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Abstra
t

We have studied hadroni
 four-body de
ays of D

+

and D

+

s

mesons with

a K

0

S

in the �nal state using data re
orded during the 1996-1997 �xed-

target run at Fermilab high energy photoprodu
tion experiment FO-

CUS. We report a new bran
hing ratio of �(D

+

! K

0

S

K

�

�

+

�

+

)=�(D

+

!

K

0

S

�

+

�

+

�

�

) = 0:0768 � 0:0041 � 0:0032. We make the �rst observa-

tion of three new de
ay modes with bran
hing ratios of the �(D

+

!

K

0

S

K

+

�

+

�

�

)=�(D

+

! K

0

S

�

+

�

+

�

�

) = 0:0562�0:0039�0:0040, �(D

+

!

K

0

S

K

+

K

�

�

+

)=�(D

+

! K

0

S

�

+

�

+

�

�

) = 0:0077 � 0:0015 � 0:0009 and

�(D

+

s

! K

0

S

K

+

�

+

�

�

)=�(D

+

s

! K

0

S

K

�

�

+

�

+

) = 0:586� 0:052� 0:043,

where in ea
h 
ase the �rst error is statisti
al and the se
ond error is

systemati
.
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Chapter 1

Introdu
tion

1.1 Elementary Parti
les and Intera
tions

The ultimate goal of parti
le physi
s is to understand the fundamental parti
les

whi
h 
ompose the matter and also the fundamental intera
tions between them

whi
h make the matter behave the way they do. Currently prevalent des
ription

of fundamental parti
les and their intera
tions is the Standard Model though

it requires a large number of free parameters and does not unify all the intera
-

tions within its framework.

1

In the Standard Model, the matter is made of 12

point-like elementary parti
les whi
h are grouped into two 
ategories, 6 quarks

and 6 leptons. They are shown in Table 1.1 along with their properties. Ea
h

elementary parti
le has its 
ounter part, anti-parti
le, whi
h has equal but oppo-

site sign of quantum numbers. Both quarks and leptons have spin

1

2

and they are


alled fermions.

2

The six quarks are all massive, have fra
tional ele
tri
 
harge

and are further 
hara
terized by a 
olor 
harge, whi
h has three di�erent values,

red, green and blue.

3

Quarks 
an not be isolated by themselves in nature, but are

for
ed to 
ombine into more 
omplex stru
tures 
alled hadrons, whi
h are 
olor

neutrals. Hadrons 
an be made of a quark and an anti-quark (q�q) 
alled by me-

son, or of three quarks or three anti-quarks (qqq or �q�q�q) 
alled by baryon. Mesons

have integer spins, while baryons have half-integer spins. The three leptons e, �, �

1

Masses of 6 quarks, 3 leptons, W and Z; 4 CKM parameters; the ele
tromagneti
 
oupling


onstant �; the s
ale of the strong for
e �

QCD

; and the mass of Higgs parti
le.

2

Fermion is a parti
le having a half-integer spin and Boson having an integer spin.

3

Color has no relation to the real 
olor in our daily life.
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Quark Charge (jej) Mass (GeV/


2

) Lepton Charge (jej) Mass (MeV/


2

)

u +

2

3

0.001�0.005 e �1 0.51

d �

1

3

0.003�0.009 �

e

0 < 0.000003


 +

2

3

1.15�1.35 � �1 105.66

s �

1

3

0.075�0.170 �

�

0 < 0.19

t +

2

3

174.3�5.1 � �1 1777.03

b �

1

3

4.0�4.4 �

�

0 < 18.2

Table 1.1: Quarks and Leptons [1℄.

Gauge Charge Mass

Intera
tion

Boson

Spin

(jej) (GeV/


2

)

Gravity Graviton 2 0 0

W

�

1 �1 80.4

Weak

Z

0

1 0 91.2

Ele
tromagneti
 Photon (
) 1 0 0

Strong Gluon (g) 1 0 0

Table 1.2: Fundamental intera
tions [1℄.

have unit ele
tri
 
harge and are massive, while the neutrinos �

e

, �

�

, �

�

have zero

ele
tri
 
harge and are known to be had very small masses if they do have any. No


olor 
harge exists for leptons in Standard Model. Quarks and leptons intera
t by

the ex
hange of various fundamental boson quanta. It is generally believed that

there are four intera
tions: gravitational, ele
tromagneti
, weak and strong.

