupling constants mean decays occur more rathidly for weaker coupling
constants.

As mentioned before, gravity is not part of the SM and its egponding boson,
the graviton, has never been observed. Some propertiesedblth gauge bosons are
summarized in Table I.3.

The strongforce, mediated by eight massless bosons calladns is responsible for
keeping the quarks in bound states forming baryons and reedare gluons carry color-
anti-color charge (e.g., red-anti-green) leading to thesfimlity of quarks changing color
by absorbing or emitting gluons. Since the gluons are cdlotgects, they can interact

among themselves forming triple and quartic gluon vertexasored gluons leads to the



Table 1.3: Summary of the SM forces and their intermediaries. Theivelatrength
of the forces is measured as the force experienced by two afkgj@at a distance

of 10~¥m relative to the electromagnetic force. The graviton, whilyet to be
observed, is included for completeness.

Force Boson Spin/parity Relative Strength Mass (GeV)
Strong gluon ¢) 1~ 25 ~0
Electromagnetic photonyj 1~ 1 ~ 0
Weak w=, Z° 1~ 0.8 80.42, 91.19
Gravity graviton 2+ 1074 ~0

possibility of forming exotic bound states called gluebalhich consist only of gluofs
The fundamental QCD vertices describing a quark changsngpior by emitting a colored

gluon, and the gluon bound states are shown in Figure 1.2 anad-1.3, respectively.
4

9o

Qo

Figure 1.2: Fundamental QCD vertex. A quark with color chargeadiates a gluon
with color chargen3 resulting in a quark with new color charge

A commonly used phenomenological potential describing ititeraction between

guarks can be written as [5]

v, = o) e (1.3)
3 r

The different behaviors of the strong interaction can b se€l.3). At close range, the
potential is dominated by the first term where the couplingstant,a,, becomes smaller
at high energy (i.e., short range) leading to asymptotiedoen of the quarks. Asymptotic

freedom allows us to treat the quarks inside the hadrondlasyifwere quasi-free particles,

!Although some gluon candidates have been identified (seextonple [2—4]) there is no solid evidence
of their observation yet.



o XK

(a) Trilinear Gluon Vertex (b) Quartic Gluon Vertex

Figure 1.3: Trilinear and quartic gluon vertices. The colored naturehef gluons
allows the formation of gluon bound states, known as glugbal

barely interacting between themselves. The second ternindbes at large distances and
is responsible for the confinement effect. This term can lea s describing the force
between quarks as we try to increase the distance between 8iace the energy needed
to separate the bound state is greater than the energy neegeaduce agq pair from
the vacuum, separation leads to the production of new hadmaostly in the form of light
mesons like the pion. It is for this reason that free quarkse heever been observed in
nature.

At the nuclear scale, the strong force counteracts therelaeignetic repulsion among
protons to keep atomic nuclei stable. This can be seen atiseguence of a residual
strong interaction between the the quarks inside each onic&pontaneous fission occurs
when this balancing act can no longer be sustained.

Complications in the study of the strong interaction arigeduse the strength of
the strong coupling constant is large enough that pertiofadheory is no longer easily
applicable. The strength af, makes the characteristic lifetime for a strong decay of the
order of10~23 sec.

Theelectromagnetiforce is responsible for keeping the electrons and protoatoms

bound and along with the gravitational force dominates eeryay lives. It is mediated



by the massless photon making the range of the interactiomten The fundamental
electromagnetic vertex, shown in Figure 1.4, describegtteeaction between to oppositely
charged particles. Since the photon carries no electrigehateractions between photons
are not allowed at the tree level. The strength of the elewignetic coupling constant,is

~ 1/137. The characteristic lifetimes for electromagnetic decaygsof the order of 02!

SecC.

Figure 1.4:Fundamental electromagnetic vertex.

The weak force is mediated by the massiV€* and Z°. The W# is responsible
for the decay of quarks within and across generations (flakkanging), and decays of
leptons within the same generation. Th& contributes to the scattering between like—
charge fermions (e.ge™e™). Since the mass of the gauge boson is so heavy, the weak
interaction has a range of abaoli~' cm. The typical lifetime for a weak decay is of
the order ofl0~!° sec. The fundamental vertex for the weak interactions ahifens is
shown in Figure 1.5. Like the strong interaction, the wedkiiaction allows the interaction
between the gauge bosons.

The first known weak interaction was nucleadecay. In this process a neutron,
composed of one down quark and two up quarkdd) decays into a protonu@uad),

electron, and an electron neutrino.

n—p+e +7U, (1.4)
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Figure 1.5:Fundamental weak vertices.

In terms of quarks, one of thé quarks of the neutron decays intauaguark through a
virtual W~ which then decays into an electron and electron neutrine Fsgure 1.6).

The study of the weak interaction dates back to to the endeafdtt century when in
1899 beta (electron) emission was first observed by Rutiterfdhe continuum energy
spectrum of the emitted electrons was a puzzle that lead fonspeculate the non-
conservation of energy. In 1930, Wolfgang Pauli proposeckttistence of a ghost particle
in order to explain the continuum energy spectrum of the techielectrons, the neutrino.
Later, in 1933, Enrico Fermi proposed a theory of beta delsayihcorporated the weak
interaction, although with no gauge boson intermediary wad able to calculate the
energy distribution of the electron for these kind of pr@ess By the end of the 1960’s

a complete theory of weak interaction was put forward by &elGlashow, Abdus Salam,

10



Figure 1.6:Feynman Diagram for Beta decay

and Stephen Weinberg [6, 7]. The experimental observafitimeonveak gauge bosons had
to wait until 1983, when they were discovered at CERN.

In addition to the gauge bosons the SM contains one more btsohRliggs boson. The
Higgs boson is yet to be observed experimentally and is adtgreportance to electro-
weak theory. The quantum field theory of electro-weak irtoas predicts that all the
gauge bosons are massless in order to conserve local gaageamte. This is a significant
problem since we know that of the three gauge bosons includéue theory only the
photon is massless. By introducing a new scalar field intotileery, the Higgs field,
masses for th&/’* andZ° are generated leaving the photon massless. The Higgs boson
is also responsible for the mass of the quarks. The obsenvatithe Higgs boson is one of
the main goals of future experiments like CMS and ATLAS atlthege Hadron Collider

(LHC). These experiments are expected to start collectinygips data in 2009.

Unification

One long sought paradigm in physics is the concept of unificabf fundamental
forces. The idea is that the forces that we think are fundémhéoday are just different
manifestations of one truly fundamental force. The difftiegtion, known as symmetry

breaking, occurs at different energy scales (i.e., theevafuhe coupling constants evolve
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with the Universe). It is expected that the forces are egumattiength at the grand
unification theory (GUT) energy scale, arourtt® GeV.

The first great unification occurred during the 1860’s whenxWeall introduced
the famous Maxwell's equations unifying the electric andgmetic phenomena into
electromagnetism. The second grand unification is the Glas8alam—Weinberg theory
mentioned above. This theory does not just explain the weigkadction as one mediated
by vector bosons, but unifies the weak interaction with tieetebmagnetic interaction into
the electro-weak force predicting in the process the masdbg gauge bosons.

Precision measurement of the electro—weak and strong iogupbnstants at LEP
excludes the possibility of unification within the Standd@viddel by more than seven
standard deviations [8]. If unification of the coupling ctargs is to be achieved, the
Standard Model needs to be extended. The minimal supersymomeg&tension to the
Standard Model (MSSM) achieves the desired unification Esgere 1.7) at the expense
of introducing a whole new set of unseen particles calleegspprtners. In MSSM every
Standard Model fermion has a bosonic super-partner, wideyeStandard Model boson
has fermionic super-partner. The fact that no super-paiaeeever been observed indicates
that Supersymmetry (SUSY) is badly broken. Observationnef @ more super-partners
at the LHC would validate SUSY and the idea of unification & doupling constants at
the GUT scale.

1.1.3 Quark Mixing Matrix (CKM)
The transitions of quarks between generations and the bildles for those events
to occur is more easily understood with the Cabibbo-Koblaykkaskawa (CKM) matrix.

The three quark generations are grouped in separate dsublet

c
, , , (1.5)
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Figure I1.7: The running of the gauge coupling constants @@3M (left) and
MSSM (right). Supersymmetric corrections to the gauge tingponstants
make the unification possible. Reprinted from [9] with pession from
Elsevier.

whered’, ', andb’, the weak eigenstates of the down-type quarks, are lin@abications
of the mass eigenstatds s, andb. The CKM matrix is & x 3 unitary matrix that relates

the weak eigenstates to the mass eigenstates.

d, Vud Vus Vub d
S | =1 Vi Vs Va s (1.6)
b’ Vie Vis Vi b

Within this framework, the probability for the transitiégh — ¢W*, wherelW* is a virtual
W+ gauge boson (only for top decays is tfiereal), is proportional t4V;, |*>. The diagonal
elements are very close to unity and represent transitidthgwhe same generation. These
transitions are very likely and are called Cabibbo favoradditions. The unitary condition
of the CKM matrix constrains the sum of the squares of the etegmof any row or any

column to be 1. For example

|Vud|2 + |Vus|2 + |‘/ub|2 = 1. (|7)
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The CKM matrix can be parametrized in different ways. Onehsparametrization,

advocated by the Particle Data Group [10] is

0

C12C13 S12C13 S13€
vV = —512C23 — C12523513€" C12C23 — S12523513€" 523C13 ) (|'8)
i5 is
512523 — C12€23513€ —C12823 — 512€23513€ C23C13

wherec;; = cosf;; ands;; = sind,; for ¢,7 = 1,2,3. In this case, the CKM matrix is
parametrized by three anglés;, ;3 andé,s3, representing the mixing of two generations,
and a phasé. A non-zero value for this phase indicates a violation of¢dharged-parity
(CP) combined symmetry in the weak sector.

In the limit of two quark generationg;; = 6,3 = 0, the CKM matrix reduces to the

2 x 2 matrix mixing the first two generations.

cos 1o —sin 69 1.9)

sin 912 COS 612
This matrix contains only one parametéy, = 6. ~ 12°, the Cabibbo angle [11]. In
this limit, the decay width of the transitions within the sagenerations (e.gc, — S) are
proportional tocos? . ~ 0.95. These are the Cabibbo favored decays mentioned above.

The probability for transitions across generations (€.g-, d) are proportional tein? , ~

0.04. Itis for this reason that these decays are called Cabibporeased decays.

1.2 Semileptonic Decays

Decays that include both hadrons and leptons in the finad stat called semileptonic
decays. These decays proceed through the weak interaatidnpeovide an ideal
environment for the study of the hadronic current. Sincdeb&ons carry no color charge,

no strong interaction between the leptons and quarks in tiaé $tate is possible. This
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allows us to factorize the semileptonic matrix element agtioduct of the well understood
leptonic current and the hadronic current simplifying tihegess.

An example of a semileptonic decay is the decay of a parermmusgq, with quark
content@q, into a lighter mesonngqg, with quark contenty'q, via the emission of a
virtual W+, Q — gW*. The leptonic current (i.eJJ/*) decays into an anti-lepton and
its corresponding neutrindy’* — ¢*v,. The final decay products have the foffy,; —
mgql ve. The Feynman diagram for this semileptonic decay is showkigare 1.8. This
diagram is known as gpectatodiagram since only one quark of the parent meson is part of
the interaction. The second quar® femains as a spectator and hadronizes with either the
daughter quark or with quarks that can materialize from #mmuum. The naive spectator

model provides a very good description of semileptonic geca

Vg
W 14
Q q
-}
q q

Figure 1.8:Spectator diagram for semileptonic ded®ly,; — mz¢" vy

The differential decay rate for the procesk,; — m,z{*v, in the parent rest mass

system is given by
1
dF(MQq - mq/q€+7/é) = WL/M(MQQ — mq,§f+l/g)|2dﬂg (1.10)
P

where
A3k d3p d3p’

_ 45(4
I N T oy AT T

(1.11)
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In this equationP, k, p, p’ are the four-momentum of the parent, daughter, lepton, and
neutrino, respectively. Conservation of four-momentuqunes that”? — k — p — p’ = 0.

The matrix element for this process can be written as

2

M (Mg — mygl*vy) = _i%qu,La%Hﬁ (.12)
q= — My

where L® and H? are the leptonic and hadronic currents to be defined lateg/aisthe
mass squared of the virtual W. The factorization of the mattement is evident in the

above equation.
¢ =(P—-k?’=@p+p) =M. =M+m’-2ME, (1.13)

In most of the cases we are interested\if, > ¢* and it is safe to approximate the
. . . . . 2 G .
propagator factor a%i With this approximation and usmgﬁw =5 the matrix element
becomes
Gr

M(PQQ - Xq’ﬁgV) = EVQq’LuHﬁL (1.14)

where theGr is the Fermi coupling constant an,, is the CKM matrix element for the

weak transformatioy) — ¢'. The leptonic and hadronic currents are given by
L =1u,4"(1 = vs5)ve, (1.15)

and

HY = (k|04 (0) | P) (1.16)

whereJ)! , = V# — AX.
The hadronic matrix element can be expressed in terms of oneowe form factors

and the available four-vectors in the given decay. The faotdrs are Lorentz invariant
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functions ofg? that describe the modifications to the weak current transfuy the heavy
quark into a lighter quark due to the hadronization procB#$erent theoretical approaches
exist to calculate these form factors (e.g., Lattice QCDPELim Rules, Quark Model).
Predictions made with these methods can then be confirmejeated using experimental
results.

The kinematic poing® = ¢2., is known as the zero-recoil configuration because the
daughter meson is nearly at rest in the parent meson resefranile the lepton and
neutrino are produced nearly back-to-back. Since the daugjuark receives very little
momentum kick, it will continue to move mostly unperturbethtive to the spectator quark

and gluons. At this poinE,, in (1.13) is equal to the mass of the daughter meson and

G = M* +m? —2Mm = (M —m)> (1.17)

At the other end of the kinematic spectrugd,, can be approximated to zero except
for the case of tau leptons. At this kinematic point the daeigQuark receives a large
momentum kick relative to the spectator quark resulting ighly perturbed system.

As we will see in Section 1.4.3 the partial decay width for tezay of a pseudo-scalar
into a pseudo-scalar (vector) meson + lepton + neutrinadpgational to|p|* (|pm|), the
momentum of the daughter meson. This factor will go to zergf as ¢2,, suppressing the
rate at high;?. So, experimentally it is easiest to gather data g@ar On the other hand,
most calculations are evaluated at spegjfikinematic points. For example, calculations
using Sum Rules are generally performed“at= 0, while in LQCD the form factors are
evaluated nea* = 2.,

The functional shape of the form factors ar@riori undetermined [12]. Nonetheless,
dispersion relations can be used to constrain the shapesé florm factors and suggest
parametrizations than can be used to bridge the gap betwsene whe data is collected and

where the calculations are evaluated. The simplest pareatgin takes the form given by
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2 f(0)
=" .18
In (1.18) myoe is the mass of the lowest lying meson composed of the two guavklved

in the weak decay with the same spin and parity quantum nuwsnber

1.3 Fully Leptonic Decays
Fully leptonic decays are simpler than their semileptomanterparts. The matrix

element for a leptonic process can be written as

G
M (Mg, — (V) = —w—gv@] fmL g, (1.19)

where f,,, is the decay constant. The decay constant represents tHeualaor the two
guarks to have zero separation, a necessary conditiondaguhrks to annihilate. These
constants can be calculated using different theoreticptagehes, therefore, precision

measurements of them is extremely important in refininghleeretical models.
I.4 Charmed Weak Decays

1.4.1 A Brief History of Charm

In early 1960’s, before the introduction of the quarks, igls were ordered by their
isospin and strangeness quantum numbers. It was obseretiahsitions withAS| =
1 (e.9., K7 — u*v) were suppressed with respect to transitions Witly| = 0 (e.g.,
7t — utv). In 1963, Cabibbo introduced the Cabibbo angle [#1];~ 12°, as a way to
relate processes witlA S| = 0 and those witjAS| = 1. In Cabibbo’s model, transitions
involving strange conservation were proportionakés 6. while transitions with strange
non-conservation were proportional 4m 6.. Soon after, in 1964, Gell-Mann proposed

that baryons and mesons were composed of quarks with frattcharge, namely up,
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down, and strange, forming an isotopic doublet (up, dowm) arsinglet (strange) [13].
He speculated that if the quarks were real physical pastisith mass, one of the quarks
would be stable while the other two could decay via weak adgons following the rules
set out by Cabibbo a year earlier.

The hadronic current for a three quark model can be written as

JP = Dy*(1 — 45)U (1.20)

whereD is the linear combinatio® = d cos 6, + 5sin 6. This current has one major flaw,
a term proportional to

(ds + sd) cos .. sin 0. (1.21)

appears when we multiply by its adjoint. This term indicatangeness changing neutral
currents (SCNC), a process that has never been observeai7 OrGlashow, Iliopoulus, and
Maini (GIM) proposed a fourth quark, the charm quark [14].tWMthe introduction of the

new quark (1.20) becomes

JH = Dy (1 —5)U + Sy"(1 = 75)C (1.22)

where the first term is the same as with three quarks, and tomdéerm is the new linear
combinationS = dsin 6. — 5 cos ,. With this current the SCNC term cancels leaving only
terms of the formui + dd + s5 + c¢. This cancellation, known as the GIM mechanism, can
be generalized to six quarks leading to the cancellatioragbflchanging neutral currents
(FCNC) processes.

The discovery of the//¥, a cc meson, simultaneously by two experiments, one in
Brookhaven [15] and the other in SLAC [16] in November 1974famed the existence

of the charm quark and played a crucial role in validatingdirezlictions of a fourth quark.
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1.4.2 Charmed Mesons

The charm quark, with its mass ranging fram5 to 1.35 GeV/c?, is the lightest of the
heavy quarks. The lightest charmed mesonsiahget), D*(cd), and D (cs) with their
respective anti-particles. These charmed mesons can debayia the weak interaction.
In these decays the charm quark is transformed into eithteaiage quark (Cabibbo favored
decay) or a down quark (Cabibbo suppressed decay). Therseaesal diagrams that
contribute to the decay rate of the charmed mesons. The mpstiant contributions come
from spectator diagrams, annihilation diagrams, and exghdaliagrams. Contributions
from the more exotic penguin diagrams, and mixing diagramm$ieghly suppressed in the
charm sector.

Two kinds of spectator diagrams are possible, namely thermait spectator diagram
and internal spectator diagram. The external spectatgrafiacan give rise to both fully
hadronic and semileptonic final states depending on whétleevirtual 1/ decays into a
lepton or a quark pair, while the internal spectator diagrasults in fully hadronic decays
as a consequence of the virtd&l decaying into a pair of quarks. One of the quarks from
the W decay can couple to the daughter quark while the other quaricouple with the
spectator quark to form mesons. Since the mesons are caltnahthe quarks from the
virtual W must have the anti-color of the decayed and spectator quaokshis reason the
internal spectator process is color suppressed.