Table 1.2 lists the intera
tions and the related ex
hange parti
les known as gauge

bosons. The gravitational intera
tion between parti
les with mass is responsible

for the binding of matter on a planetary and universal s
ale, but it has negligible

e�e
ts on high energy physi
s phenomena sin
e it is too weak to give e�e
ts in the

present energy s
ale. The weak intera
tion a
ting on all quarks and leptons 
an be

noti
ed if the mu
h faster strong and ele
tromagneti
 intera
tions are inhibited by


onservation laws and it is demonstrated by some of the spontaneous transforma-

tion of parti
les into others with lower mass. Parti
les with ele
tri
 
harge intera
t

through the ele
tromagneti
 for
e, whi
h binds atoms and mole
ules together. To-
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day, the ele
tromagneti
 intera
tion of parti
les are explained with the theory of

Quantum Ele
troDynami
s (QED), whi
h is a quantum gauge theory based on

U(1) lo
al gauge symmetry. The last intera
tion is the strong intera
tion between

parti
les with 
olor 
harge and is responsible for the 
on�nement of quarks inside

hadrons and the binding of hadrons in nu
leus on larger s
ale. The theory that

des
ribes the strong intera
tion is known as Quantum ChromoDynami
s (QCD)

whi
h is des
ribed by an SU(3) lo
al symmetry. Equipped with the Higgs Me
h-

anism [2℄, Weinberg [3℄ and Salam [4℄ proposed a gauge theory unifying the weak

and ele
tromagneti
 intera
tion into one ele
troweak intera
tion in 1967-1968.

The ele
troweak theory is based on the lo
al gauge symmetry SU(2)�U(1). In

the ele
troweak theory, the quarks and leptons are des
ribed as left handed weak-

isospin doublets and right handed weak-isospin singlets under the SU(2) group:

Leptons

 

�

e

e

!

L

;

 

�

�

�

!

L

;

 

�

�

�

!

L

e

R

;

�

R

;

�

R

Quarks

 

u

d

0

!

L

;

 




s

0

!

L

;

 

t

b

0

!

L

u

R

;




R

;

t

R

;

d

0

R

;

s

0

R

;

b

0

R

The ele
troweak eigenstates of quarks (d

0

; s

0

; b

0

) are linear 
ombinations of the mass

eigenstate of quarks (d; s; b), whi
h enter the QCD Lagrangian.

4

This relation 
an

be represented by means of the 3�3 matrix 
alled as the Cabibbo-Kobayashi-

Maskawa (CKM) matrix, V

CKM

[5℄:

0

B

�

d

0

s

0

b

0

1

C

A

=

0

B

�

V

ud

V

us

V

ub

V


d

V


s

V


b

V

td

V

ts

V

tb

1

C

A

0

B

�

d

s

b

1

C

A

=

V

CKM

0

B

�

d

s

b

1

C

A

(1.1)

4

This is just a 
onvention; it 
ould as well be formulated in the (u; 
; t) se
tor or in both by

rede�ning the phases of the quark �elds
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Requiring the unitarity of the CKM matrix, it 
an be des
ribed by four independent

parameters �

1

, �

2

, �

3

and Æ:

V

CKM

=

0

B

�




1

�


3

s

1

�s

1

s

3




2

s

1




1




2




3

� s

2

s

3

e

iÆ




1




2




3

+ 


3

s

2

e

iÆ

s

1

s

2




1




3

s

2

+ 


2

s

3

e

iÆ




1

s

2

s

3

� 


2




3

e

iÆ

1

C

A

(1.2)

where 


i

= 
os �

i

and s

i

= sin �

i

for i = 1, 2, 3. Three �

i

are the mixing angles

and Æ implies a violation of CP invarian
e by the ele
troweak intera
tion within

the framework of Standard Model. Finally the ele
troweak intera
tions 
an be

des
ribed by the Lagrangian [6℄:

�L

int

= eJ

�

em

A

�

+

g

p

2

(J

+�

L

W

+

�

+ J

��

L

W

�

�

)

+ g

Z

J

�

Z

Z

�

;

(1.3)

where

J

�

em

=

�

 


�

Q ;

J

��

L

=

p

2

�

 


�

T

�

L

 ;

J

�

Z

=

�

 


�

[T

3L

� sin

2

�

W

Q℄ ;

g =

e

sin �

W

;

g

Z

=

e

sin �

W


os �

W

;

Q = T

3

+

Y

2

;

T

i

=

1

2

�

i

:

(1.4)

First line of Eq. 1.4 represents the ele
tromagneti
 
urrent, se
ond one is 
avor


hanging 
harged weak 
urrent and third is neutral weak 
urrent, where Q is the


harge operator, Y is weak hyper
harge, �

i

are the Pauli matri
es and �

W

is the

ele
troweak mixing angle.

1.2 Charm Physi
s

The existen
e of the fourth quark was �rst suggested by Bjorken and Glashow [7℄

in 1964 to lead to a more symmetri
al situation between quarks and leptons. In
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1970, Glashow, Iliopoulos and Maiani proposed introdu
tion of a new quark, the


harm quark 
, to solve the problem of the experimental nonexisten
e of strangeness


hanging neutral weak 
urrent whi
h 
ould otherwise o

ur if only up, down and

strange quarks existed [8℄. For example, the de
ay, shown in Fig. 1.1 K

+

! �

+

l

�

l,

where l is a lepton 
an be mediated by the strangeness 
hanging elementary transi-

tion �s!

�

dl

�

l with a rate in ex
ess of what was observed by now [9℄. The existen
e

of this new quark allows a 
an
ellation of the 
avor 
hanging term in neutral

weak 
urrent in the tree level diagram.

5

This method of suppressing the unwanted

strangeness-
hanging 
urrents is 
alled the GIM me
hanism and this new fourth

quark was assigned the 
avor of 
harm with 
harge of +

2

3

jej. In November 1974,

the J= parti
le was dete
ted simultaneously at Brookhaven and at SLAC [10℄.

J= , a narrow resonan
e with a mass of about 3.1 GeV/


2

was interpreted as a


�
 bound state. This hypothesis was 
on�rmed with the dis
overy of open 
harm

parti
les, the D

0

and D

+

mesons in 1976 [11℄.

s d+K π+

Z0

l

l

u u
Figure 1.1: The tree level strangeness 
hanging neutral 
urrent diagram.

1.2.1 Charm Photoprodu
tion

Carlson [12℄ �rst suggested the possibility of 
harm photoprodu
tion and Gailard [13℄

developed methodology based on the ve
tor meson dominan
e model [14℄ and the

naive quark model. By the late 1970's, the perturbative QCD approa
h was applied

5

For example, it was shown that the mass of 
 
ould not ex
eed several GeV; otherwise the

magnitude of the se
ond-order neutral strangeness-
hanging 
urrents would be
ome too large. To

set the GIM proposal in histori
al perspe
tive it should be remembered that when it was o�ered

there was no eviden
e for the 
harmed quark, nor had it even been proven that non-Abelian gauge

theories were renormalizable so that it made sense to dis
uss perturbation theory for them.
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to 
harm photoprodu
tion me
hanism. It has been known as Photon-Gluon-

Fusion (PGF). Jones [15℄ has 
al
ulated the 
ross se
tion of the PGF pro
ess.

The two leading-order diagrams for this pro
ess are shown in Fig. 1.2.

c

c

c

c

γ

N

g

X

γ

N

g

X

Figure 1.2: The leading order photon-gluon fusion diagrams.