The annihilation diagram can lead to fully leptonic decaysdully hadronic decays.
In the absence of flavor changing neutral currents this giseonly available for th&=*
and theD* mesons since in order for the annihilation to occur the chguark must decay
into the anti-particle of the light quark forming tli¢ meson. For fully leptonic decays the
final state consists of only the lepton pair produced fromdéeay of the virtualV. If
the virtual 1/ decays into a quark pair then another quark pair must materimom the
vacuum in order to conserve energy and momentum.

In the exchange diagram the two quarks composingtheneson exchange &/
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resulting in a transition of both quarks. As in the case ofithéronic annihilation process,

a quark pair must materialize from the vacuum in order to enresenergy and momentum.

1.4.3 Semileptonic Charm Decays

As mentioned in Section 1.2, semileptonic decays can givafosmation on the CKM
matrix elements and on the hadronic current via the fornofact Determination of the
CKM matrix elementd/., andV,_; can be obtained independently of charmed semileptonic
decays via charm—-taggdd’ decays and neutrino scattering off valarggeuarks [10],
therefore the study of charmed semileptonic decays hagitraally concentrated on the
understanding and determination of the form factors.

Light charmed mesons are pseudo-scalar (i/€.,= 0~) particles. As such, they
can decay semileptonically into either another pseudtasoa a vector (i.e./J” = 17)
meson. Examples of decays into pseudo-scalardre- K~ ¢*v (Cabibbo favored) and
D® — 7= (¢*v (Cabibbo suppressed). Decays into a vector particle ileclut — Koty

(Cabibbo favored) and* — p°¢*v (Cabibbo suppressed) shown in Figure 1.10.

D — P'lv

The simplest charmed semileptonic process is that of theydefcthe D into a pseudo-
scalar meson like a Kaon or a pion. The hadronic current fesdhprocesses must be
constructed from the available four-vectors of the decayhése cases, since the daughter
meson has no spin, the only available four-vectors are tlerfomentum(p — p')* = ¢*
and(p + p')*, wherep andp’ are the four-momentum of the and pseudo-scalar daughter
meson, respectively.

The hadronic current can be written as [17]

< P'\V¥ID >= f(@)p+ )"+ f-(¢*)(p — )" (1.23)
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Figure 1.9:D Meson decay Diagrams
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Figure 1.10:Spectator diagram for semileptonic deday — p°u*v

This can be further simplified and written in terms of only daen factor, f, (¢%), since
in the limit of zero lepton masg'L,, = 0. With this simplification to the hadronic matrix
element the partial differential decay rate becomes [18]
ar  Gi|[Vyal®py
= () (1.24)
dq 247
3 . . , 5 . .
The p,, factor is responsible for the suppression of the rate;gt as mentioned in
Section |.2. By integrating the above equation over thelalvki¢® range and using the pole
equation (1.18), it is possible to determine the form fagtof0). Generally, experiments
. . . . . (DO_,Wf +1/)
measure the relative branching ratio between two similaag@rocess |Ikw
- 2=(0)
and then extract the ratio of form factof%T(o).
Using high statistics data it is now possible to use a norapatric approach to study
theq? dependence of these decays. The non—parametric apprséehaeonly the validity
of using (1.18) to extrapolate the form factors, but alststesher proposed parametrizations

such as

f+(0)
(1 - q2/mgole)(1 - aq2/mgole).

FOCUS has measured thedependence of thB+ — K~ pu*v [19] and was the first to

f+(q*) = (1.25)

compare the experimental results to those obtained usipgainched lattice QCD methods.
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In this theoretical calculation the parametrization ().2&s used as a way to interpolate
and extrapolate between the lattice data points [20]. Int@ddto the measurement of
the ¢ dependence of the decay, it is also possible to measpyigby fitting the shape of
the form factor with either of the parametrization (1.18) (b25). This measurement has
revealed a significant deviation from the spectroscopie pohfirming the need to include

more than one state in the description of the form factors.

D — Vv

The case where & meson decays semileptonically into a vector meson liké ar
a p is more complicated since the hadronic matrix element medtide both parts of the
current, the vector and the axial components. In this casbave the four-momentum
available for the construction of the hadronic current alt agethe polarization vectot/,

of the vector meson. The general form for the current is [18]

2jetvor?
<V(p,e)|V* — A*|D(p) >:M75;P;P6V(q2) — (Mp + my)e™ A (¢?)
D+ my
5* : q / MA 2 2 8* : q ;,LA 2
+7MD+mV(p+p) 2(q”) + 2my p q"As(q”)
g
—2my qzqq“Ao(qz)
(1.26)
where
Mp +my Mp —my
As(?) = —=2—" A (P — ———— Ay (g?). .27
3(q7) ST 1(¢7) ST 2(q) (1.27)

As in the case of thé) decaying into a pseudo-scalar, the terms proportional tare

negligible except for the case whefe= 7. In this limit, the hadronic current written in
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Figure 1.11:Angles for the semileptonic decdy™ — p°u*v. This is an example of
the semileptonic decalp — V’/v where the daughter vector meson decays into two
pseudo-scalars mesons.

terms of three form factors/(¢?), A1(¢*), and A;(¢*) becomes:

2jehval
< V(p,e)|[V* — A*|D(p) >=————cpl 05V (¢*) — (Mp + my )e™ Ay (¢*)
Mp +my (1.28)
e -q / 2
+ = (ot p) A ().
YA (p+p)"As(q”)

For decays in which the vector meson decays strongly intopseudo-scalar mesons
four kinematic variables describe the decay completelgetanglesé,, 6,, andy, and
q*. 0, is the polar angle between the lepton and the direction dfgptusthe D in the 17*
rest frame where the lepton and neutrino are back to bégcls the polar angle between
one of the pseudo-scalar mesons and the direction abthrethe vector rest frame where
both pseudo-scalar mesons are back to back. Final/the angle between the two decay

planes. With these definitions the differential decay rateloe written in terms of helicity
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amplitudes as [18]

dF(D — VEI/, V — P1P2) _3GF|Vq/Q|2qu2
dg*dcosOudcosOydy —  8(4m)* M3

F(V—> P1P2)X

[(1+ cos6,)? sin® 6y | H (¢°)?

+ (1 — cos 8y)* sin® Oy | H_(¢*)|?

+ 4 sin® , cos? Oy | Ho(q*)|?

+ 4 sin 0,(1 + cos 0;) sin Oy cos Oy cos xH (¢*) Hy(q?)
— 4sin6,(1 — cos ;) sin Oy cos Oy cos xH_(¢*) Ho(¢?)
— 2sin 6,” sin? Oy cos 2xH+(q2)H—(q2)} )

(1.29)

where H., H, correspond to the helicity states with = +1, 0, andpy is the magnitude
of the three-momentum of the vector in the rest frame offtheThe helicity amplitudes

are related to the form factors in (1.28) via

2 2 2 2 M 127]9\2/ 2
Hy Mp —my — ¢ )(Mp +my)Ai(q°) — 4————A2(¢")| (1.30)

1
_2m\/\/q2 ( Mp +my
and
2Mppy

Hy=(M Aq(q? —_
+ = (Mp+my) l(q):FMD+mV

V(g?). (1.31)

The vector and axial form factor are generally parametrizeidg a pole dominance

form:
V(0)
2y _
V@)_1—qym3 (1.32)
and
A;(0)
. 2 — ¢
Al = T (1:33)
respectively.

The Cabibbo favored decdy™ — F*O/ﬁu is the cleanest example of a semileptonic
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decay of pseudo—scalar into a vector. In this cage= mp. and ma is setto 2.5 GeV.
Using the simple pole parametrization, many experimente maported the form factor
ratiosR, = V(0)/A;(0) and Ry = A5(0)/A;(0). The results from these experiments are
fairly consistent with each other.

The study of the angular distributions bft — F*O;ﬁu revealed a forward—backward
asymmetry incos 6, for events withM (K~7") below theX ™ mass. This is caused by
the presence of a non-resoné@nt — K~ =t u"v s—wave interference [21]. This s—wave
component, contributing 5% to the D+ — K~n*u*r spectrum, was also needed in the
determination of théD™ — K7 *v line shape [22]. This result have been confirmed
by the CLEO collaboration [23].

The form factors forD* — p°u v have never been measured due to lack of statistics
but they are expected to have similar values to those of— F*O;ﬁy. For example, the

Ve (0)

ratio e is expected to be between 0.85 to 0.97 for different themakthodels (See

for example [24] and references therein).
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CHAPTER I

THE FOCUS EXPERIMENT

FOCUS (Fotoproduction Of Charm with an Upgraded Spectremhetiso known as
E831, was a fixed target experiment designed to study chapasidles. The data were
collected during the 1996-1997 fixed target run at Fermi\édwe than 1 million charmed
Golden Modealecays (i.e.p* — K7, D — K-ntr—rn*,andD* — K—n"7~) were
fully reconstructed. In this chapter | will describe the flreased to create the charmed
particles and the spectrometer used to collect the datasifindation and reconstruction

techniques used for this analysis will be described in syloset chapters.

1.1 Photon Beam
FOCUS used a photon beam to create charmed particles (haotgppoduction) via
photon-gluon fusion. This photon beam was created fromoptaccelerated at the

Tevatron in a multi-step process. In this section this rmatkp process is described.

[I.L1.1 The Fermilab Accelerator Complex

During fixed target data taking the Tevatron was used to acate protons to 80QeV.
In collider mode, the Tevatron reaches 1 TeV. In both casedittal proton energy is
reached using a series of five accelerators. After the ptm@am has reached the maximum
energy in a given accelerator it is transported to the nesglacator until the final energy

has been achieved.

The Cockcroft-Walton
The first stage in the proton acceleration is the Cockcrdaittdvi accelerator. Here

hydrogen gas is ionized by the injection of electrons. Thadts are then electrostatically
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accelerated to an energy of 750 keV as they pass throughes ségonstant voltage drops.
As the beam leaves the the accelerator it passes througleetnostatic chopper. The

resulting pulses are then passed through a buncher. Thadutakes the beam pulse and
groups the ions in bunches with a frequency of 201.24 MHzs Thihe same frequency at

which the LINAC, described below, operates.

LINAC

The second stage in the accelerator process is the LINACH&iRCcelerator). During
this step the H ions are accelerated to an energy of 400 MeV. The FermilatACIN
about 130 meters long and is composed of drift tubes andcsidpled cavities. Drift tubes
accelerate the ions from 750 keV of energy to 116 MeV, whike glde-coupled cavities
accelerate the ions up to 400 MeV of energy.

Drift tube linacs are composed of hollow, electrically neant, cylindrical conductors
(drift tubes) separated by gaps. An electric field oscillgtat high frequency (radio
frequencies) provides the acceleration. The phase of gwriel field is arranged so that
the longitudinal component of the electric field is maximusritze particles are leaving the
drift tubes. In order for the particles to keep gaining egigiige particles must be inside the
drift tubes before the field changes direction. Because dhiicfes are going faster as they
move from one drift tube to the other, every drift tube is lenthan the previous to ensure
that the particles are inside the drift tube when the fielddves.

The Fermilab LINAC contains seven side-coupled cavitieecHEmodule is composed
of 4 sections, each section with 16 accelerating cells andolpling cells. Particles in
side-coupled cavities are accelerated with high frequetastric fields as is the case with
drift tubes. One main difference between the two methodsasgarticles are not shielded
from the electric field when its direction is in the oppositeedtion. Instead, the shape of
the cells concentrates the electric field lines near theec@fithe cavity creating a stronger

acceleration. When the beam enters one accelerating edllitéction of the field is such
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that particles are accelerated while the direction of tHd f&in the opposite direction in

the adjacent cells (see Figure I1.1).

N ey B = B [y

-« o | «— —> | -

g, 1, i, 1,L

AL =1k =I1

"y iy iy

-« B —» K «— (> K -
(a) Field Lines (b) Accelerating Fields

Figure Il.1: Schematic diagram of the field lines inside a side—coupleftycéa)
and beam traveling through a series of cavities (b). Theesbphe cavity creates a
stronger field near the center of the cavity where the bearavsling.

Booster

The Booster is the third component in the Fermilab accelemmplex. The Booster
is a 151-meter diameter proton synchrotron capable of ectetg protons from 400 MeV
to 8 GeV of energy. In a synchrotron a series of RF cavities arranged fing are
used to accelerate charged particles, while a series of etmgteer the particles around
the ring. Since the radius of curvature is proportional te thomentum of the particle
being accelerated the magnitude of the magnetic field neetisinge in order to keep the
particles inside the ring. The Booster at Fermilab accedsrdne beam with 18 acceleration
cavities and the bending is achieved with 96 conventiongmats.

H™ ions coming out of the LINAC are injected into the Booster atagped of the
electrons as they pass through a thin carbon foil. The electatcher captures the stripped

electrons while the unstripped ions are swept away leavirlg protons circulating the
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synchrotron. The protons circulate the Booster 16,000giare are accelerated from 400
MeV to 8 GeV in 0.033 seconds. Figure 1.2 is a schematic a@iagof the LINAC and

Booster section of the Fermilab Accelerator Complex.

Cockcroft-Walton

LINAC

A
.

Booster

Figure 11.2: Schematic diagram of Cockcroft-Walton, LINAC, and Boosa¢rthe
Fermilab Acceleration Complex.

Main Ring

For FOCUS, the Main Ring, a 1000-meter radius synchrotraelacator, was the
fourth step in the acceleration of protons used in the aveaif photons to be delivered
to the experimental target. The Main Ring accelerated psotp to 150 GeV and served
as an injector for the Tevatron.

The Main Ring, the original particle accelerator at Ferimilsas decommissioned

shortly after the data taking process to give way to the Majedtor.

Tevatron
The Tevatronis the main accelerator at Fermilab. Itis a 4@@er radius superconducting
synchrotron occupying the same ring as the Main Ring. In t&eaffon protons were

accelerated up to 800 GeV before being sent to the Fixed Theganlines. A schematic
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diagram the Tevatron and its relation with the Fixed Targeamblines is shown in

Figure 11.3.

: j Switchyard

Sauljweag 19bre] paxi4

Figure 11.3: diagram of Tevatron/Main Ring and fixed targe¢aa at the
Fermilab Acceleration Complex.

From Protons to Photons

The conversion of the protons delivered by the Tevatron ptiotons striking the
experimental target was done in three steps. In the first&6pGeV protons interacted
with 1.6 meter liquid deuterium production target. Deuterj with its large A/Z2,
maximizes the hadronic interactions (proportional to A)le/euppressing the electromagnetic
interactions (proportional t&?). High energy particles produced in this target were mainly
neutrons, charged and neutral pions, and charged and hiatvas. The neutral pions
decay rapidly into two photons while downstream of the puobidun target the charged
particles were swept away from the beam with the use of magnehis left only the
photons from the decay of the neutral pions and other nepardicles in the beam.

In the second step the photons and neutral hadrons strucadaréeliator of 60%
radiation length thickness. Lead has a large ratio of hadrabsorption length to

radiation length enhancing the production of electronitpas pairs relative to the hadronic
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interactions. The electrons and positrons were then beandra neutral beam dump that
absorbed the non-interacting photons and hadronic nexanaponents that were produced
during the first step. Collimators in combination with thegnats were used to select the
momentum of the electrons and positrons that continue ibélaen. There were five major
periods defined by the energy of these beams in FOCUS as sholafbie I1.1. For most
of the data taking period FOCUS ran with beam energies of250 or 300GeV.

Table I1.1: The five different running periods defined by the beam enesgyl in this
analysis. Periods 2—4 correspond to an energy scan.

Period| Energy (GeV) | Run Number| Percentage
1 250 6054-9289 21
2 275 9290-9325 ~ 04
3 300 9326-9443 ~ 1.9
4 325 9444-9511 ~ 1.7
5 300 9512-14547 75

In the last step the positrons and electrons were recomhimsttike a lead radiator
of 20% radiation length thickness producing photons viarts®rahlung. There was
an additional 7% radiation length due to beam monitoringnters (described below)
and titanium vacuum windows, for a total effective radiatlength of 27%. A diagram
depicting the photon beam creation is shown in Figure I1.4.

The energy of the photon interacting in the target to produclearmed evenk;neracting

can be expressed as

kinteracting: EO —F - Z kadditional (”-1)

where Ej is the energy of the incident electron before bremsstrahtadiation,£” is the
energy of the electron after radiation loss, antkaqgitonal IS the sum of any additional
multiple bremsstrahlung photons produced in the radiator.

The momentum of the incident electron/positron was medswith the use of five

microstrips, two located before and after the recombiningplés, and one between
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the dipoles. This last plane provided redundant infornmatibius making the pattern
recognition easier.

After the electron/positron has radiated via Bremsstmadplut is swept out of the
beam using a dipole magnet and its momentum measured in tB&l REecoil Electron
Shower Hodoscope) or POSH (recoil POsitron Shower Hodeayabgtectors. The RESH
and POSH detectors were composed of 13 counters each,ddbehe O to 12 arranged
sequentially at large angles. The first counter in each tetéice., closest to the beam),
RESHO, and POSHO, detected electrons/positrons that didadeate. Knowing which
counter was struck by the recoil electron/positron revdasmomentum of the particle.
Finally, > kadditionas WaS measured with the Beam Gamma Monitor (BGM), a zero—degre
calorimeter located towards the end of the spectrometer.

The efficiency of obtaining photons from protons with a testibeam, like the one
employed by FOCUS, is rather low. Only around one photon taiobd for every 5000
protons. This inefficiency is compensated by the cleannieggaesulting beam. Having
a clean photon beam was important for FOCUS since the hadroleon cross section,
oy 1S around 100 times larger than the photon-nucleon cros®aee.,,,. Therefore, any
hadronic component in the beam would have produced muckehiglltiplicity events

making the triggering process more challenging.

[1.1.2 Photo-production of Charm

Producing charmed events via photoproduction providesesdear advantages. For
typical fixed target energies, the relative rate of eventglpcing charmed particles is
almost an order of magnitude larger for photoproductiori) (6%) than for hadroproduction
(~ 0.08%). In addition to the cross—section differences betweerh mbduction
mechanisms, in photoproduction, the photon acts as-a 1 parton producing higher
momentum charmed events. This becomes especially impantiixed target experiments

where these events are more likely to travel within the atzcege of the spectrometer and
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Figure 11.4: Schematic diagram of the FOCUS beam.
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have larger Lorentz boosts making the separation of theustah and decay vertices
easier to find.