Figure 1.3: Total 
harm photoprodu
tion 
ross se
tion measurements.
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In this model, 
�
 pairs are produ
ed from the intera
tion of photons with gluons

from the target nu
leon. The PGF model predi
ts a total 
harm 
ross se
tion to rise

gradually at high energy. The 
ross se
tion measurement from several experiments

shown in Fig. 1.3 indi
ates an apparent trend towards higher 
ross se
tion at higher

photon energies. After 
�
 pair is produ
ed, it undergoes fragmentation pro
ess to

form the 
harm quark hadrons whi
h are observed in the dete
tors. The fragmen-

tation pro
ess is shown in Fig. 1.4. It involves the quarks 
omposing the nu
leus

in addition to the quark pairs materialized from the va
uum sin
e the 
�
 pair is

not 
olor neutral in whi
h retain the 
olor of the ex
hanged gluon. Non-
harm

quark hadrons may be produ
ed at the primary intera
tion point as a by-produ
t.

The fragmentation model predi
ts an ex
ess of 
harmed baryons over anti-
harmed

baryons and 
onsequently, an ex
ess of anti-
harmed meson over 
harmed mesons.

It is due to the fa
t that the 
 quark 
oupling to light di-quarks is favored over the

�
 quark 
oupling to anti-quark pairs whi
h have to be 
reated from the va
uum.

c

u

cΛ+

π+

d

d

d

c

u

d

u

d

u

D−

π

π

−

+

γ

g

N

Figure 1.4: S
hemati
 diagram of a fragmental pro
ess leading to asso-


iate produ
tion of a 
harmed baryon and an anti-
harmed meson.
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1.2.2 Charmed Mesons

Nearly all mesons are known to be bound states of a quark q and an anti-quark �q

0

(the 
avors of q and q

0


ould be same). Given spin-

1

2

for quarks and anti-quarks,

we expe
t both spin triplet ("") states of S = 1, 
alled the ve
tor mesons, and

spin singlet ("#) states of S = 0, referred to as the pseudos
alar mesons. The

total spin J of the 
omposite meson is the ve
tor sum of the spin S and the relative

orbital angular momentum L between q and �q

0

. The 16 possible q�q

0


ombinations


ontaining u, d , s and 
 quarks group themselves into the simultaneous eigenstates

of three quantum numbers by invoking SU(4) 
avor symmetry for the u, d , s and 


quarks. The three quantum numbers are the isospin z-
omponent (I

z

), the 
harm

quantum number (C ) and the hyper
harge (Y ). Fig 1.5 exhibits two 16-plets for

the ground state pseudos
alar and ve
tor mesons. Ea
h 16 meson is pla
ed at

the position spe
i�ed by its three quantum numbers. The open 
harmed mesons

are lo
ated in the �rst levels (C = �1) and the third levels (C = +1). The

light mesons o

upy the se
ond levels, to whi
h the 
�
 bound states are added.

The neutral mesons at the 
enter of the levels are mixtures of u�u, d

�

d , s�s and 
�


states. The lowest mass states of D mesons (D

0

; D

+

and D

+

s

) de
ay by the weak

intera
tions only.

1.2.3 Charmed Baryons

All the established baryons appear to be three-quarks (qqq) bound states. In anal-

ogy with mesons, the 
avor SU(4) de
omposition of 64 possible qqq 
ombinations

of baryons 
ontaining u, d , s and 
 quarks leads to the four SU(4) multiplets. Ea
h

SU(4) multiplet has its own 
avor symmetry. Unlike mesons, however, not all the

SU(4) multiplets do not exist in nature. There should be additional requirements

for baryons. Sin
e the quarks are fermions, the state fun
tion for any baryon must

be anti-symmetri
 under inter
hange of any two equal mass quarks (u, d and s

quarks in the limit of SU(3) 
avor symmetry). The state fun
tion of baryons is the

produ
ts of the spatial part, the spin part, the 
avor 
omponent and the 
olor term.

Given that the 
olor wave fun
tion is always anti-symmetri
, the produ
t of spin

and 
avor wave fun
tions is symmetri
. Only two out of the four SU(4) multiplets


ombined with a parti
ular spin symmetry form the required symmetri
 spin-
avor

ground states. Fig. 1.6 shows the spin-

1

2

and spin-

3

2

ground state baryons in the



1.2. CHARM PHYSICS 9
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*0

K*−

*+K*0

D 0*
D*−

*−

*+

−

*+

−
cdcu−

cs−

us−ds−

su− sd
− ud

−

uc−
sc−

dc−

0ρ ω
φψJ/

uc−
sc−

dc−

−
cdcu−

cs−

+

D
+

+

K
0

us−ds−

su− sd
−

du−

du−

0
D

η
η ′ηc

π0

ud
−

K 0*

Figure 1.5: SU(4) 16-plets for the (a) pseudos
alar and (b) ve
tor mesons

made of u, d, s and 
 quarks.
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two SU(4) multiplets. All the parti
les in a given SU(4) multiplet have the same

spin and parity. The only known 
harmed baryons ea
h 
ontain one 
harm quark

and thus belong to the se
ond levels of the SU(4) 
lassi�
ation.

Ω++
ccc

Ξ ++
cc

Ξ +
cc

Ω+
cc

Σ ++
c

Ξ +
cΞ 0

c

Ω −
Ξ 0

Σ +

∆+∆0∆−

Σ −

Ξ −

∆++

(b)

Ξ +
c

Σ ++
c

Ξ 0

n p
Ξc

0

(a)

ddc

dsc

udc

usc

uuc

uud
uus

ussdss

udd

dds

ddd

dss

dds

uss

uus

uududd
uds

ssc

uscdsc

uuc

ucc
scc

dcc

Ω+
cc

Ξ ++
cc

Ξ +
cc

Σ 0
c

uuu

Σ 0

Ξ −

Σ −
Σ +Λ,Σ 0

udc

Σ +
cΛ+

c,

cΣ +

Ω 0
c

Σ 0
c

dcc ucc

ddc

uds

ssc

scc

sss

Ω 0
c

Figure 1.6: SU(4) 20 plets for the (a) spin-

1

2

and (b) spin-

3

2

baryons

made of u, d, s and 
 quarks.
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1.2.4 Charm Weak De
ays

Weak De
ay Me
hanism of Charmed Hadrons In the limit where s

2

= s

3

=

0 in Eq. 1.2, the CKM matrix be
omes:

 


os �

C

� sin �

C

sin �

C


os �

C

!

whi
h is 
alled the Cabibbo matrix with only a single real parameter, Cabibbo

mixing angle �

C

' 13

Æ

. The 
oupling 
onstant asso
iated with a quark ele
troweak

vertex Q ! qW

�

is proportional to the CKM matrix element V

Qq

, and thereby

the transition rate is proportional to jV

Qq

j

2

. Sin
e the diagonal elements of the

matrix, V

ud

, V


s

and V

tb

, are 
lose to 1, the most probable weak transitions between

quarks are t! b, 
! s, and u! d. The o�-diagonal elements are mu
h smaller,

therefore the 
orresponding transition t ! s, b ! 
, 
 ! d and s ! u are mu
h

less likely to o

ur. As a 
onsequen
e, hadrons 
ontaining b or s have a longer

lifetime than would be predi
ted from the pure phase spa
e 
onsiderations. On the

other hand, the remaining two elements, V

ub

and V

td

, are 
lose to zero, making the

transitions t ! d and b ! u extremely unlikely. In the 
ontext of a four quark

model, we expe
t 
! s and u! d transitions (_ 
os

2

�

C

) to dominate over s! u

and 
 ! d transition (_ sin

2

�

C

). The former is said to be Cabibbo favored

and the latter Cabibbo suppressed. A weak de
ay whi
h is Cabibbo-suppressed

at both verti
es is said to be doubly Cabibbo suppressed (see Fig. 1.7). The

simplest de
ay me
hanism of 
harmed hadrons would be the spe
tator model [13℄.