Another advantage of photoproduction relative to hadrdpection is that its main
background is the creation af ¢t pair with a known distribution (Bethe-Heitler).
This background is easy to identify since these electrositom pairs travel down the
spectrometer very close to the beamline. A requirementhiegtacks are inconsistent with
having zero—degree with respect to the beam is enough toesgmost of this background.

The main mechanism for the production of charm using highrggnphotons is the
photon-gluon fusion (PGF) process. To leading order (LKB,ihcoming photon interacts
with a radiated gluon from one of the nucleons in the targptéoluce ac pair. A diagram

for this process (to leading order) is shown in Figure I1.5.

c
q3
q2

zd "

Figure 11.5: LO Photon—gluon fusion diagram.

.2 The FOCUS Spectrometer

The FOCUS spectrometer was a two magnet spectrometer wdellent vertex
resolution and particle identification. The spectrometas an upgrade of the spectrometer
used by E687 [25]. Most of the detectors and reconstructigoridhms were improved
for FOCUS. Briefly, the FOCUS spectrometer utilized Siliaorcrostrips for vertexing
and tracking near the target region, proportional wire dhars (PWC) and straw tubes for
tracking and vee reconstruction, two analysis magnets tomentum determination, three

thresholdCerenkov for particle identification, hadronic and electagnetic calorimeters
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for energy measurement, and muon detectors. In the follpwections, | describe the
main detectors of the FOCUS spectrometer in the order theefirat encountered by a high
energy particle going in the direction of the beam. We st#ft the most upstream element,
the target, and end at the most downstream, the inner mueotdet. A schematic diagram

of the FOCUS spectrometer is shown in Figure I1.6.

[1.2.1 The Target

FOCUS used Be and BeO targets for the production of charmeigipa . The choice
of target was based mostly on maximizing the number of hadroteractions while at
the same time minimizing electromagnetic interaction®PBeith an interaction length to
radiation length ratio close to 2 is good for hadronic prduaurc

Another important consideration in the selection of thgeéamaterial was the desire
to have a significant proportion of events with decay vestimatside of the target material.
Based on experience gained in the E687 experiment we knotvetlemnts where the
secondary vertex occurs outside the target material havgndisantly better signal to
noise ratio than those where the secondary vertex is racmted inside the target. This is
because inside the target secondary vertices can come @&mndary hadronic interactions
as well as from decays. In contrast, outside the target tbensiary vertices are mostly
coming from the decay of relatively long lived particlesdikharmed mesons. With a
denser material like BeO the target can be made thinner emftgathe number of events
with vertices occurring outside of the target.

The number of events with secondary vertices outside thgetanaterial is also
increased by splitting the target into smaller pieces anthigaair gaps between the targets.
Having a longer target can degrade the spatial vertex risolif all the tracking is
done downstream of the target. Tracking detectors in betvilee target elements can
compensate for this lost resolution.

During most of the data taking period FOCUS used a segmerg€dt&rget embedded
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with four silicon microstrip planes called the Target SiicStrip Detector (TSSD) Each
of the four targets was 3 cm square perpendicular to the beah®&5 mm long in the
beam direction. A decay region of 1 cm followed each of thgdaelements. Four
stations of Silicon Strip Detectors (SSD) and five triggaurters, TR1 and TR2 (an array

of four counters), completed the target region. The fingjdaconfiguration is shown in

Figure 11.7.
SSD 2 SSD 3 SSD 4
Trigger 1
Target Segmentl SsSD 1
TSSD1 TSSD2 Trigger 2

E831 Target Region

Figure 11.7: Final target configuration used by FOCUS. The four BeO targking
with silicon microstip detectors (TSSD and SSD) and triggedoscopes (TR1 and
TR2) are shown in the diagram. The beam enters from the left.
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Figure 11.8: Distribution of z—position for primary (black) and secongsertices for
Golden Mode charmed events.

During the early running periods FOCUS used both a Be targeteall as a BeO target without the
embedded TSSD.
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II.2.2 The Target Silicon Strip Detector

The Target Silicon Strip Detector (TSSD) was the first elenoéthe FOCUS tracking
system. As stated previously, increasing the number of rekny vertices occurring
outside of the target introduced a loss in tracking resofutiue to the longer lever arm
associated with a long segmented target. In order to recmree of this lost resolution
FOCUS installed silicon microstrip detectors among thgegbelements [26]. This has the
added advantage of providing measurement points closéetmteraction regions. The
TSSD was in place for about 2/3 of the running.

A charged particle passing through a solid state detedterthe silicon microstrip
detector used by FOCUS will leave ionizing energy manifkdte the liberation of
electron-hole pairs within the detector. The detector wamsin reversed bias mode such
that the electric field between the anode and the cathodeategdahe liberated charge
before it could recombine. The liberated charge was theleated for amplification and
digitization.

Two planes of TSSD doublets aligned atl5° from the horizontal were placed in
between the second and third target elements and in betweefourth target element
and the first trigger counter. Each view consisted of 102gsstrith a pitch of 2xm. The
active region in each plane was 2.5 civb cm.

Along with the increased vertex resolution, the inclusibtihe TSSD system yielded an

improvement on the average proper time resolution for ckedrparticles ofv 20% [26].

[1.2.3 Silicon Strip Detectors

After the first trigger counter, TR1, and before TR2 trackivags done with four stations
of silicon microstrip detectors (SSD) with three views eadlme views were oriented at
+45° and90° from the horizontal. In each plane the inner region had twheeresolution
of the outer region to resolve low angle tracks. The first S&ia had a 2bm pitch in

the inner region and a ofn pitch in the outer region. The remaining three stations had
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inner region pitch of 50m and 10Q:m outer region pitch. Each of the twelve planes had

688 readout channels. The properties of the four SSD stwsiansummarized in Table 11.2.

Table 11.2: Summary of the properties of the four SSD stations.

Station| Active Area (cnf) Pitch (um)
Total High Res.| Inner | Outer
25x35 | 1.0x3.5 25 50
50x 5.0 2.0x5.0 | 50 100
50x5.0| 2.0x5.0 | 50 100
5.0x5.0 | 2.0x5.0 50 100

A OWN PR

I1.2.4 Analysis Magnets

The momentum of charged particles can be determined by megghe change in
the trajectory of the particle before and after it passesutin a uniform magnetic field.
In FOCUS this was accomplished with the use of two large apedipole magnets with
opposite polarities. The first magnet, M1, was located betwER2 and the first PWC
station. The second magnet, M2, was located in the centdreo$pectrometer between
the Outer Electromagnetic Calorimeter and P3, the fourtrCP3ation. The transverse
momentum kick provided by the magnets was 04 /c and 0.85GeV /c for M1 and M2,
respectively. With the magnets running in opposite paksgiparticles had the tendency to
come back to their undeflected trajectories as they reatiesehd of C3, the lasterenkov
detector. More importantly*e~ pairs produced in the target were focused and passed

through the hole in the electromagnetic calorimeter armltime Beam Calorimeter.

11.2.5 Proportional Wire Chambers

Downstream of the first magnet the tracking was done with ge af proportional
wire chambers (PWCs). A PWC is a gas filled enclosure in whartaltel sense wires are
sandwiched between planes of high voltage wires. A chargeiitfe passing through the

chamber ionizes the gas and the freed electrons are adeelévaards the sense wires for
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collection. As the electrons from the initial ionizatioreaaiccelerated towards the sense
wires they in turn ionize the gas further creating an avdiamaf electrons reaching the
anodes. The positive ions moving away from the sense wirergés the signal that is
amplified and converted into a spatial measurement.

FOCUS used five stations of proportional wire chambers. Btation had four planes
measuring the X, Y, U, and V directions. The X and Y views wegepgndicular to each
other while the U and V planes were inclined-at1.3° from the horizontal as shown in
Figure 11.9. The five stations were labeled (from most u@stréo most downstream)
PO, P1, P2, P3, and P4. The gas used in all five stations was aaii® and 25%
ethane mixture bubbled through alcohol. PO and P3 wereddaaght after the first and
second magnet, respectively, therefore the propertidsesttchambers reflect their limited
acceptance due to the magnet aperture.The properties BY#azstations are summarized

in Table I1.3.

Table 11.3: Summary of the properties of the five PWC stations.

Station| Wire Wires/plane Size Position
Spacingl X | Y | U | V (X xY) (cm from target)
PO 0.080" | 376 | 640 | 640| 640| 76 x 127 cm? 403
P1 0.130” | 480 | 704 | 768 | 768 | 152 x 229 cm? 644
P2 0.130” | 480 | 704 | 768 | 768 | 152 x 229 cm? 879
2
2

P3 0.080” | 376| 640 | 640 | 640| 76 x 127 cm 1,444
P4 0.130” | 480 | 704 | 768 | 768 | 152 x 229 cm 2,286

I1.2.6 Straw Tube Chambers

The last element of the FOCUS tracking system consistedreétstraw tube stations.
Because straw tubes can be reliably operated in high rateoenvents, these stations were
designed to cover the central region, where~ pairs produced in the target travel. The
straw tubes were used as a redundant system in case the Pil@@sstauld not cope with

these high rates.
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Figure 11.9: Orientation of the PWC wires.

The detection mechanism of the straw tubes is similar to tieeused in PWC stations.
The main difference being that the gas is enclosed withinglsitube with a sense wire in
the center. The tube walls are grounded while the wire is &eptgh voltage making the
freed ionization charge drift towards the wire where therglas collected.

The first two straw tube stations, STO and ST1 were placedoint fof the first and
second PWC stations, respectively. The third station, $# placed behind the third
PWC station. Each station had three views, one vertical wodatigned at+-11.3° from
the vertical, with each of the views having three sets of sul#e diagram of a straw tube

station is shown in Figure 11.10. The tubes had a diameterrofh
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Figure 11.10: Diagram showing the arrangement of the straw tube stations.

1.2.7 Cerenkov Detectors

Charged particle identification was done with three mueti-hresholdCerenkov detectors.
These three detectors were able to identify pions, Kaossireins and protons. Although
the identifications of muons using tBerenkov systems is possible, the limited momentum
range in which the muons can be separated from pions makefitient.

Cerenkov radiation is emitted when a charged particle ietiiag through a medium
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faster than the speed of light inside that medium (c/n):

__r 1 (11.2)

P
E VPEP+m?2oon

where n is the index of refraction of the medium. The angl&efdmitted light is described

by [27]

0=

cosf, = % (11.3)

The number of photo-electrons is proportionalltein? §,, where L is the length of the
radiator. Threshol€erenkov detectors exploit the fact that radiation willyobe emitted

when the momentum of a particle with mass m is greater thaanoqgiven by

m

Pthreshold = 7n2 = (||.4)

As mentioned before FOCUS used th@erenkov detectors labeled C1, C2, and C3
(from upstream to downstream). The medium for e@ehenkov detector was carefully
selected to be able to distinguish pions from Kaons and psoin a wide momentum
range. With three threshol@erenkov detectors identification can be achieved by lapkin
at the on/off status of the three detectors for a given trék.an example, a 26ieV/c
track that leaves signal in all three detectors is identéigd pion, while a 28eV /¢ track
that leaves a signal only in C2 is identified as a Kaon. Thestiolel momenta for pions,
Kaons, and protons along with the gases used in €arbnkov detector are summarized

in Table I1.4.

Table I1.4: Characteristics of the threé@erenkov detectors.
Detector| Gas Dinreshotd(GeV/c) Length (cm)| No. Cells

pion | Kaon | proton
C1 He-N, | 85 | 29.9 | 56.8 180.3 90
C2 N.O | 45| 16.2 | 30.9 188.0 110
C3 He |17.0| 61.0 | 116.2 703.6 100
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C1 was the most upstream of tBerenkov counters and was located between the first

two PWCs. The counter contained a He+Nixture yielding a pion threshold of 8GeV /c.
C2, located between the second and third PWCs us€& Moviding a pion threshold of
4.5GeV/c. The last counter, C3, was located downstream of the seceaghenh between
the fourth and fifth PWCs. The gas used in this counter was Eldiyig a pion threshold
of 17 GeV /c.

11.2.8 Calorimetry

The energy of particles, both neutral and charged, can besured with the use
of destructive processes inside calorimeters. Electromiag calorimeters measure the
energy of photons and electrons via pair production and Bserahlung, while hadronic
calorimeters measure the energy deposited by hadrons.

A high energy electron entering an electromagnetic calet@mwill emit Bremsstrahlung
radiation as it is accelerated in the field of the atomic rugle If the energy of the
Bremsstrahlung photon is large enough, an electron-pogitair is created as the resulting
photon interacts with an adjacent nucleus. This processpsated as the particles move
through the calorimeter losing energy with each interacti®his multiplication process
is called a shower. The resulting electromagnetic showerhes a maximum and then
stops suddenly when the energy of the particles inside tbeveshfalls bellowE., the
energy needed for electrons to radiate through Bremsatrghl Below E.. the particles
loose energy mostly by ionization processes.

The number of particles at the maximum is approximately

Nmaz S (”5)

where Ej is the energy of the incident particle. By measuring the nemndb particles in

the shower the energy of the incident particle can be deterthi
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Hadronic calorimeters function with the same principleslastromagnetic calorimeters.
The main difference is the energy loss process involved.rétedinteracting strongly in
the calorimeter will loose energy mainly via pion produntiith all three,#* and=?°,
produced at more or less the same rate. Other hadrons arprathaced although with a
much lower multiplicity.

About one third of the pions produced in the shower are neptams that quickly
decay into two photons. Therefore, there is an electrontagoemponent in the hadron
shower. As in the case of the electromagnetic showers, thigpiraation stops as soon as
the energy of the particles in the shower is lower than theggrne produce pions.

FOCUS made use of three calorimeters to measure the enerdlyeoproduced
particles. The Outer Electromagnetic Calorimeter (OE¢ated before M2, the Inner
Electromagnetic Calorimeter (IE), located after the |1A8(FR, and the Hadronic Calorimeter
(HC), located after the IE.

The OE, located 900 cm from the target, was used to reconstinggvers initiated by
charm radiative processes arftidecays with photon enerd9.5 < E, < 15) GeV. It was
also capable of extending tl¢r discrimination beyond th€erenkov range.

The detector, made of Pb plates and plastic scintillatoer®yorresponding to 19
radiation lengths and 1.4 interaction lengths, was 2585 cnt with an internal aperture
of 55 x 88 cnt that matched the aperture size of M2. A nine cm vertical gapgthe
detector protected the detector against the Bethe-Heilies and non-interacting photons
emerging from the target.

The scintillator layers were made of strips coupled to phmtiipliers for the light
readout. There were a total of 1036 readout channels assdaath OE. The counters
were arranged in nine independent views along the beamtidineand four independent
guadrants in the x—y plane. A module of S—Z strips orientetl&t” angles provided the
horizontal—vertical matching.

An additional scintillator tile array was located betweeBlCand OE2. This array was
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used to recover showers in the small angle, high occupamggre The use of this array
also improved the horizontal-vertical matching as welhagroved ther’ mass resolution
by rejecting fake matches. For a full description of the OH @& performance, see [28].
A schematic view of the OE can be seen in Figure II.11.

E831 FOCUS Outer em calorimeter
ELEVATION VIEW (NOT TO SCALE)

PRERADIATOR X,Y_STRIPS

.

BEAM

SandZ STRIPST
TILES

0.9 16.6
43 15717519 102 ) 208 | 208 | DIMENSION (cm)
oEo! oE9! | OE1 |OE|8 OE2 | OE3 | MODULE NAME

Figure 11.11: Longitudinal structure of OE showing the layout of absorbed
scintillator planes.

The IE was a lead glass calorimeter that detected photonglacttons that passed
through M2. It consisted of 802 blocks, 37 blocks high and Rizks wide (3 blocks in
each corner were missing) arranged in a tower geometry. Wassequivalent to 18.75
radiation lengths and 2.2 interaction lengths. A shieldedieal gap 14 cm wide between
the 11th and 12th columns allowede™ pairs coming from the target to passed through

without producing a shower. The geometry of the IE can be seEmgure 11.12.
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Figure 11.12: Block arrangement for the IE. The dash lines represent ihatal
blocks. For triggering purposes, blocks are summed togéthgroups of nine. The
grouped blocks are enclosed within the red lines.
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The HC was an iron-scintillator tile calorimeter. The mase wf the HC was to trigger
on the total hadronic energy released in the event. The HGwaale with 28305 x 208 x
4.4 cm? iron absorber plates (the first two planes were 6.4 and 5.1hak, trespectively)
inter-spaced with 0.7 cm thick scintillator planes. Thisuléed in a calorimeter with 7.8
interaction lengths and 72.7 radiation lengths. Each ptamsisted of 66 tiles of different
sizes. The 28 planes were grouped together in three seclibedirst section consisted of
the first 9 most upstream planes, the second 15 planes makle sgdond station, while the
last 4 planes comprised the last section. Fiber from tilespging the same x—y position in
the same station were grouped together and connected tartteeghotomultiplier forming
a tower. These arrangement resulted in 66 towers per sdotiantotal of 198 readout
channels.

The HC and its performance are fully described in Refere®cédZchematic diagram

showing the HC is shown in Figure 11.13.

11.2.9 Muon Detectors

The principle behind an efficient muon detector system Inethe great penetrating
power that muons exhibit. Muons, with a mass more than 208«ineavier than electrons,
experience very little energy loss when passing througten@dt Therefore, muons are
able to pass through large amount of material without uraieggdestructive processes.
This penetrating power allows the muon systems to be lodagbehd large amounts of
shielding material, usually in the form of steel, that willédr most other particles.

FOCUS used two muon detector systems, the Outer Muon systd) and the
Inner Muon system (IMU). The OMU, located downstream of Miize¢d Resistive Plate
Chambers (RPC). This muon detector detects low momenta#rgle muons that follow
a trajectory outside the acceptance of M2. The Outer Elewgmetic Calorimeter and the
steel from M2 acted as filters for the OMU.

Resistive plate chambers are gas-filled parallel platecttate capable of providing
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Figure 11.13: Schematic view of the HC.

good spatial and timing resolution. RPCs don’t use wirexaBse of this, RPCs are ideal
for measurements in regions where magnetic fields are pgrdsethe case of FOCUS the
OMU was in the vicinity of the M2 fringe field.

The OMU detector consisted of 24 RPC modules arranged ie thesvs, X, y, and, a
45° u—view. The gas used was a mixture of 71% Argon, 8% Isobuteireon and 16%
CO,. A schematic diagram of OMU and its relation with M2 is showrigure 11.14.

The Inner Muon Detector was located at the end of the speeterm The IMU
consisted of three stations of scintillating counter asrtapeled MH1, MH2, and MHS3.
MH1 and MH2 have x and y views while MH3 provided u and v viewsat° angle.

Each muon station was placed behind a filter made of 61 cm, d2%uwed 69 cm of steel,

for MH1, MH2, and MH3, respectively. In addition, the HadrGalorimeter and the Inner
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Figure 11.14: Schematic diagram of the OMU system. The figure shows the
arrangement of the RPC modules in relation to the M2 apertmeh labeled module
contains 3 views, X, Yy, and, u.

Electromagnetic Calorimeter also functioned as a filtergle IMU. The arrangement of

the IMU counters is shown in Figure 11.15.

11.2.10 Trigger

Not every event coming out of the target contains intergsphysics. Because
computing and storage resources are finite, every effotldime made to select only the
most promising events for storage onto tape. This is acashmgd by looking at the signals
from different detectors for every event to determine ifsignature of an interesting event
is present or not. If the signature is present then the egestbred onto tape for offline
analysis, otherwise the event is discarded and the samegxae repeated again. This
process is called triggering.

Timing considerations are very important in the developntdran efficient trigger.

In some cases, while an event is being analyzed to deterrhibhesatisfies the trigger
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requirements the experiment can not take data. Therefoeetrigger decision must be
made as fast as possible to minimize the detector dead-time.

The trigger decision in FOCUS was taken in two steps, the &tasate (MG) and the
second level trigger. This decision was based on the sigmairg from the main detectors
(provided that the information could be processed withendhotted time) as well as from
the response of a collection of scintillator counters ledawithin the spectrometer. These
counters, listed below, were connected to very fast eletsdo achieve a fast response to

a given event.

A0 & Al: Located between the radiator and the target. Thesmteos signaled that
the beam contained charged particles. This was a posgithifhoton conversion

occurred after the radiator and the sweeping magnets.

TR1: Located between the last TSSD plane and the first SS[2 pldns counter signaled

that an interaction with at least one charged particle hadrmed in the target.

TR2: Located after the last SSD plane. Shown in Figure Il.T@gger 2, consisted
of four counters arranged in quadrant. A signal coming ouamf of the four
counters indicated that a charged particle passed witkeimatoeptance of M1. TR2
in coincidence with TR1 was a good indicator that a chargetigle had passed

through the SSD planes.

TM1 & TM2: Two halves of a single hodoscope located immedyatefront of the target

hut. TM1 and TM2 were used to veto on halo muons.

AM & AMD: These two hodoscope arrays were located upstreatnefarget surrounding
the beam. A coincidence signal between these two detectdisated the presence

of halo muons. These arrays were used as veto counters.

HxV: This array consisted of 36 counters located between C3tantE. Two possible

trigger signals(H x V);) and(H x V),) indicated that at least one or two, separate,
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charged particles had passed through the array. This aachg kiertical gap to avoid

triggering one*e™ pairs.

OH: This array consisted of 24 counters positioned justrepst of the OE for triggering
events with low momentum/high angle particles. The array &a aperture that
matches the aperture of M2 and a vertical gap in the centenid alectron—positron
pairs. The signal from the OH array, known as Qkorresponded to at least one

charge patrticle passing through the array.

IM1 & IM2: These arrays were located within the IMU. IM1 costwd of two
perpendicular planes, IM1H and IM1V. IM1 was positioned dstream of MH2,
while IM2 was located upstream of MH3. Signals in these ariaylicated the

passage of charged particles through the muon system.

In addition to the signals from the trigger hodoscopes, tECBS trigger used
information gathered from the main detectors in the theggigdecision. For the IE, the
channels were arranged into groups of 9 based on the trasesspeergy. Then, the sum of
the total IE energyfg, and the sum of the transverse eneffgy;e), were formed. For the
HC, the signals from the phototubes were summed and inegyréftthe sum was greater
than 20GeV then the hadronic trigger was set.

The Master Gate or first level trigger, was designed to regssttron pairs in favor of
hadronic events. This step was crucial since the pair ptaztucross section is 500 times
larger than the hadronic production cross section. The msigimals used in the triggers

were the following:

TR1: An interaction occurred in the target region.
TR2: One particle passed through the SSD planes.
OH;: At least on particle in the outer region.

(HxV);: At least one particle in the inner region.
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(HxV),: At least two patrticle in the inner region.

Eni: Sum of hadronic energy over a high threshold.
E,o: Sum of hadronic energy over a lower threshold.
Ee: Sum of electromagnetic energy.

IE,: At least two hits in the IE.

Er(g): Sum of transverse energy in IE.

IM,: At least one hit in the inner muon counters.
IM,: At least two hits in the inner muon counters.
OM;: At least one hit in the outer muon counters.

OM,: At least two hits in the outer muon counters.

The main hadronic first level trigger was defined as

MG = TR1- TR2: [(H x V)5 + ((H x V), - OH)] - Ey (11.6)

where the* 4 7 is logical OR and‘ - ” is logical AND. This trigger required two charged
particles passing through the SSD planes with two distiigetads in the H<V or signals
in both the HxV and OH arrays. Along with the signals in the trigger hodgss) the MG
also required a minimum amount of energy deposited in theAf&mimuonic trigger was
defined as

MGsemi-muonic= TR1: TR2- [IM; + OM;] - E 0. (1.7)

A complete list of triggers can be seen in Table I1.5. In tH#ddhe symbo2B, indicating
the presence of at least two charged particles, is defineBas (HxV),+((HxV);-OH).
The decision of whether to pass an event to the second leygétrtook around 200 ns,

while the time required for a decision by the second levgber was 1.2s. If the second
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Table 11.5: Master Gate triggers used by FOCUS to collect data.

Trigger | Definition Signal

MG1 TR1-TR2-2B - Ey Main Hadronic Trigger
MG2 TR1-TR2-2B . IE, J/p — eTe™

MG3 TR1-TR2:-[IM; + OM,] - E o Semi—muonic decays
MG4 | TR1-TR2-2B-[IMy+OM,y +IM; - OM,] | J/tp — ptp~

MG5 TR1.-TR2 Prescaled*e™

MG6 | TR1-TR2-2B Prescaled two—body
MG7 TR1-TR2-[IM; + OM;] Prescaled One—muon

level trigger was set the event was read out; this processresbat least 1(s. Otherwise,
if the second level trigger failed a reset lastingsXleared the readout electronics.

The second level trigger was designed to refine the rejectialectron pairs and to
distinguish charm from light quarks events. The main regqugnt was the presence of
multiple charged particles outside the pair region. In fiddito the information out of the
Master Gate triggers, the second level trigger used newnrdtion that was not available
at the time the MG triggers fired. This new information isdstoelow. The set of typical

second level triggers are listed in Table I1.6.

MULT ,,: Enough hits to form at least tracks in the PWC.
AM-AMD: Veto on halo muons.
IM(E+W): Exclude hits in both halves of IM triggers.

Ee.,: Refined electromagnetic energy sum.

I1.3 Monte Carlo Simulation

The FOCUS Monte Carlo simulation (ROGUE) utilizes Pythiaréron 6.127) [30] to
simulate the production of charmed events. Pythia takes@g a random photon energy
corresponding to FOCUS beam energies and outputs a listrt€lpa and their four—

momenta after interacting with a target nucleon via phogduen fusion. If a charmed
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Table 11.6: Typical second level triggers used by FOCUS.

Trigger | Definition Signal

TRIG1 | MG1.Eg.,-MULT4 Hadronic Trigger
TRIG2 | MG2:-(H x V)3 - Eig J/p — ete”
TRIG4 | MG4IM; - (H x V),-!(AM - AMD) J /1, inner
TRIG5 | MG5 Prescaled MG5
TRIG6 | MG6 Prescaled MG6
TRIG8 | MG1 Prescaled MG1
TRIG9 | MG4-OH-OM3,-MULT2:I[(AM -AMD) J/, outer
TRIG11 | MG4IM;-OM;-MULT1-(HxV)-IM(E+W) | .J/+, inner/outer

event is generated the output particles are decayed aratlttiiough a simulation of the
FOCUS spectrometer. As the decayed particles are tracedghrthe spectrometer, the
response from the different detectors are simulated anédstorhis information is later

used to reconstruct the events using the same algorithnos esal data.

Parameters like lifetime, branching fraction, etc., aredus1 the simulation of the
events. ROGUE also utilizes the decay matrix elements ofifvays when known. If the
decay matrix element is not known, ROGUE simulates the ewsinig a matrix element
uniform in phase—space.

Many parameters in the simulation can be tuned in order te hdaithful representation
of the particle production mechanism, detector response,backgrounds. The tuning
of these parameters has extensively been studied and iraptech by the FOCUS
collaboration leading to very good agreement between dataMonte Carlo for most
observables.

ROGUE provides the option of generating gene@cMonte Carlo, where all known
charm species are generated with their corresponding giregpeas well as a specific
decay chain. When choosing the later, Rogue generates ¢&me with the specific decay
chain in either the charm or its anti—charm mode on one sidedacays the oppositely
charmed particle following the hadronization process asukited by Pythia. Large

samples of signal and known charmed background events cgenseated in a rapid way
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by specifying the desired decay channels. Furthermorenwspecifying a given decay
channel, the number of events generated for that channebisrk This number is needed
to calculate the reconstruction efficiency of said channel.

In order to limit the statistical uncertainty of the Monterldasample, itis recommended
to generate at least an order of magnitude more Monte Cagllotethan data produced in
the experiment. For this analysis, we generategh x 10° and~ 30 x 10° D* — pOuty
andDt — F*O;ﬁu events, respectively. ThB™ — p°u v decay was generated using
both a flat phase—space and with a matrix element similaret@tle measured fap* —
F*O;ﬁu, in which the pole masses were changed to reflectthe d transition present in
the decay. This choice does not change the shapé(af =) used to fit the data.

Another10 x 10° events were generated for each known background. A sample of

~ 800 x 10° cc Monte Carlo events were also generated.
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CHAPTER IlI

DATA RECONSTRUCTION

During the data taking period FOCUS recorded over 6.5 lilfinoton interactions.
The electronic signals coming out of the detectors for pliagi that went through the
spectrometer had to be converted to physical quantitiesrédhe data analysis began.
During this process hits were converted into tracks, vestisvere formed, particles
were identified, etc. Once reconstructed, events were ddrdsed on broad physical

characteristics for further processing.

[1.1 Reconstruction Algorithms

In this section a brief description of the track, vertex, &erenkov reconstruction
algorithm is presented. We begin by discussing the traabnstcuction from hits found in
the tracker elements. Once the tracks are reconstructexetireh for vertices can begin.
After finding the decay vertices we need to be able to idetitidycharged particles that are
emerging from the decay vertex if we wish to reconstruct theagt process. For this we
need to convert thEerenkov light collected in th€erenkov detectors into a determination

of which particle is most likely responsible for such a liglattern.

[11.1.1 Track Reconstruction
FOCUS used both the SSD and PWC tracking systems to formstraclcks in each
system were, to some extent, reconstructed independdniilysoanother and then linked

together. Linking is the process of relating a SSD track &itPWC track.
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SSD Tracks

Finding tracks in the SSD begins by making a very consematialysis of the valid
hits based on the charge released. This reduced the numiskrstérs of adjacent hits
when they were consistent with a number of minimum ionizaparticles (MIP) crossing
lower than the number of clusters and improved the resalltyocharge interpolation. The
resulting clusters were used to form projections of hitsaoheof the three views. In order
to form a projection for a given view, the view must contaitslim at least three of the four
stations. Hits were allowed to be shared among the resuttegs except for those on the
last three stations for tracks with hits in all four stations

Once the projection for a given view was found, the projecti@s tested against the
hypothesis that it formed a straight line by fitting it with esfiorder polynomial. Only
those projections witly?/DOF < 3 were kept.

In order to form tracks, projections for all three views wemnbined and accepted
as tracks if they matched in space with/DOF < 8. Tracks with shared projections
were arbitrated based on the lowgdfDOF. If more than one track had nearly identical
track parameters, the tracks were collapsed into a singbé.trHits not used in any track
were then used to search for wide angle tracks and singleesggraf multiple Coulomb

scattered tracks.

TSSD Hit Reconstruction

The SSD tracks parameters were improved by adding the iafitomfrom the Target
Silicon Detector (TSSD) [26]. As a first step, the SSD tracleyenrefitted taking into
consideration the multiple Coulomb scattering in the deieation of their parameters.
The refitted SSD track was then extrapolated to the most dogara of the TSSD planes
and a3c search radius was used to search for hits. This search waistegsto no more
than +40 strips. The closest hit to the extrapolated SSD track wasd asea seed to

determine the number of adjacent hits. The adjacent hit thi¢hlargest signal and the
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resulting seed were then weighted to determined the centidie track is then refitted at
the most downstream of the TSSD planes. Once the refit at tisé aoavnstream planes
was done, the track was extrapolated to the upstream pladdah@ process was repeated.
Once the refit process was completed, the most likely promtugertex was calculated
via (111.3) (see Section I1l.1.2) using only the SSD track§the production vertex was
located upstream of any of the TSSD planes, the SSD track egdaced with the track

refitted with the TSSD information.

PWC Tracks

The algorithm used to find PWC tracks is similar to the one usdithd SSD tracks.
The main difference is that instead of independently findhmg projections for all four
views (X, Y, U, and v), the x—view projection was found by agtilating the x—component
of SSD tracks onto PO. The x—view was chosen because it iSrinetidn least affected by
the magnetic kick. Because of this extrapolation, it wasiregl that the x—projection had
hits in PO. The projections for the other three views werenfedt independently.

The resulting x—projections were combined with all otheaws to form tracks. The
tracks were fitted using a least square fit to determine tlo& parameters, the slope and
intercept in x and y. For tracks passing through M2, the changlope in the y view was
also a fit parameter.

Low momentum tracks that do not pass through M2, called stubse recovered by
combining unused hits in the x—view of PO and P1 with progdiin the other views.
Tracks with hits only in PO were required to have hits in allfeiews; tracks that extend

through P1 were required to have hits in at least three ofdheviiews in each station.

Linking SSD and PWC Tracks
Linking refers to the association of SSD tracks with PWCKksacThis was done by

extrapolating SSD tracks and PWC tracks to the center of Maravthe slope and intercepts
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were checked for consistency. A global least square fit wa®meed using both SSD
and PWC hits to check if the tracks were consistent with cgnfiam the same patrticle.

Arbitration between possible track candidates was basédeolowesty? /DOF.

Momentum Determination

The momenta of the tracks was determined by the measuringlape of the track
before and after the magnets. For 5—chamber tracks, the B¥@nation from both sides
of M2 was used to determined the momentum. A fit to the trackipaters, including the
change in the slope was performed, returning the track’s embam and improved track
parameters. The momenta of stubs and four—chamber trackdet@rmined using the SSD
information along with the PWC information between M1 and b#aed on the deflection

in M1. The momentum resolution as measured in M1 is approdiypa

o P 17GeV >
i 3'4%<100Ge\/) \/1 + ( » ) (1.1)
o P 23GeV >
vt g 1+ (). )

At low momentum, the resolution is dominated by multiple @mob scattering, while the

and for M2 is

position resolution of the PWC system dominates at high nmume.

I11.1.2 Vertex Reconstruction
Finding displaced vertices is essential in the recongtmaif charm decays. A rough
estimate of the vertex positions can initially be obtaingdalssuming that all tracks in

the event originate from the same vertex. This hypothesstested by minimizing the
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transverse distance of closest approach viaihequation

n _ ) 7 \2 2 _ ) ! .\2 2
Oz Uy,z'

wherez, y, andz are the fit parameters;, =}, y;,andy; are the parameters of thith

track, and ther represent the errors on the track parameters. Ifith®OF was greater
than 3, the track contributing the most to th&/DOF was removed. This process was
repeated untik?/DOF < 3 for the given vertex. The removed tracks were then used to
form other vertices until no tracks were left or no more \e&$i could be found.

For most analysis, including the analysis discussed hed&;FS uses a “candidate
driven” algorithm, known as DVERT, to find secondary versiceThe algorithm works
by assuming that the reconstructed final state particles fodecay (secondary) vertex.
The resulting vertex was required to have a confidence I&4el.() greater than certain
threshold, usually 1%, for the vertex to be kept. Once a geadrsdary vertex was found,
the search for the production (primary) vertex could begin.

The primary vertex finder to be used depended on whether all $tate particles
were reconstructed (e.gD)* — K xtxt), or one or more final state particles were
missing (e.g., semileptonic decays). For a fully recort$&d charmed decay, FOCUS uses
DVNUCL. The DVNUCL algorithm begins by taking the secondagyrtex and projecting
back towards the target along themomentum vector. All unused tracks that intersected
this line were then used to try to form the highest multiplieiertex possible. The resulting
primary vertex was required to have a confidence level{g)lgreater than 1%. Once the
production vertex had been found, the separation betwegprtdduction and decay vertex,
L, was calculated along with the error associated with;it,

For semileptonic decays, where the final state neutringpescdetection, the primary
vertex algorithm, known as DVFREE, begins by combining twased tracks into a vertex.

Tracks were added one by one into the vertex until the confeléevel of the resulting
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vertex was less than 1%. The process was then repeated imegwith a track that had
not been previously assigned to a vertex and continued alhtiacks had been used and
were either in at least one vertex or no more vertices couliimeed. Notice that tracks
could be shared among vertices. Once the list of primaryoesricandidates was found,
the highest multiplicity vertex was selected as the eveimigmy vertex. Ties were broken

by selecting the most upstream vertex.

[11.1.3 Particle Identification Algorithm

FOCUS used thre€erenkov detectors (see Section 11.2.7) operating in bolesmode
to identify charged particles passing through the speattem The standard method
for charged particle identification using thresh@drenkov detectors yields a TRUE or
FALSE answer to the question of whether the track is constistéh a given identification
hypothesis. This decision is made based solely on the ON/étEs of theCerenkov
detectors and the momentum of the track. This method is heddey the accidental firing
within a counter since the counter is declared ON if any ofdbks within the track’s
Cerenkov cone fired.

FOCUS incorporated the accidental firing rate in @srenkov algorithm known
as CITADL [31] (éerenkov Identification of Tracks by an Algorithm using Dadi
Likelihood) to improve the particle identification. Insteaf returning a TRUE or FALSE
answer CITADL returned the relative likelihood that theckehad aCerenkov pattern
consistent with a given patrticle identification hypothe3ise advantages of this approach
are twofold: first, the discrimination among identificatioypotheses is extended over the
threshold momentum ranges and secondly, the particleiidation variable becomes a
continuous variable instead of TRUE/FALSE.

The likelihood was formed based on the firing probability bfGerenkov cells within
the track'sCerenkov cone = 1, including the accidental firing rate. For a cell that

fired, the log likelihood was increased byg(1 — exp(—u)), wherep is the number of
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photo-electrons expected for a given hypotheses; if tHedkhot fire, the likelihood was
increased byog(exp(—u)). The variable returned by CITADL is g2 like variable, W,

defined as

cells
W;=-2) log P, (111.4)
j
whereP; is the firing probability of thejth cell. This variable was calculated for all four
particle hypothesis, electron, pion, Kaon, and proton.

The accidental rate was included in CITADL by measuring thiedirate of cells
outside of the track'Cerenkov cone. It was found that the accidental rate was ofte
proportional to the beam intensity, particularly near tlearn axis, making the noise for
central cells rather large.

Armed with the log likelihoods for all four particle identftion possibilities, a
comparison between two hypothesis can be made. For exaapdek withiV, — W, > 0
is more likely to be a pion than a Kaon. The variabilg: — W, is known as pionicity. In
Figure 111.1, the kaonicity variabld}, — W, is shown. The clear separation between the

Kaon and pion hypothesis makes this variable very usefuyddoticle identification.

[11.1.4 Muon Identification

High momentum muons were identified in the IMU consistinghoge stations, each
with two views, of scintillating material (see Section IB2 As a first step, reconstructed
tracks were projected onto the IMU. Hits were then searchddma 3o, radius of the
projected track, wheres is the width of the Multiple Coulomb Scattering distributio
Once the hits were found, the of the hypothesis that the projected track passed through
the reconstructed hits within its anticipated errors wdswtated. The candidate track was
required to have hits in at least four of the six planes. Theutation of they? took into
account both the multiple Coulomb scattering and the geaitylof the detector. The muon

identification was based on the confidence level, definedeapritbability of obtaining a
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Figure 111.1: Log likelihood differenceélV,, — W for Kaons (black) and pions (red)
for background subtracted Golden Mode charmed eventsnTatm Reference [31].

x? equal or greater than the calculatetdfor the track, for the hypothesis that the track was
the result of a muon passing through the detector.

Low momentum tracks have larger,s. This increases the probability of including
spurious hits as well as hits left from nearby tracks. This wanimized by requiring a
smaller search radius for low momentum tracks. For trackk miomentum less than 10
GeV /c the minimum number of planes hit was reduced to two. For tiresks a search
radius of2o0,cs was used and the confidence level calculated. If the confedlmvel was
less than 1%, the search was redone using a search radiuggf

The efficiency of the muon identification algorithm was gee#than 98% for tracks with
momenta greater than 18V /c. The greatest contribution to the muon misidentification
rate came from in—flight decaying pions.

The algorithm to identify low momentum tracks passing tiglothe OMU is similar.
The main difference is that M2 was the filter used for the OMWbiug, the magnetic

deflection in the filter was taken into account when projertive tracks.
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In order to reduce the muon misidentification background,fthal data set contains

only events with muons interacting in the IMU detector.

[11.1.5 Calorimetry Reconstruction

The electromagnetic (IE, OE) and hadron (HC) calorimetessevused to reconstruct
photons and neutral hadrons. The first step in reconstguttmenergy deposited in the IE
was to find the energy of each block by converting the ADC (@mpatio—digital converter)
counts into energy values. Each block had its own convengature which changed over
time. After the pedestal subtraction, each ADC count wasvatgnt 10MeV of deposited
energy. After reconstructing the energy of the individdakks, the highest energy block
was identified and it was clustered with the surrounding telidcks. This clustering of
blocks was repeated until all possible clusters were found.

An estimate of the position of a cluster was found after penfog a weighted average

of the energy given by
> B
Zi E;

wherez, is the x—position of the cluster ard andzx; are the energy and x—position of the

Te =

i*" block. The same calculation was performed for the y—pasitisn improved position
of the cluster was be obtained via [32]

) | (@emm) (52
x, = 0.76 sinh [ 572 Slnh(0.76 + Ty

wherezx, is the position of the center of the central block. The santieutation was used
for the .. This position was further corrected for systematic effacsing a six order
polynomial.

Once all the clusters were found, the PWC tracks were pegjeatto the IE and those
tracks within 6 cm of a cluster center were assigned to thistet. Clusters not matched to

any PWC track were identified as neutral clusters.
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The OE showers were reconstructed after first identifyimgethergy clusters. Clusters
associated with reconstructed charged tracks were taggedsemaining clusters were
assigned to neutral showers. The energy of the cluster wawdfafter converting the
ADC counts for each counter into an energy value and summveg the cluster. The
weighted center—of—energy position determined the mwsif the cluster after correcting
for systematics.

Since about 80% of hadrons passing through the IE underga@iia interaction,
neutral hadrons were identified by matching neutral clgstethe IE with clusters in the
HC. The total energy of the hadron was then the sum of the grEgosited in the IE and
HC. The energy deposited by charged hadronic tracks byginogethe tracks onto the HC.
Towers within 1 interaction length radius from the front bétimpact point in front of the
HC were then identified and their energy summed.

Other than the trigger requirements applied to our dataaf@imeter information was

used in this analysis.

[11.2 Cut Descriptions

One of the most important aspects of any analysis is findiegdinrect set of cuts that is
able to differentiate between signal and background peaseshe main characteristic of a
charmed event is its large separation between the prodLentio decay vertices. Therefore,
it is imperative to have access to variables that can exfii@tdetachment. Before the
separation between the production and decay vertices casduak the final state particles
need to be identified and assigned to either of the verticegh ivese needs in mind,
the variables used in this analysis can be separated intoriamn categories: vertexing
variables and particle identification variables. In thistgm, | give a description of the

most important variables used throughout this analysis.

L/o Distance between the primary and secondary vertex (L) divtay its error §). L /o

is one of the most important cuts used to discriminate agams-charmed events.
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Confidence Level (CL) In FOCUS the confidence level is defined as the probability of
obtaining ay? smaller than the observed for a given hypothesis. As an example,
consider the hypothesis that a group of tracks originata fsacommon vertex. If the
hypothesis is true, the CL will take any value from 0 to 1 (nhoatflat distribution).

If the hypothesis fails, the CL will be a value close to 0. Tiere, by defining
good vertices as those exceeding a CL thresho{dsually 1%), we are effectively
rejecting most events where the tracks do not originate aammon vertex while

keeping good vertices with an efficiency bf- «.

In this analysis a CL cut is mainly used in testing the hypsithef tracks forming

good vertices (both primary and secondary) and in the ifieatiion of muons.

Secondary vertex isolation (Iso2)The secondary vertex isolation cut refers to the highest
CL that a track not assigned to the primary or secondary xdy&dongs to the
secondary vertex. The smaller the value for this variabdentiore likely it is that
the secondary vertex formed has no other tracks assoc@iedhis cut is useful in

rejecting high multiplicity events.

Primary vertex isolation (Isol) The primary vertex isolation cut refers to the highest CL
for the hypothesis that any track assigned to the secondatgxbelongs to the
primary vertex. This variable was obtained by adding one bg the tracks in
secondary vertex to the primary vertex. The highest CL isrnetd. The smaller the
value for this variable the more likely it is that no tracksigsed to the secondary

vertex should be assigned to the primary vertex.

Vertex In/Out of target This variable refers to the significance of the location oéeex
(primary or secondary) with respect to the target matertimary vertices are
usually required to be located inside the target, while sdaoy vertices are required

to be located outside of the target material.
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Pion Consistency CITADL variable for pion identification defined d&yest — W,. This
variable compares the pion hypothesis with the other plesisibntification hypotheses.
A typical requirement is that no identification hypothesidavored over the pion

hypothesis by more than 7 units of likelihood.

pionicity/Kaonicity CITADL variable used to compare the pion identification hyy@sis
to the Kaon identification hypothesis. It is defined®s — IW,.. A positive pionicity
value means that the pion hypothesis is favored over the Kgpoothesis. The

converselV,. — Wy, is defined as Kaonicity.

[11.3 Data Reduction

FOCUS wrote about 6000 8 mm tapes containing raw data comihgfothe data
acquisition systems. Before any physics analysis begand#ta was converted into
physical objects. The general reconstruction and sortinthhe data was done in three
phases, Pass One, Skim One, and Skim Two. During Pass Onertheagreconstruction
was applied, while during Skim One and Skim Two the eventgwerted into smaller data

sets.

[11.3.1 Pass One

The reconstruction of the data recorded by FOCUS began &gk Pne. During Pass
One all the reconstruction algorithms were run on the datents with clear reconstruction
errors, such as events with no reconstructed tracks, wecardied at this stage. The
reconstruction effort took around ten months to be comglasing Fermilab’s computing

farms. The output was written onto approximately 6000 8 mta thpes.

[11.3.2 Skim One
After the Pass One reconstruction was completed at Ferptit@boutput tapes were

shipped to the University of Colorado and Vanderbilt Unsigrfor Skim One. Skim One
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was the first general effort to sort the data according to thesigs process involved. Six

super—streams, containing summarized rather than thefotmation from Pass One, were

created. Each super—stream contains one or two broad phgharacteristics.

To avoid cutting away too many events in the early stagestafal@alysis the selection

criteria used in Skim One were very loose. For example, antevéh a muon, defined

as a track with momentum greater thak:8V /c and muon confidence level greater than

0.1%, was assigned to super—stream one (SS1). Around 50%sef®ne events passed

Skim One. Many of the events were written into more than orpeststream. The six

super—streams used to sort the data are shown in Table II.1.

Table I11.1: Skim One Super-streams.

Super-stream Description Approx. # of Tapeg Skim2 Institution
SS1 Semileptonic ans Dileptons 330 UPR Mayagiiez
SS2 Global Vertex andx 552 U. of lllinois
SS3 EM and¢ 360 Brazil, CPBF
SS4 Baryons 426 Fermilab
SS5 Diffractive, Leptonic and Out of Target 480 U. of California
SS6 SEZDEE 294 U. of California

11.3.3 Skim Two

Skim Two was the last skim process applied to all the dat&cttl during the FOCUS

experiment. In this skim, each super-stream was dividezlaaén smaller data sets, each

of which contain events of a very specific processes. Theoresbility for Skim Two

was shared among the institutions that form the FOCUS omiédlon as listed in the last

column of Table Ill.1.

The data for the analysis presented in this thesis was takem the Slepnrm sub—

stream of SS1 (see Table 11.2). The Slepnrm sub-streanireghat least two charged

tracks in an event. For semimuonic events, the muon trackregsred to have a muon

confidence level greater than 0.01%; the hadron track wasresbto havel, — Wy > 1

for the track to be identified as a Kaon, or that no particledtlgpsis was favored over the
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pion hypothesis by more than 7 units of likelihood (pion astecy) for the track to be
identified as pion. The muon and hadron tracks were requaréorin a good vertex with

confidence level greater than 0.01%.

Table I11.2: SS1 sub-streams.

SS1 Sub-stream Description Num. of Tapes
1 Semimuonic 26
2 Dileptonic and PPbar 45
3 Semielectronic with mesons 37
4 Semielectronic with baryons 27
5 Normalization (Slepnrm) 58
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CHAPTER IV

DATA SELECTION AND ANALYSIS

Thep° is a resonant particle that decays strongly into two piomréfore, in order to
reconstruct theD™ — p°u*v decay we searched for two oppositely—charged pions along
with a muon forming a good secondary vertex. The secondatgw®as required to be
significantly detached from the primary vertex in order tecdiminate against non—charm
decays.

Many difficulties were inherent in this analysis. There wiarge backgrounds coming
both from charm and non—charm sources that needed to béfieaind minimized while
at the same time maximizing our signal. Because some of ttlgbaunds are irreducible,
the yield was extracted with a binned maximum log likelihdibdvhere the shapes of the

signal and known backgrounds were used.

IV.1 Skim Three

The data used in this analysis comes from the Slepnrm subsk®$1. This subset
contains 58 8—mm tapes, each with approximately 4.5 GB @f.datorder to facilitate the
analysis of the data the Slepnrm subskim was subjected themeeduction called Skim
Three. The main objective of Skim Three was to further redheedata for final analysis
by applying very loose cuts that have already been provenaid v reducing known
backgrounds by other analyses within the collaboratiorrthieamore, in Skim Three the
data was separated according to the meson content of thedsagorertex.

In Skim Three an event was accepted if the secondary verteaioed a muon with
either of the following meson combinations: two piop$, fwo Kaons §), or a Kaon and
a pion ([_(*0). Tracks withiW,, — Wi > 1 (Kaonicity) were identified as Kaons while those

tracks withiWx — W, > 0 were identified as pions.
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Tracks in the Inner Muon System were identified as muons ¥ theed momentum
greater than 1G:eV/c and a muon confidence level (GLgreater than 0.005. Low
momentum tracks in the IMU, with momentum between 6 ant:dU /c were identified as
muons if the Cl, was greater than 0.01. Tracks in the Outer Muon System wertifid
as muon if the momentum was greater tha@ed/ /c and CL, greater than 0.01.

The secondary vertex formed must be a good vertex with a andal level (Cled
greater than 0.01. The highest multiplicity vertex formdigraexcluding all tracks used
in the secondary vertex was selected as the primary verfexiole than one candidate
vertex had the same multiplicity, the most upstream canelidas selected. The separation
between the primary vertex and the secondary vertex wasreeqio have a significance
exceeding five sigmad.(c > b5).

The Skim Three outputs were approximately 9 GB each forrthe and K7y streams
and 4 GB for theiX K stream. The main advantage of reducing the Slepnrm data tiown
less than 4% of the original data size for each stream islleatdmputational time needed
for final analysis was greatly minimized. This becomes egfigégmportant because any
changes in the selection criteria (e.g., loosening a pusiWoapplied cut) requires running

over the whole data set anew.

IV.2 Selection of DT — p°u*v Candidates

The DT — p°utv candidates were selected from theu stream of Skim Three.
The Skim three data were subjected to further selectioar@iin which most cuts were
tightened to enhance ther;, sample and where all variables needed for the analysis were
calculated. The output of this analysis step was a PAW (lekysnalysis Workstation) [33]
Ntuple. In an Ntuple, the values of the variables used forralyais are stored for every
accepted event. Once an Ntuple is created, cuts can be Gppliechanged interactively

without having to recompile and run the analysis code again.
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In addition to the Skim Three requirements, an event waspaedeand written to the
Ntuple if the conditions described below were satisfied.

We began by requiring all tracks to be singly linked (i.e rrespondence between the
SSD track and PWC track). Any track consistent with beingalb@rto the beam was
discarded in order to eliminate contamination frefme~ pairs. Muon candidates were
required to have, > 8 and CL, > 0.01 for tracks inside the IMU ang, > 6 and
CL,, > 0.05 for tracks inside the OMU. As in Skim three, the two oppogitHarged pion
tracks were required to hav& — W, > 0.

The secondary vertex formed with the two pions and the muostrfarm a good
secondary vertex with Gk > 0.01 and not be more than 5 sigmas inside the target. Once
the secondary vertex was formed, the mass for the threeadhémacks M (77~ pu*), was
calculated. This mass was required to be less than2/c%. It was also required that the
mass of the two pion systemy/ (77 ~), be less than 1.6eV /c?.

Tracks not used in the secondary vertex were used to formidatiedproduction
vertices. Of these vertices, the one with the highest nlidifip was selected as the primary
vertex; ties were broken by selecting the most upstreanexefthe production vertex was
required to have a confidence level greater than 1% and besiitof the target material.

It should be noted that at this stage most of the cuts wetesti} loose. The intention
was to eliminate from the sample those combinations thag Wwiatantly wrong. All these
cuts were tightened interactively using PAW++ (PAW'’s grigphinterface) in later stages
of the analysis. In Figure 1V.1, the mass of thér~ system is shown. In this plot only
the cuts described above are used. As can be seen in thengldt;'t— p°u v signal is
buried under a large background.

During the course of this analysis, three major sources dfdraunds were identified.
The first kind of background came from semileptonic decayh wvo opposite charged
pions plus neutrals (i.ey's, 7°'s, andn’s ) in the final state. If the neutral particle or its

decay products are not reconstructed then a good seconedex with two oppositely
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Figure IV.1:M(="7~) for events passing Skim Three and the loose selectioniarite
described in the text.

charged pions and a muon can be formed. More importantlgedimep is a very broad
state with a width of 150MeV /c?, it is very likely that the mass of the background state
will be reconstructed near or under the signal peak. ThesaydeincludeD} — n'u*v
with 7’ following the decay chaing’ — p°y andn’ — nrr and D — nutv with n
decaying as) — wmy andn — 7wrn®. The recently observedd™ — we™v [34] also
contributes to the background in its semimuonic mode siheevtcan decay viaw —
atr~ andw — 7T7~ 7% The last semileptonic decay that enters in the backgrosind i
D* — K*u*v. In this case if the Kaon from the™ was be misidentified as a pion, it
mimicked our signal resulting in a distribution very sinnita that of thep® but with a mass
peak slightly shifted towards the low mass end. Contrim#imom the Cabibbo suppressed

decayD} — K*u*v, D* — nutv, andDT — n/u*v are negligible.
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Figure 1V.2: Muon misidentification probability as function of momentdar in—
flight decaying pions for data (green) and Monte Carlo gegadraamples (red). The
study was performed with samples Bf — 77 ~. The pions were required to pass
typical cuts used for muon identification.

The second major source of background was due to muon migidation. Most of the
muon misidentification in this analysis is due to in—flightaging pions. In this context the
misidentification comes because we expect the muon to comne thie secondary vertex
not as a decay product of a hadron.

The muon misidentification probability can be calculatetshg$oth data and Monte
Carlo. In FOCUS, a clean sample&f — 77~ was used to determined how many pions
were identified as muons. For this study, the pions were reduo have C|, > 1% and to
have left hits in at least four of the six muon planes, typioais for the identification
of muons. In Figure V.2, the results of this study are showAlthough the muon
misidentification probability in FOCUS is less than 1% overstof the momentum range,
this background becomes significant when dealing with ssigtials such as those coming
from Cabibbo suppressed decays liR& — p°p*v.

The last major source of background was the combinator@draund. Combinatorial

background arises when the algorithm tries to forp? asing two unrelated pions. Since
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pions are very copious in the experiment, having random caations that pass our final
selection criteria is not rare.

Once the major contributions to the background are knoweptocess of finding the
optimal cuts in order to extract the signal can begin. Dutinig optimization process we
looked for cuts that would minimize the backgrounds whil¢éhat same time keeping the
most signal events possible as determined by a binned maxiogilikelihood fit used to

extract the signal yield. This fitting methodology is dissed in the next section.

IV.3 Fitting Technique

In order to extract theD™ — p°u*v yield, the M (xT7~) data distribution was fit
with a binned maximum log likelihood fit taking into accoutittae known backgrounds.
Because the data sample contains some irreducible bagidgalong with theD* —
o't signal, the purpose of the fit is to give the best estimate wf imuch each source
contributes to the number of events in each data histogranirorder to do this, we used

a likelihood function based on Poisson statistics defined as

#bins s, _y,

c=T1%
|
- o

x penalty (IV.1)

wheres; is the number of events in binof the data histogram, is the number of events
in bin i of the fit histogram, and a penalty term, described belowseduo set a loose
constraint on a known branching ratio.

Maximizing (IV.1) can be a very expensive in terms of compgtiesources, instead
we minimized— log £. This is a much easier computational job since the produdes
a sum over the bins. The CERN package MINUIT [35] was usedfemntinimization and
error determination.

The fit histogram is composed of binned, normalized shapesyrsin Figure 1V.3, of
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signal and background components obtained both from MoateGimulations and real

data.
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Figure IV.3: M (=7~ ) shapes used to fit the data. In order to get smoother shapes,

the DT — F*O/ﬁu contribution and combinatorial background distributidres/e
been fitted with a Breit Wigner and a broad Gaussian, resghgti

The number of events in each fit histogram bin is
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n; :YD+_,p0“+VSp0u+l, + ECYD+_>K77F+H+V€(K7T,[U/ — ,OluI/)Sme + ( )
V.2

YD+—>Kgu+VSKgu+V + YD+—>wu+VSwu+V + YD;L Dt + YCSC + YMSM

where the termsin (1V.2) are explained in detail below. Ingral,S, symbolizes the shape
for a given source while thg, symbolizes its estimated contribution.

Yp+_ 0,4+, is the yield of theD™ — p%u*v signal. ECYp+_ -+ ,+, is the efficiency-
corrected yield (ECY) forD™ — K- ntu™v. This quantity is the estimated number
of D™ — K~ntu*v events produced by FOCUS. This, along with the Monte Carlo
efficiency for aD* — K~-ntu*v event to be misidentified as @+ — p°utv event,
e(Kmuv — puv), provide an estimate of the amount of feed-down of this matte our
signal. The ECY is fixed in the fit to the value obtained from the — K ntutv
analysis used for the normalization mode (see Section.I\Y.fﬁ)_)ngV is the yield of a
smallK2 — 77~ component.

YD+ _wutv iS the yield of DT — wp v, where theo could decay either to* 77" or to
7T7~. We use the recent CLEO—c collaboration measurements afttb@ute branching
ratio of DT — K ety and D+ — wetv [34] to set a loose constraint on the yield of

DT — wyutv. To this end, we add a penalty term to the likelihood of thefor

] 2
€xp [_5 (Rw/K*O‘Ewlﬁl/ X ECYD+_)F*OM+V - YD*—MWV) /‘ﬁﬁ—wev} (IV.3)

BR(DT —wetv)

Wh r —* — —x
€ eRw/K * T BRODT—K Vetn)

ande,,+, is the D* — wp™v reconstruction efficiency.
The op+_.,., €rror used in Eq. IV.3 is based on the errors in the branchiagtibns
reported by CLEO-c with statistical and systematic erraidea in quadrature to the error
in the efficiency corrected yield fap™ — F*O;ﬁy.

Y} is the combined yield of the modé" — »'u*v, DY — nu*v, andDf — ¢u*v

'Here we have assumed that the electronic and muonic ratesaat:
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with ’ decaying to eithep’~ or tonn+7~, n decaying to either*7— 7 ortor ™7, and

¢ decaying topwr. This shape was obtained from a largeMonte Carlo where all other
decays were filtered out. The advantage of this method asseppi generating every
source individually, is that all the relative branchingweatare incorporated by default.

Y is the number of combinatorial background events whereast lene of the three
charged tracks forming the decay vertex does not belongetodhtex. After applying our
selection criteria, this background is dominated by chagcags. In order to generate,
the combinatorial background shape, we used a large Momte €ample which simulated
all known charm decays, in which, after an event was selethedreconstructed tracks
were matched against the generated tracks. If one of thastrcated tracks did not belong
to the generated decay vertex, the event was flagged as araorial background event.

The last term of (IV.2)Y\4, is the number of events due to muon—misidentification. The
muon misidentification shape is also obtained from a largat&l€arlo sample where all
known charm decays were simulated. In this case tracksmiitie acceptance of the inner
muon system with a confidence level less than 1% and momemnteateg than 10 GeV/
were taken as (fake) muons. This allowed us to use the sasaisealas in the analysis, but
with very few real semi-muonic decays in the sample. Thipsheas then weighted with a
momentum-dependent misidentification probability fumetio obtain the final shape used
in the fit. The same technique, applied to a sub-sample of @@US data, resulted in a
shape in very good agreement with the shape used in the fitmUo@a—misidentification
shapes obtained from both data and Monte Carlo are showmyurd=1V.4. We chose not
to use shape or\, estimates from the data due to the limited statistics aviglanstead,
we allowedY,, to float freely in the fit.

As can be seen in Figure V.3, some of the shapes used in thesfih@ smooth
after all the cuts are applied, even when large Monte Carntapes were used. This is
specially evident when looking at thé/r misidentification and combinatorial background

shapes. In order to improve thié (=7 ) fit, these shapes were parametrized. For the K/

83



005 | 0.05 -
0.04 L 0.04 |-
003 0.03 -
0.02 0.02 }
0.01 0.01 -
O\\\\‘\\\‘\\\\‘\\\\‘\\\\ O\\\\‘\\\\‘\\\\‘\\\\‘\\\\
05 075 1 125 15 05 075 1 125 15
GeVic® GeVic?
Misid from data Misid from CCbar
0.05 DATA
C CCbar
0.04
0.03
0.02
0.01
0 L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L
0.4 0.6 0.8 1 1.2 1.4

Misid from data

Figure 1V.4: Muon-misidentification shape for data and Monte Carlo.

misidentification distribution, the parametrization waséed on a Breit—Wigner function,

while the combinatorial background was parametrized withoad Gaussian.

IV.4 Branching Fraction Ratio

The branching fraction ratleM was calculated using

D(D+—Ku+v

(Dt — p°utv) _ YDt ot €D+ poyuto

—*0 -
F(D"' — K ;ﬁy) YD*—»K*WJF;WLV/GD*—»K*WJFWFV

x BREE® — K-nt) (IV4)

84



whereY, ande, are the yield and efficiency, respectively. The yields wetteaeted form

the signal and normalization fits, while the efficienciesevealculated as

Num. of accepted MC events
€ = .
Num. of generated MC events

(IV.5)

Because we wish to calculate tig" — p°uv branching fraction with respect to
the D* — F*O;ﬁy branching fraction, but we measure the number of resobant—
K-n"utv events, we must use tié~ — K-+ branching ratioBR(K"’ — K~7),
to convert toD*t — F*O;ﬁu. Furthermore, analyses by FOCUS of the — F*O;ﬁu
decay mode [21, 22] have shown that there is an s—wave irgade present in the
DT — K~ n"u*v spectrum that needs to be taken into consideration whenlatifyy
Fr(gf:—%. This interference accounts far.§04-0.747092)% of theD* — K—ntutv

yield, therefore we correct our branching fraction ratl¥,4), accordingly. The corrected

branching fraction ratio becomes

D(DT — p'utv)  Ypioutu/€nt—pouty BR(K*O — K~ nt)

P(D+ — F*Olu"']/) B YD+—>K*7T+;¢+V/€D+—>K*7T+M+V 1-— fs—wave

(IV.6)

where fs_waveiS the fraction of theD™ — K~ 7" v in the s—wave configuration.

IV.5 Final Cut Selection

Finding the optimal cut requirements that will give us thetbmeasurement of the
FF(E;)T:—% branching fraction began by establishing a basic set oftbatfavored the
DT — p°uTv decay over the existing backgrounds. This baseline cutisstn from the
experience gained from previous semileptonic analysesd@WsS, is discussed below.

In addition to the cuts discussed in Section V.2 the baseatuit set incorporated two
very important mass cuts. The first cut was the requiremaeatt ttie mass difference

M(mtr~u*) — M(7~ ™) be greater than 0.2GeV/c2. This cut reduced the possible

background that originates from the decay prodess — D°(r~uTv)n+ where the soft
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pion from theD*° decay is erroneously assigned to the secondary vertex.fidue ef this
cut can be seen in Figure IV.5. It is readily apparent fromfitpere that this cut is very
effective in reducing this kind of background with verylitioss of realD™ — p°u*v
events.

The second cut was to the mass of the three tracks assignkd setondary vertex.
In order to allow for the missing contribution to the mass hg undetected neutrino,
the charged masd/ (77~ u*) should be cut below the mass of tiE™ (1.87 GeV/c?).
Because a significant fraction of the background origin&tas high multiplicity decay
channels where one or more final state particles go unddtédter ™7~ 1) should also be
bounded from below. The cut, shown in Figure IV.6, was sdtas< M (r* 7~ pt) < 1.8
GeV/c?. As can be seen in the figure, this cut sacrifices a good paneddt — p°utv
signal but is even more effective against high multipliditgckgrounds and the muon
misidentification background. The effect of this cut on tlagadcan be seen in Figure IV.7.

In addition to the mass cuts described above, the baselinsetuncludes stronger
identification requirements for the two pions and the muahésecondary vertex, as well
as harder vertexing cuts. These identification requiresnarm@ described next.

In order to get a cleaner sample, only muons form the IMU sysiere used in the
analysis. These muons were required to have a momentunegteah 10GeV /c* and to
have left hits in at least five of the six muon planes. Only nsuith CL, greater than 1%
were accepted. In addition, the muon track must have cemsisiomentum as measured
in M1 and M2 independently.

Pions were required to be pion consistent: no other ideatifin hypothesis is favored
over the pion hypothesis by more than five units of likelihodd order to reduce the
contamination from the Cabibbo favored decly — F*O/ﬁu the pion with charge
opposite to the muon was required to h&ijg — 1. greater than 1 unit of likelihood. This
cut is applied only to this pion becauselin® — F*O(K‘ﬂ)/ﬁu the Kaon and muon are

oppositely charged. Thus, requiring harder pion identificecuts reduces significantly the
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Figure IV.5: M (ntx—pt) — M(m~ ™) mass cut. In this plot the effect of cutting on
the mass differencd/ (77~ u™) — M (7~ u™) can be seen. Blue (hatched);" —
p°ut v simulated events. The solid histogram are simuldbstl — D° (7~ ptv)rt
events. The red line indicates the value used to cut. Botlildifons are normalized
to unity.

K /7 misidentification probability. The pionicity cut for thegs with the same charge as
the muon was left unchangedidik — W, > 0. The efficiency of applying pionicity cuts
to simulated samples @™ — p’uTv andD+ — F*O;ﬁu can be seen in Figure IV.8. It
is clear that while applying harder cuts on the pion with thme charge as the muon has
the same effect on both samples, a harder cut on the pion pjtbsite charge as the muon
greatly reduces th®* — F*O;ﬁy background compared to te" — p°u* v signal.

The baseline cut set required the secondary vertex to hayg @kater than 1% and
Iso2, secondary vertex isolation, less than 1%. The secpndatex was required to be

outside the target (Oa¥ 00). The secondary vertex was also required to be outside all
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Figure IV.6: M (=*7~ ") mass cut. In this plot the effect of cutting on the mass
M (7~ u*) of signal and background channels can be seen. The red diwaias

the cut applied.
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Figure IV.7: M (x" 7~ u™) mass cut effect on the data. Left/(x" =) for events
with no cut onM (77~ u™). Right, M (77 ~) for events with a cut od/ (77~ p™)
as described in the text. All other baseline cuts are apglieahlly to both plots.

materiaf (OoM > 0c). For the primary vertex, the minimum confidence level wdgse
1% while the primary vertex isolation cut, Isol, was lesith#. The minimum separation
between the primary and the secondary vertex was |&f at

Once the baseline cut set was determined, we began to chaegge c¢uts in order to
find the best possible cut combination. Changing all possibts is a computer—intensive
task. In order to minimize the time required for this, onlyubset of the cuts, those
that discriminate best between charmed and non—charmegsleand between signal and
backgrounds, were changed. The chosen cuts.dee Cls, 1S02, out of target, and
pionicity of the pion with opposite charge as the muon. Ilot260 cut combinations
were tested. The values used for the cuts are summarizedla 1. The results of

the test are shown in Figure I1V.9, where we have plotted thadfring fraction ratios for

2Material is defined as target + SSD.
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Figure 1V.8: Efficiency of pionicity cuts forD* — p%uTv and DT — F*O;ﬁu
samples. Both samples were treated equally. Dhe — F*O/ﬁu efficiency was
normalized to match th®* — p°u v sample efficiency foilx — W, greater than
1. Top, pionicity cut applied to the pion with opposite claas the muon. Bottom,
pionicity cut applied to pion with same charge as the muore flgure shows that in
order to minimize theD*™ — K~ 7" u™v background, the pionicity cut needs to be
applied to the pion opposite charge as the muon.

the 1260 cut combinations. A clear pattern emerges whendhmbinations are plotted.
Within each plot, corresponding to a valuelofo, the four values of the Out of Target cut
are distinguishable. Furthermore, there are large vanatiwithin each Out of Target cut,
that correspond to the changes in the pionicity cut. Thegati@ns are independent of any
other cut applied, suggesting that when there is a conditdeamount oD+ — K7t utv
background present, the fit overestimatesfhe — p°u*v yield. The overestimation of
the D™ — p°utv yield is the consequence of underestimating of&her misidentification
rate in the Monte Carlo for low values of pionicity [36].

Selecting which cut combination to use as our final selectiequirements is a
subjective decision since several selection requirenfaotduce similar results. Thus, we
established a criteria, striving to be as unbiased as des#ilat could distinguish between
all such combinations. The decision was made based on twsdsrations. First, which

combination maximizes the significance of the relative binamg fraction ratio, and second,
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Table IV.1: Cut values used to find final cut combination.

combinations were tested.

Cut Cut Values
L/o 5,10, ...,25
Clsec 0.01, 0.05, 0.10
Iso2 0.10, 0.01, 0.001
Out of Target 0,1,2,3
Pionicity 1,2,...,7
0.07 0.07
0.065 0.065
0.06 0.06 f
0.055 § 0.055
0.05 0.05 fii
0.045 A 0.045
0.04 H 0.04
0.035 0.035
0.03 0.03
0.025 0.025

0.02

0 50 100 150 200 250
Cut Combination

0 50 100 150 200 250
Cut Combination

0.02
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Figure 1V.9: Branching fraction ratio for the 1260 cut combinations. HEgdot
corresponds to ai /o cut value ranging fromL/o > 5 (top left) to L/o > 25
(bottom right). In each plot, four regions, correspondiaghte four Out of Target cut
values are distinguishable. The large variations witheséhfour regions correspond
to variations in the pionicity cut. Extremely large errordoan some of the data points

indicate a failed fit.
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which combination resulted in the best match between thaditdata histograms. Based
on this, we chose the events that Ha@ > 15, CLgec > 0.05, 1Is02< 0.01, O0T > 10, and
Wk — W, > 5. The final cut combination is summarized in Table IV.2. Irsttable Mispl
refers to the maximum number of muon planes allowed to hagsing hits; TRKFIT is
the confidence level of the hypothesis that muon momentuerm@tation is consistent as
measured in M1 and M2 independently; REME is the maximum dentie level for the

hypothesis that the track is consistent with having zergreke angle with respect to the

beamline.
Table 1V.2: Cuts applied to therm; sample.
Tracking Part. I.D. Vertexing Inv. Mass
REME> 3% | pp, > 10GeV/c(IMU) | L/o > 15 028 < M(rtnm™) < 1.
Singly Linked | CL,, > 1% (IMU) Clsec > 5% M(rtrn~p®) — M(m—put) > 0.20
Mispl< 2 (IMU) Iso2< 1% 12< M(rtn ™) < 1.8

TRKFIT > 1% (IMU) | Sec. OoT> 1o
Whest— Wiy, > =5 Sec. OoM> 0o
Wy — Wy, >5 CLoprim > 1%
W — Wy, >0 Isol< 1%

IV.5.1 Dt — pu*v Fit Results

After applying the cuts, the maximum log likelihood fit wasrfjoemed. A total of
320 & 44 DT — puTv events survived these cuts. The results of the fit are shown
in Figure 1V.10. The contributions to the fit histogram frommetindividual sources
are summarized in Table IV.3. The largest contributionshi® background are muon
misidentification and combinatorial backgrounds.

In order to test the stability of the cuts and make sure thatvese not choosing a cut
combination that resulted in a statistical fluctuation, warsed thd./o, O0T, Clge, and
pionicity cuts one by one (after fixing the others) and plibttee Efficiency Corrected yield
(ECY), defined as

ECY = Yield/efficiency. (IV.7)
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Figure IV.10: M (= * =) fit. The data (red with error bars) histogram is superimposed
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on the fit histogram (solid yellow).

Table IV.3: Contributions to thé\/ (=+ 7 ) fit histogram

The ECY represents the number of events produced in the iexgret; thus it is
invariant with respect with the cuts applied to the samplénisTexercise is shown in
Figure 1V.12. The figure shows that all cuts, except for thensimn pionicity of the pion
with opposite charge as the muon, are very stable as we soanvery loose to very

hard cuts. The pionicity plot becomes stable once the cuttisosat least three units of

e
XXX  pemisld
EZZ8  Comb.
K
B KBar
Ds
[ omega

Decay Mode Yield
DT — poutv | 320+ 44
K K/7 Mis-id | 68
Dt Kutv | 7+6
D} modes total| 181 + 39
Dt — wutv 51 + 22
Muon Mis-I1d 554 + 43
Combinatorial | 233 + 50
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Figure IV.11: M (=7 ~) background contributions shown as cumulative plots.
The fit histogram is shown in both plots for reference.

likelihood. This is the result of underestimating thgr misidentification rate in MC for

low values of pionicity discussed in Section IV.5.

IV.6 Normalization Mode

The Cabibbo favored* — K~ 7" utv decay channel serves as the ideal normalization
mode since it shares many features with — p°(7+7~)u*v. Because of this, the skim
and cut requirements can be made almost identical. The rdaangage of having similar
decay topologies is that most of the common systematiasthik detector’s response and
Monte Carlo simulation, will cancel out when taking the oati

The D™ — K-« u*v sample used for the normalization has the same requirements
up to Skim Three, as thB+ — p°u*v sample. During Skim Three, those events with a
muon and oppositely charged Kaon—pion combination in tloayleertex, as opposed to

pion—pion combination, were flagged B — K~ 7"y *v candidates and were output to
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Figure IV.12: Efficiency Corrected Yield for thé+ — 'yt sample. From top

left to bottom right: L /o, CLsee O0T, andiWx — W, cut scans. In each plot only the
cut that is being plotted has been changed. All other cutsetro their final value as
stated in the text.

a different stream. As previously stated, the requiremenaftrack to be identified as a
Kaon was to have &8/, — Wx > 1.

As was the case wittD™ — p°u*v, the K7u Skim Three output stream was
subjected to further (very loose) requirements designeexpnge the more blatantly
wrong combinations. During this stage, all the variablesdeel for the analysis were
calculated and output into an Ntuple for interactive analyBhe mass of th& ~ 7 system
for those events passing the requirements described absvewn in Figure IV.13. Even
when very loose selection requirements are made, thereleale© — K- nt signal
present on top of a smooth background.

An important consideration in the selection 6ff — K- 7"u*tv events is the
distinction between Right Sign (RS) and Wrong Sign (WS) &vekvents flagged as RS
are those where the Kaon and the muon have opposite sigrisdlagged as WS are those

where the Kaon and muon have the same charge. In both casegdbndary vertex has
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Figure IV.13: M(K =) candidates for events passing Skim Three and loose
selection criteria.

unit charge and the Kaon—pion combination is neutrally gbdr The WS events can be
used to gauge the level of combinatorial background preeehe signal.

The final selection criteria applied 6" — K~ =n*u*v events differs only slightly
compared to the selection criteria imposed on the — p°u*v sample. Two main
differences are the Kaon/pion identification requirementd the use of the RS events.
In what follows, the final selection requirements are diseds

Tracks withIV,, — W > 1 were identified as Kaons, while those with — W, > 0
were identified as pions. Only muons accepted into the IMUWwensidered. Tracks with
momentum greater than 18V /¢, with hits in at least five of the six IMU planes were

identified as muons if they had ¢G> 0.01.

The secondary vertex was found using DVERT by combining therK pion, and muon
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candidates. The secondary vertex was required to have baige. Furthermore, the
Kaon and the muon candidates were required to be oppositalged. Only events with a
secondary vertex occurring outside of the target mateiithl @Lse. > 0.05 and Isoz 0.01
were accepted. The primary vertex was found from the rema@itnacks in the event (after
excluding the tracks in the secondary) using DVFREE. Prynvartices were required to
have Clyim > 0.01 and Isok 0.01. The minimum separation between the primary and
secondary vertex was required to hdver > 15.

In order to allow for the missing energy of the neutrino, ahtha same time reduce
contamination from higher multiplicity states, we reqdire0 < M (K- 7tut) < 1.8.
As with the D™ — p°utv data, background fronD*® — D°(K~u*v)nt where the
soft pion is erroneously assigned to the secondary vertexmiaimized by requiring

M(K-ntpt) — M(K—p*) > 0.20.

Table 1V.4: Cuts applied to thé{ ;. normalization sample.

Tracking Part. 1.D. Vertexing Inv. Mass

REME> 3% | p, > 10GeV/c (IMU) | L/o > 15 0.7<M(K 7t)< 1.3

Singly Linked | CL,, > 1% (IMU) Clsec> 5% MK 7ntp™) — M(K~u") > 0.20
Mispl< 2 (IMU) Iso2 < 1% 1.0 < M(K—7mrpt) <18

TRKFIT > 1% (IMU) | Sec. OoT> 1o
W, — Wx > 2 (Kaon) | Sec. OoM> 0o
Wk — W, > 0 (pion) | CLpim > 1%
Isol< 1%

TheD+ — K—n*u*vyield was estimated by fitting/ (K — =) of the surviving events

using a binned maximum log likelihood fit. The likelihood fition was defined as

#bins s, .

n;'e
[ — H T (1V.8)
i=1 v

In the previous equation the symbelsands; have the same meaning as in (IV.1). In

this case, only two shapes were needed to get a good estifnidte D~ — K 7 puty

97



yield. The number of events in birof the fit histogram was simply defined as
n; = YD+—>K*7r+u+uSK*7r+p+u + YeeSkG. (|V.9)

The first shape is th&®+ — K7 u*v signal and the second shape is a background
obtained from a largec Monte Carlo where the* — K 7" utvr signal mode was
filtered out. This background represents all possible clzamiributions to the background.
Included in this shape are contributions from muon—midifieation and combinatorial

background. The results of tHe™ — K7t uTv fit are shown in Figure 1V.14.
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Figure IV.14:Fitto M (K~ =) for the normalization mode using a binned maximum
log likelihood technique.

The Dt — K~nutv yield obtained using the procedure detailed above was elgdeck
by fitting the M (K~ =) following the methodology outlined in Reference 37. Fosthi
the WS contribution is subtracted from the RS and the regphistogram is fitted using

a Breit-Wigner line-shape plus a first order polynomial asvahin Figure IV.15. The
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subtraction of the WS is justified since the combinatoriadgmound that gives rise to it is

symmetric with respect to the charge of the hadrons.
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Figure IV.15: Fit to M (K =) for the normalization mode using a S—wave Breit
Wigner lineshape. The wrong sign has been subtracted pribetfit.
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CHAPTER V

RELATIVE BRANCHING FRACTION RATIO RESULTS

From the fits to ther ™7~ and K 7T invariant masses we fours@0 + 44 and11372 +
162 DT — p°utvandDT — K-ntutv events, respectively. With these yields and the

Monte Carlo efficiencies for the signal and normalizationdes the relative branching

LD+ —p0ptv)

ST )" was calculated using (IV.6). We found

fraction ratio,
LD+ — puty)

—0 = 0.0412 £ 0.0057.
(Dt — K putv)

The stability of the results can be seen by plottﬁ% as the variables are
scanned. This is shown in Figure V.1. The relative branchiagfion ratio follows closely
the ECY shown in Figure IV.12.

In order to check that the statistical error reported by th&ds accurate, we performed
a mini Monte Carlo study where each bin of th&e"™ — o v data histogram was
fluctuated using a Poisson distribution. The resulting tlattd histogram was then fit

following the standard procedure and the resulting brargiiiaction ratio was saved.

r(D* =ty
(Dt —>f*0;fr v)

branching fraction ratio was plotted. If the statisticaloereported by the fit to the data

This process was repeated around 950 times and the diginbot the

is correct then it should be consistent with the standardatien of the distribution of the
fluctuated results. The standard deviation of the fluctuegsdlts was obtained by fitting
the distribution using a Gaussian function. The result &f $tudy is shown in Figure V.2.
The standard deviation extracted from the Gaussian fit wa@5@. Both the mean of the
distribution as well as the standard deviation are in egoglagreement with the values

returned by the fit.
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Figure V.1: Relative branching fraction ratio. From topt lef bottom right:
L/o, CLses O0T, andWy — W, cut scans. In each plot only the cut that is
being plotted has been changed. All other cuts are set tofihal value as

stated in the text.
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V.1 Systematic Studies

Several studies were performed in order to asses systeouaticgbutions to the ratio.
Three possible contributions were identified. The first ig d the final cut selection,
the second contribution is due to the fitting procedure, ddthird, is due to possible
uncertainty that may come from the detector simulation dradra production mechanism

used to generate the Monte Carlo samples.

V.1.1 Cut Systematics
The final set of cuts applied to the data was chosen based olimirang the

significance of the branching fraction ratio and minimizthg x?/DOF between the data
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and the fit histograms. To test that our final result was notptteeluct of a statistical

fluctuation or strange extrema, we varied the cuts arounfiithlechoice in order to exercise
likely differences between signal and backgrounds. Fan eaev cut combination, applied
(when possible) to both signal and normalization mode, tla@dhing fraction ratio was
calculated. We looked for cuts that should have differefeot$ on both the data and
backgrounds and assumed that the resulting branchingoinacitios were, a priori, the

same. The sample variance for the returned values of thelirapfraction ratio was then
used as our systematic uncertainty due to the final cut caatibm The cut variations are
described below.

Since theD* is longer—lived compared to sources of background fidfm and other
short-lived backgrounds such as those coming from nonrtlsurces, we varied the
significance of the separation between the production aeadlétay vertices from0Oo
to 200, and out of target requirements for the decay vertex ff@mto 20. To look
for poorly formed vertices and vertices that are formed freemticles that decayed into
muons early in the spectrometer, we varied the confidenad &fvthe secondary vertex
from 1% to 10%. We had estimated the feed-down frorh — K~ 7 utv using our
Monte Carlo simulation, but looked for backgrounds we miggate missed by varying the
Cerenkov identification cuts for the pions from 4 to 6 unitdilkélihood. The level of the
muon misid was checked by changing the muon identificatigriidence level from 1%
to 10%, the muon momentum cut from 10 GeW 20 GeVE, and selecting events that
left hits in all 6 of the muon planes. A very stringent test @éhdramatically changes the
background level was to relax the visible mass cut. Thougtsthtistical significance of
the result suffered due to the inclusion of so much backgtotimis was an important check
on backgrounds we might have missed coming from higher pliglty modes, which were
expected to be small, and combinatorial sources.

These variations resulted in changes in yields from -30%4%%4. In terms of signal

to background ratios, the variations yielded changes rgnigom -50% to +35%. Because
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Table V.1: Cut variations used to assess the systematic uncertaigtytadour cut

selection.
Cut Default Value Variation
L/o 15 10, 20
OoT 1 0,2
OoM 0 1,2
Clgec 0.05 0.01, 0.10
Iso2 0.01 0.10, 0.001
Mispl (IMU) 2 1
e, (IMU) 10GeV/c | 15,20 GeV/c)
CL, (IMU) 0.01 0.05,0.10
Wy — Wa, 5 4,6
M(rtn—p®) — M(m—pt) 0.20 No cut

our tested cuts have succeeded in delivering a broad ramgjgradl to background values
as well as changes in the final yield, this method is likelyebveir a conservative estimate
of the systematic error due to our cut selection. We foundigoificant change in the

branching ratio due to our particular cut choice and assignesystematic uncertainty

of 0.0023 due to our cut selection. The resulting branchiagtion ratios are shown in

Figure V.3.

BR
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V.1.2 Fit Systematics

When performing the fit to the signal and normalization modescan inadvertently
introduce biases that could affect the final result. For gdapmwhen dealing with low
statistic samples, like th®+ — p°uTv data, the binning scheme and fitting range can
affect the true shape of the distribution. Therefore, itiportant to check every assumption
and decision made during the fitting step.

Even more important than the binning scheme and the fittingeaised in the fit, the
choices over how to deal with the shapes used as backgroaddsosav to estimate their
yields could have a significant effect on the — p°u v yield. The first of those decisions
was the estimation of th®+ — K u+v background based on tie" — K" u*v ECY
obtained during the normalization process. We decided tihisxparameter as opposed to
adding it as a fit parameter because, apart from the slighifted mass peak compared to
the DT — p°utv signal, the shapes are very similar, and therefore, hariffeyehtiate.
Second, we chose to use a penalty term to constraibthe— wu™v yield as opposed
to have this yield as a free parameter in the fit. Lastly, wesehio use only one shape
encompassing all thBs semileptonic modes instead of generating them indiviguais
implies that we trust that all the relevah, relative branching ratios in our Monte Carlo
are correct.

In order to test for biases introduced by these choices we thar D™ — F*O;ﬁu
ECY by a factor of plus/minus two, effectively doubling/tialg the amount of K#
misidentification allowed in the signal region. Note thastis an extreme variation since
the actual expected variation on the ECY was at most a fewasdracy/ECY ~ 1.4%).

In the case of tht — wu'v yield, we performed the fit without any constraints on the
yield using it as a free parameter of the fit.

As discussed in Section V.2, many differef, semileptonic modes contribute to
the M (=*x~) background. The advantage of using a single shape arising & large

cct Monte Carlo sample is that the resulting shape will contdirthe relevant modes
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with their expected rates and relative branching fractioBecause some of the relative
branching fractions involved are better known than others important to check how
sensitive the results are to the relative branching frastassumed in our Monte Carlo. We
tested this by performing the fit using one distinct shapeefmhD, mode we believed to
be present in the background.

Adding eachD, mode as an additional free parameter in the fit was not a vaiilen.
The main difficulty arises because modes suchas— »'u v with n’ — p%y andDF —
outv with ¢ — pr are reconstructed with the same mass adthe— p°; v signal. This
makes it extremely difficult for the fit to separate signahfrbackground. Fortunately, we
can tie the level of background underneath the signal to sls&dround present in the low
mass region due t® — n'u*v with ' — nrr andD] — nutv with n — 7770 with
knowledge of theD — ¢u*v efficiency corrected yield. We do this with the use of the
known relative branching fraction%% and%, along with the branching
fractions and efficiencies for each individual backgroumgrse. TheD, yield fit parameter
in (IV.2) was then replaced by

fitPar I'(Ds — nitv)
DI =owtv (D, — olv)

fitPar (D — nlv)
Di—=eu™v (D, — ¢lv)

[(BR(U’ — p")e(n’ — p°7)S; + BR(n — nrm)e(n’ — nW)Sz)] +
{(33(77 — 7mn0)e(n — wrn®)S, + BR(y — mry)e(n — m)sﬂ] *

NfitPaI’ BR(¢ N pﬂ-)Sz

D —outv

(V.1)

itPar

where NJ-& .,

is a new fit parameter representing the — ¢t v efficiency corrected
yield, the total number oD — ¢u v produced in the experiment(X) is the efficiency
for the mode X to be reconstructed a®a — p°u v event, andd; is the shape associated
with each mode. Since the relative branching fraction satas well as the branching
fractions are known we can fit for the numberidf — ¢u v produced in the experiment.

In this way we can vary the relevant branching fractions witheir known uncertainties

106



while at the same time controlling the total contribution with a single fit parameter. The

resulting fit is shown in Figure V.4.

Events/0.012 GeV/2

DM ) STRY GeVid

Figure V.4: M (7 ~) fit using individual shapes fab, contribution. The fit returns
atotal 0f333 + 43 D+ — p°ut v events.

One additional advantage of this approachis that N, ., can be measured independently
via the decayy — K~ K™ and this result compared to the value returned by the fit. The

total number ofD} — ¢u* v produced in the experiment,’ i“;‘iy, is defined as

Nmeasured YDs—>K+K’M+V

— V.2
Di=éutv — (D, — K+K—ptv) x BR(¢p — K-K+) (V-2)

where Yp_ _ x+k-,+, IS the datayields(D, — K+ K~ pu*v) is the efficiency for observing
D, — K*K u*v events, and BR{ — K~ KT) is the branching fraction for & to
decay into two oppositely charge Kaons. Figure V.5 show$th& ™~ K) distribution for

both data and Monte Carlo. Both distributions were fit usingreit-wigner lineshape.
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We found NS5 = 416611 + 19550. The returned fit parameter |S§§FLW+V =
339580 + 68996.
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Figure V.5: M(K~ K ) distribution for Monte Carlo (left) and data (right). Both
distributions have been fitted with a Breit-Wigner lineshap

The last source of fit systematic considered is due to theesépcted to represent the
combinatorial background. Although we believe that ouricdor selecting this shape
from a largect Monte Carlo gives us an accurate representation of thisdibdckground,
other possible ways of obtaining this shape are worth cenafan.

One possibility is to use a variation of the technique usednimdel the non-—
charm/combinatorial background iRt — K-zntu*v. For realD™ — K- ntutv
the muon and Kaon candidates are oppositely charged. Meless, vertices formed
with a pion and a muon track with opposite charge were acdegue flagged as wrong

sign candidates. The wrong sign events were then used teseqtrthe combinatorial

108



Table V.2:Yields and reconstruction efficiencies for the semileptanodes included

in the fit.

Semileptonic Mode| Yield Efficiency

DY = )ity 333+43 | 310 x 107
Dt — K ntuty 68 3.80 x 1075
Dt = R utv 8+6 |3.20x10°°
DF — npi(p°y)putv 69 1.57 x 1073
Df — ni(nrm)uty 2 2.28 x 107
Df — n(rrr)uty 53 5.42 x 1074
Df — n(rry)uty 16 7.77 x 1074
Df — ¢(py)ptv 42 7.94 x 1074
Df —wputy 51 1.02 x 1073

background since such combinations were most likely theltre§randomly combining a
Kaon and a pion to form the ™.

In the D* — p°u*v case comparing the charge of one of the pions with that of the
muon provides no clean distinction between right sign arahgisign events. Nonetheless,
we can accept and flag events with vertices made of same sigs pind use them to
represent the combinatorial background. Although thesmtsvwere likely the result
of random combination of pions to form the there are two main reasons for why this
approach is not preferred. First, this technique does ketitdo account the events where
the muon candidate is the track that is being randomly asdigmthe vertex, and second,
charm decays with multiple pions can enter the distribution

To test the sensitivity of the branching fraction resultiie shape of the combinatorial
background we performed the fit using the shape obtained ssime sign pions from the
data. This shape, obtained from both data and Monte Carlessis shown in Figure V.6.
The good agreement between data and Monte Carlo providetefuevidence that the
ct Monte Carlo is able to reproduce the charm backgrounds weummary of the fit
variations considered is presented in Table V.4.

The systematic associated with the fit was assessed by ai@thguthe variance for the

returned branching fraction ratios due to the fit variatiale found this contribution to be
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Figure V.6: M (r) distribution for events with same sign pions for data (redj a
cc Monte Carlo (blue). The same sign pions distribution is usedepresent the
combinatorial background.

0.0033 mostly coming from the choice of combinatorial baockepd shape. The branching

fraction ratios for each fit variation are shown in Figure.V.8

V.1.3 Split Sample Systematics

The last type of systematic considered tests whether ourtéd/Garlo simulation can
reproduce the different experimental conditions, as welkake into consideration the
uncertainty associated with the charm production mechani$o do this we split our
sample in three pairs of statistically independent subgdasn The first pair of sub—
samples was split according to themomentum. This a powerful test for the production

model, trigger and detector simulation. Another test ofgh@duction mechanism was to
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Figure V.7: Fit results for fit variant systematics.
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Table V.3: Variations used to assess the systematic uncertainty doertditting

choices.
Fit Variation D+ — puty Yield | LR T—2lnv)
L(Dt—K utv)
25 bins 323 + 44 0.0417 4+ 0.0058
50 bins 323 + 44 0.0417 4+ 0.0057
0.45 < M(7m) < 1.35 354 + 50 0.0459 4+ 0.0066
IxE " 321 £43 0.0411 4 0.0056
1/2xK" 318 + 43 0.0408 =+ 0.0056
D, ind. shapes 333 +£43 0.0429 4 0.0056
D, ind. shapes BR-30 346 + 43 0.0446 4 0.0056
D, ind. shapes BR-30 284 + 44 0.0366 4 0.0057
Combinatorial shape 379 + 43 0.0489 £+ 0.0057
No penalty term 314 + 43 0.0432 £ 0.0067
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25 bins 50 bins FitRange 2*CYyo 2/CYy, Dgshapes BR+30 BR-30 WS  Free omega
Fit Variation

Figure V.8: L =""v) 4o fit systematic studies. The solid lines represent the fit
I(Dt—K utv)

result for the standard fitting procedure.

split the sample according to tHe* charge. The final split-sample was done to examine
two different detector configurations. For roughly 30% o ttata taking period the target
did not have the interleaved silicon detectors (TSSD). &fuee, we split our sample
according to the run number. Run numbers greater than 9pb€sent the period when the

TSSD was in place and operational.
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By splitting our sample we have effectively reduced theistias by about a factor of
two. In order to assess any systematic uncertainty presemeed to distinguish between
deviations caused by pure statistical effects from thoaedhe associated with something
in the data that we don’t understand. To achieve this, FOC&&S a technique based on
the "Scale factor” method used by the PDG [10] to averagedifit experimental results
when they?/(N-1) obtained from the weighted average of these N resslimewhat

larger than one. When this is the case, the errors are irestdpsa factor S defined as

S = /x2/(N-1). (V.3)

The procedure used by FOCUS to assess systematic undegaiith split-samples is
as follows [38]. First, the weighted average of the N indejggm sub-samples x > is

defined as
Ei xi/aiz
Zi 1/“;‘2

wherez; is the branching fraction ratio result for tif& sub-sample and, is the statistical

<z >= (V.4)

uncertainty on it. The statistical error for the weightedrage is then

1
Thex? is then calculated.
N 2
= - V.6
X E o7 (V.6)

If x*/(N - 1) is greater than 1 then we increase the statisticat efrthe weighted average

by a scale factor equal t¢/x2/(N - 1). The scaled errog;, is then

oc=<o0>+yx?/(N-1). (V.7)
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Armed with the scaled erraf, we can compare it to the statistical error of the un-
split sample to check for evidence of any systematic uniceytaSpecifically, we quote a
systematic error it is greater than the statistical error of the un—split sample quoted

systematic error is

Ogst = V02 —0? if 0>0

(V.8)

oyt =0 If 0<o
whereo is the statistical error of the un—split sample.

Table V.4:Yields and branching ratios for the sub—samples used ihsspiiple test.

Split Sample DT — %ty Yield %
D, >85GeV/c 120 £+ 27 0.039 + 0.008
D, >85GeV/c 227 £+ 35 0.040 £ 0.007
Dt 146 £ 30 0.038 £ 0.008
D~ 172 4+ 32 0.049 £ 0.008
Run Number> 9750 222 + 37 0.041 £ 0.007
Run Number< 9750 117+ 25 0.049 + 0.011

The results for this test are presented in Table V.4 andgaott Figure V.9. Itis clear
that the results for the three split—-samples are consistghtthe results obtained using
the complete data set. We conclude that our Monte Carlo siioual correctly reproduces
the two main data taking conditions and does a very good jadinmulating the charm
production mechanisms. No additional systematic unaegtaiontribution was indicated
by this search.

With the three sources of systematic uncertainties corsideve can now assess
the total systematic uncertainty for the branching fractiatio. For this we added the
individual contributions in quadrature as summarized ibl@a/.5. We quote our final

result to be
[(D* — putv)

—0 = 0.0412 £ 0.0057 £ 0.0040.
(Dt — K utv)
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Figure V.9: Lﬁféﬁ”) branching fraction ratio for the split-sample systematic
T'(Dt—K "utv)

test. The branching fraction ratio for each sub-sample rsistent with the results
from the complete sample (solid line). No systematic uradety is evident.

Table V.5: Sources of systematic uncertainties. The three sourceadated in
quadrature to obtain the total systematic uncertainty.

Systematic Source Error
Cut Variations 0.0023
Fit Variations 0.0033
Split Sample negligible
Total 0.0040

V.2 Comparison with Theoretical Models and Previous Experimeis

In this section we compare the results obtained in this @malyith some theoretical
expectations and other experimental results.

Until recently, the few experiments which measured of thatiree branching fraction
ratio, Dt — p°utv, observed very few events resulting in measurements witie la
uncertainties. This lead to a world average valug)oti1 + 0.014 [10]. Just before
this analysis was published, the CLEO-c collaboration ishled their measurement of the
absolute branching fractiol,( D™ — p%¢*v), using a sample with integrated luminosity

of 55.8 pb~! [34]. Results from several experiments are presented ineTel6 and
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Figure V.10. With the addition of our result, the new worleeeage for the muonic mode

become9.045 4+ 0.007 [1].

Table V.6: Experimental results for the branching ratio. Statistaadl systematic
errors have been added in quadrature.

Reference | Yield BR(DT—=p"uTv) | BRIDT—=p"c7v)
BR(D*+—K ptv) | BRIDT—K etv)

E653[39] | 4.042% 0.04475.555

E687[40] | 39+9 | 0.079=+0.023
E791[41] | 103£25 | 0.051£0.017 | 0.045 4 0.017
CLEO[34] | 2744 5.7 0.038 4 0.008
Thisresult | 320 +44 | 0.041 + 0.007
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0.02 ]

0.01F b

Experiment

Figure V.10: Summary of experimental results for BRt — p%*v)/BR(D* —
F*Oﬁu). Statistical and systematic errors have been added inrajuae.

Many theoretical models have been used to predict the védudése relative branching
fractions and decay widths of heavy to light semileptonicays. Nonetheless, predictions
based on the quark model (QM), Sum Rules (SR), Lattice QCDQORY etc, differ
significantly. The large uncertainty in tie™ — p°/*v branching fraction made it hard to
distinguish between competing models. With the improvenrethe determination of the
D* — p’¢*v branching fraction we reduce some of the ambiguity. Someeptedictions

made in the context of the different models are presentealmeTV.7. In order to fully
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compare our result to the theoretical predictions we haleltzed the partial decay width

—*0
from our D* — p°y*v result, the FOCUS measurement of the raigr—=tt) [37],
the PDG [10] value of the absolute branching fraction of thkeay D™ — K~ 7= ", and

the FOCUS measurement of the" lifetime [42].

(D" — p°utv) T(DT — f*o;ﬁu) BR(Dt — K—ntnt)

(D* 0, + _
(D7 = pipw) I'(D+ — F*Ou'f‘y) (Dt — K—mtnt) Tp+

(V.9)
ere L =Kty 600 4 (.023, L Komtrt) = (0.922 + 0.21)%, an
where ST K _i7y) BR(D* — K-mtrt %, and

(Dtr—K-—ntxt)

o+ = (1039.4 + 4.3)10~'%s. Using the above values along with our result we obtained
(D" — p'utv) = (0.2240.03 £0.02 £0.01) x 10 s7!

where the last error is a combination of the uncertaintiegherguantities not measured in
this work.

In Table V.7 we compare the results obtained in this thesih whe predictions
made using the different theoretical approaches. Thes#dtseme shown graphically in
Figure V.11. In this figure, we have also plotted the weiglaeerage of the muonic and
electronic mode world averages from the latest PDG [1]. uFé V.12 a comparison
with the predicted partial decay is presented. Althoughstiaéistical error is too large to
discriminate against most models, the data indicates hiegaQICD Sum Rule predictions

for Dt — p°*v [43,44] are too low.
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Table V.7: Theoretical predictions for the branching ratio and padicay width.
Most of the theoretical predictions are calculated ft — p~¢Tv. To compare
these predictions with our result, we have used the isogpijugate relatiod’ (D™ —

p2ty) =1/2T(D° — p=0Tv).

Reference 14 BRI ) (Dt — p°0+w) (1010 s71)
BR(Dt—K""rtv)
Ball [43] (SR) e 0.06 £ 0.02
APE [45] (LQCD) 14 0.043 £ 0.018 0.3+£0.1
Jaus [46] (QM) 14 0.030 0.16
ISGW2 [47] (QM) e 0.023 0.12
Yang-Hwang [44] (SR) e 0.018 £ 0.005 0.071953
O’Donnell-Turan [48] (LF) | u 0.025
Melikhov [49] (QM) 14 0.027,0.024 0.15,0.13
Ligeti—Stewart—Wise [50] l 0.044
Kondratyuk-Tchein [51] (LF) ¢ | 0.035, 0.033, 0.033,0.032 0.19, 0.20, 0.18, 0.19
Melikhov—Stech [52] (QM) | ¢ 0.035 0.21
Wang—-Wu-Zhong [24] (LC) | ¢ 0.035 £ 0.011 0.17 4+ 0.04
Fajfer—Kamenik [53] l 0.045 0.25
This result W 0.041 £+ 0.007 0.22 +0.04
Fajfer-kamenik (2005) LEET-HQET()
WWZ (2003) HQET
(O] Kandratyuk-Tchiekin (2000) CLFD
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Figure V.11:Summary of BRD* — p%¢*1)/BR(D* — K ¢*v). The green stripe
represents the results obtained in this work, while the bitipe represents the result

of combining the world average for the electronic and muomacles.

118




Fajfer-Kamenik (2005) L

Melikov-Stech (200

O M

————— Yang-Hwa
ISGW2 (1995) QM ()

APE (1995) LQ
—>— Ball (1993) SR

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
(" - ppv)0°sh

Figure V.12: Summary ofl'(D* — p%*v) predictions compared to the results
obtained in this work (green stripe).
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CHAPTER VI

KINEMATIC VARIABLES

The Dt — puTv form factors have never been measured before. There are &vo m
reasons for this, the lack of statistics so far observed dueeing a Cabibbo suppressed
decay, and the presence of irreducible backgrounds unéesignal area. Using the
FOCUS data we studied the feasibility of doing such a measemné for the first time.

In this chapter we describe this effort.

As mentioned in Section 1.4.3 the decay abaneson into a vector mesob(— V /(v)
decaying into two pseudo—scalar mesons is described bykfoematic variablesy?, the
square of thér mass, and three anglés;, the angle between the meson and one of the
pseudo-scalar mesons in the parent vector rest framthe angle between the meson
and the charged lepton in tlie rest frame, ang, the angle between the two decay planes.
Using these definitions the differential decay rate can bhaemrin terms of three helicity
basis form factorsH,, andH.. (see (1.29)). By studying the angular dependence the form
factors can be measured.

The first step is then, the determination of these kinemaiti@asles. This is not trivial
since the missing neutrino makes it impossible to fully retouct the momentum of thie
meson. Nonetheless, thiemomentum can be reconstructed up to a two—fold ambiguity as
described below.

Using four—vector notation, the semileptonic decay &f emeson can be written as

D=2¢+0.

V(0) A2(0) As(0)

Typically, experiments report the ratio of form factegs= o) "2 = A andr; = OF
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Squaring both sides yields
M3} =m? +2E.E, — 2p. - p,.

Along the D line of flight, pp, the momentum of thé can be decomposed as the
sum of the neutrino momentunp,, and the momentum of the charged particlps,=
Pr+ + Prn- + pu. The magnitude of th& momentum can then be calculated in a boosted

frame where the momentum of the charged system is perpdadtog,. In this frame
p., = —P,,

and

P,, = Pp
where the primed variables denote the boosted frame. Thgyeakthe neutrino becomes
M3 —m? —2|p; |?
2F!

E = (VI.1)

The squared of longitudinal component of the neutrino mdomans

v, | = E, —|p,[* (V1.2)

cL

This implies a two—fold ambiguity reflecting the fact that ar@y know the magnitude
of p’,, but not its direction. Solving fop/, in (VI.2) and boosting back to the laboratory
frame yields a high momentum and a low momentum solutions&eo solutions should
be equally valid.

In cases where we negqgl, such as when boosting the momentum of tHeand
the D™ to the p° frame in order to calculateos ¢, we used the solution that yields the

lower momentum and assume tha has the same direction as the length veciar,
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pointing from the primary to the secondary vertex. Studigag Monte Carlo generated
charmed semileptonic decays indicate that this solutiotches better the generatél

momentum as shown in Figure VI.1. This can be better appgestiahen we compare
the D momentum reconstruction resolution, defined as the diffeehe generated and

reconstructed momentum, shown in Figure VI.2.
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(&) Generated D momentum vs (b) Generated D momentum vs
reconstructed low momentum solution reconstructed high momentum solution

Figure VI.1: High and low reconstructed® momentum solutions compared to the
generated momentum.

We are now in position to boost the necessary vectors to ffexeht C.M. frames and
calculate the kinematic variables. These variables areslio Figure V1.3 for a Monte
Carlo generated sample and Figure V1.4 for rBal — o v data. The cuts applied to
get these distributions are the same cuts used to measureldlige branching fraction
Fr(gf:—m. Looking at thecos 0y, distribution, it is clear that the background present in
the data must be reduced significantly in order to extractnaggningful physics out of it.

The results of theM (x*7~) fit indicate that the major background contributions
arise from muon misidentification and combinatorial. Comabborial background can be

reduced by requiring tighter cuts on the secondary vertaka@ence level, while the muon

misidentification can be further reduced by requiring haotgs on the muon identification
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Figure VI.2: D momentum resolution, measured as the difference betwesn th
generated momentum and the reconstructed momentum forrenetiasemileptonic
decay. The blue histogram represents the resolution faniifemomentum solution,
while the red histogram represent the resolution for therftemmentum solution. Both
solutions are calculated per event.

confidence level and muon momentum. Therefore, we requiv@dhhe secondary vertex
form a good vertex with a confidence level exceeding 25%.Heumore, we required that
the muon track had a confidence level greater than 25% and ntamegreater than 35
GeV/c.

A first step in trying to reduce the background is to cut haodiad thep® peak,0.62 <
M(m*7~) < 0.92MeV. This cut eliminates all contribution from* — Fo;ﬁu, as well
as the high multiplicity decay modes from ttig". The main semileptonic contributions
are thenD — n/(p°y)utv, DF — ¢(p°7°)utv, andK ™. We know that we can further
reduce th&k ™ contamination by cutting harder on the pionicity of the pwith opposite
charge as the muon; we made this requirement greater thas/ofitog likelihood. The
other two semileptonic contributions are harder to redimeesthey include a° and will

peak under the signal.
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Figure V1.3: Kinematic variable distributions fdp* — p°u*v Monte Carlo
generated events. The cuts applied to obtained thesebdisbns are the

standard cuts used in the determinationlép=22x¥)_
I'(Dt—K "utv)

These cuts are very effective in reducing both the combire@nd muon misidentification
backgrounds at the expense of a drastically reduction cdtbh#able statistics as shown in
Figure VI.5.

The 52 + 12 events returned by the fit represents, statistically, a gawifp~ 16 + 4

pure DT — p°utv events’. The question we can ask is: How well can we measure the

%(00)) and R, = 4209 given the low number of observed events.

form factor ratiosR, = = A0

The question can be answered by looking at how well, givemthesolution in FOCUS,

other low statisticd) — V /v form factors have been measured.

2The branching fraction obtained with this cut set is in veppd agreement with the results presented in
this thesis.
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Figure VI1.4: Kinematic variable distributions for realt — p°u*v events.
The cuts applied to obtained these distributions are thedata cuts used in

the determination o%.

FOCUS has measured the form factor ratidsand R, for the decay mode®+ —
Kty [54], DY — ¢ptv [55], andD® — K utv [56]. Of these, the form factor
measurement fab® — K~ ;v was done with 75 + 17 events, equivalent te' 100+ 10
perfect events. The measurement yieldgd= 1.706 &+ 0.677 + 0.342 and R, = 0.912 +
0.370 4+ 0.104 where the second error is the statistical uncertainty. Fiuese statistical
errors and the fact that the our statistical error would bactof of /N larger, where
N ~ 6, we conclude that such a measurement would not yield a signtfresult.

Nonetheless, we can compare the kinematic variable disiois obtained from the
data with the distributions obtained from our Monte Carloglated events. As mentioned

before, ourD* — p°u*r Monte Carlo events were generated using the same form factor
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Table VI.1: Contributions to theM (#+7~) fit histogram with tight cuts used to
extract the kinematic variables.

Signal Total Yield | Events Under Signal Area
Dt — putv 52+ 12 49
K, K/m Mis-id 6 5
Dt — FOMV 5+3 0
D} modestotal | 45+ 11 21
Dt — wutv 15+4 2
Muon Mis-Id ~ 0 ~ 0
Combinatorial ~ 0 ~ 0

R r

> 225

e r

§. 20¢ p-misid
E’ 17.5}

L L

15

12.5f

10} |

750

0.4 0.6 0.8 1 1.2 1.4

M(TTTT) GeVid?

Figure VI.5: M(x*7~) fit using tight cuts. The vertical lines represent the
mass window cut used in the kinematic distributions. Thelteg branching
fraction ratio obtained with these cuts is consistent withguoted result.

ratios describing thé* — F*O/ﬁu decay mode, but with the vector and axial masses
changed to reflect the — d transition. The three kinematic variables that determimee t
R, and R, form factors cos 6,, cos 6,, andg? are shown in Figure VI.6. No deviation from

the assumed form factors can be seen in our data.
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Figure VI.6: Comparison of theD™ — p°uTv kinematic variables for data (solid
histogram) and MC generated events (dashed). The Mont® @wmtributions were

normalized to the same number of events as the data. The

Mdaseassumed the

D+ — p0uty form factors to be similar to th®+ — K u+v form factors.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

In this thesis we presented the measurement of the brandtantijon ratio of the
Cabibbo suppressed semileptonic decay mbde— p°u v with respect to the Cabibbo
favored modeD+ — F*O;ﬁu using data collected by the FOCUS collaboration. We used
a binned maximum log—likelihood fit that included all knowansleptonic backgrounds as
well as combinatorial and muon misidentification backgusito extract the yields for both
the signal and normalization modes. We reconstrugd®dt: 44 D™ — p°u v events and
11372+ 161 DT — K~ 7+ putr events. Taking into account the non—resonant contribution
tothe D™ — K7t utv yield due to a s—wave interference first measured by FOCUS the

branching fraction ratio is:

['(D* — p'utv)
(Dt — F*O,uﬁ/)

= 0.0412 £ 0.0057 £ 0.0040 (VIL.1)

where the first error is statistical and the second errorassistematic uncertainty. This
represents a substantial improvement over the previoulsh\seerage. More importantly,
the new world average f% along with the improved measurements in the
electronic mode can be used to discriminate among diffetexdretical approaches that
aim to understand the hadronic current involved in the charhght quark decay process.
The average of the electronic and muonic modes indicateptiealictions for the partial
decay width['(D™ — p°/Tv) and the rati Fr(git%’ofxi) based on Sum Rules are too
low [43, 44].

Using the same data used to extra}%%m we studied the feasibility of

measuring the form factors for thBt — p’u"v decay. We found that the need to

further reduce the combinatorial and muon misidentificatbackgrounds left us with a
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much smaller sample o2 = 12 D™ — p°u*v events; not enough to make a statistically

significant measurement of the form factors.
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