In this model 
harm quarks de
ay into lighter quarks by emitting a W boson and

the remaining 
onstituents of the hadron are assumed to be spe
tators and do not

a�e
t the pro
ess. The spe
tator diagram, as shown in Fig. 1.8 (a) and (b) for


harmed mesons and (e) for 
harmed baryons, are believed to play a dominant role

in most de
ays of 
harmed parti
les. In the external spe
tator me
hanism, the

de
ay rate into any q

0

�q

00

pair is favored by a fa
tor of three over the de
ay rate

into a l��

l

pair due to three 
olor degrees of freedom. Sin
e the 
olor degree of

freedom of the 
oupling quarks must mat
h, the internal spe
tator de
ay rate is

suppressed by a fa
tor of three with respe
t to the external spe
tator. The �nal

state for an internal spe
tator de
ay is always purely hadroni
. In the ex
hange

diagram for 
harmed mesons, shown in Fig. 1.8 (
), the de
ay rate is heli
ity-

suppressed, while for 
harmed baryons, shown in Fig. 1.8 (f), heli
ity suppression
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d d

d

D+

π+

K0

W+

c s

u(a) Cabibbo−favored

d d
D+ K0

W+ s
+K����

����
����

����
����
����

c s

u(b) Singly Cabibbo−suppressed

d d
D+

W+ s
+K

0π

����
����
����

����
����
����

���
���
���

���
���
���c

u(c) Doubly Cabibbo−suppressed

d

Figure 1.7: De
ay diagrams for (a) D

+

! K

0

�

+

, (b) D

+

! K

0

K

+

,

and (
) D

+

! K

+

�

0

. Cabibbo-suppressed verti
es are indi
ated by a

hat
hed ellipse.
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W+

q q

W+

s,

q"W+

q q

f’

f’u

W+

d, s

c s,d
(c)

f’W+

c s,d

f(e)

q q
q’ q’

W+

c s,d
(f)

q"q
q’ q’

c s,d

c

d

(b)

(d)

c

(a)

s,d q’

f

f

Figure 1.8: Tree level de
ay pro
esses of 
harmed hadrons: (a) External

spe
tator, (b) Internal spe
tator, (
) W -ex
hange and (d) Annihila-

tion of 
harmed mesons. (e) Spe
tator and (f) W -ex
hange of 
harmed

baryons.
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q q

W+
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u
W+

W+

q q
W+
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W+

q q

l −
l +

u

W+W+

c c

c
(b)

u
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d,s,b
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c

d
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,b

d
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(a)

u
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d,s,b

(c)

c u
d,s,b
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γ

(d)

c

d,s,b

d,s,b
(e) (f)

γ

u u

Figure 1.9: Higher order de
ay pro
esses of 
harmed mesons: (a) and

(b) Gluoni
 penguin, (
) and (d) Ele
tromagneti
 penguin, (e) and (f)

Mixing diagrams.
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is avoided by the presen
e of the additional light quark.

6

Therefore ex
hange

diagrams may in prin
iple 
ontribute signi�
antly to the total de
ay rate in 
ase

of 
harmed baryons besides spe
tator diagram. The �nal state of the ex
hange

diagram is always hadroni
. The annihilation diagram is also heli
ity suppressed

and de
ays into a lepton-neutrino pair (purely leptoni
 de
ay) or a quark-anti-

quark pair (hadroni
 de
ay). The hadroni
 modes are again favored by the 
olor

degrees of freedom with respe
t to the leptoni
 modes. No annihilation diagram is

possible for baryons. Other more exoti
 possible de
ay me
hanism are the penguin

diagrams and the mixing diagrams shown in Fig. 1.9. In the loop diagrams, the

heavier virtual quark produ
es the larger e�e
ts. In a 
harm de
ay, the heaviest

possible virtual quark produ
ed is the b quark, and the amplitude of the pro
ess

is proportional to jV


b

j � jV

bu

j, whi
h is very small. These exoti
 diagrams are not

expe
ted to be signi�
ant for 
harm quark de
ays.

Lifetime of Charm Quark From the universality of weak intera
tions, the

lifetime of the 
harm quark 
an be dedu
ed from the muon lifetime:

�




�

1

5

�

�

�

m

�

m




�

5

� 0:7 � 10

�12

s (1.5)

where �

�

and m

�

are the lifetime and the mass of the muon, m




is the 
harm

quark mass. The fa
tor, 1/5, a

ounts for the two leptons (ele
tron and muon)

and three quark 
olors whi
h the 
harm quark 
an de
ay into. This naive formula

(the spe
tator model) gives a good order of magnitude estimate for the 
harmed

hadron lifetimes. However, it does not to explain the experimentally observed

large lifetime di�eren
es among the various 
harmed hadron spe
ies as shown in

6

In weak de
ays pro
eeding through the ex
hange or annihilation diagram, angular momentum


onservation for
es the two out
oming fermions to have the same heli
ity, both left-handed or

both right-handed. Sin
e in the Standard Model leptons are preferentially left-handed and anti-

leptons are preferentially right-handed, one of the two daughters is for
ed in the wrong heli
ity

state. As a result the de
ay is suppressed. The suppression is larger for smaller mass leptons,

sin
e in the limit of zero mass the lepton is expe
ted to be rigorously left-handed and anti-lepton

must be right-handed. This is the reason why the de
ay �

�

! �

�

��

�

has a bran
hing ratio whi
h

is 10

4

times bigger than that of the de
ay �

�

! e

�

��

e

, although the latter would be favored by

phase spa
e.
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Fig. 1.10.

7

Clearly, the simple spe
tator pi
ture alone is unable to explain 
harm

de
ays. Addition of a non-spe
tator pro
ess, W -ex
hange and annihilation, into

the de
ay rates may be in
luded in the lifetime di�eren
e between the 
harmed

mesons and baryons. But the addition of the W -ex
hange pro
ess does not explain

the large di�eren
e between the D

+

and D

0

, the annihilation pro
ess does not

a

ount for the large di�eren
e between D

+

and D

+

s

sin
e the W -ex
hange and the

annihilation pro
ess are strongly suppressed relative to the spe
tator pro
ess in the

D

0

and D

+

s

de
ay rate.

Figure 1.10: Lifetimes of weakly de
aying 
harmed hadrons [1℄.

The relation:

�(D

0

! e

+

X)

�(D

+

! e

+

X)

= 1:00� 0:12 [1℄ (1.6)

reveals that the semi-leptoni
 de
ay rates of the D

0

and D

+

are nearly equal. Thus

the di�eren
e in de
ay rates must be in the hadroni
 se
tor (the fully leptoni


7

Re
ently, there are new measurements for �

+




lifetime [16℄. They report 
onsiderably longer

lifetime of �

+





omparing with 
urrent PDG value [1℄.
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de
ays are suppressed and may be negle
ted). One explanation [17℄ on the D

0

and D

+

width di�eren
e lies in 
onsidering two possible spe
tator diagrams for D

+

de
ay shown in Fig. 1.11. Only in the 
ase ofD

+

, and not D

0

orD

+

s

, both diagrams

give the same �nal state quark pairings. Therefore, these diagrams may interfere

and a negative interferen
e 
ould explain a net de
rease in the D

+

hadroni
 width.

Sin
e the D

0

and D

+

s

do not have the possibility for this kind of interferen
e,

this explanation seems quite plausible. But, we are not able to say what makes

di�eren
e between D

0

and D

+

s

lifetime yet. More pre
ise 
harm data is needed to

extra
t the size of the matrix elements to 
ontrol the weight of W -ex
hange and

W -annihilation in D de
ays.

W+W+ d

d d

d

d d

c
(b)

c

(a)
u

s

s

u

Figure 1.11: (a) Spe
tator and (b) 
olor suppressed internal spe
tator

diagrams for D

+

de
ay.

1.2.5 Hadroni
 Charm De
ay

Perhaps the least understood aspe
t of 
harm de
ay physi
s is hadroni
 
harm

de
ay. Primarily this is due to the 
omplexities of the strong intera
tion whi
h

makes it extremely diÆ
ult to 
al
ulate reliably the rate and properties of su
h

de
ays. One of the 
learest demonstrations underlying 
omplexity of this subje
t

is the rough order of magnitude di�eren
e among the lifetimes of the seven long-

lived, singly 
harmed hadrons shown in Fig. 1.10. Signi�
ant disparity in lifetimes

primarily re
e
ts di�eren
es in the hadroni
 de
ay width as referred in previous

se
tion. There are several ways of studying hadroni
 
harm de
ays. The most

in
lusive way is through the pre
ise measurements of 
harm parti
le lifetime. One


an study the partial de
ay widths of 
harm mesons into spe
i�
 two-body hadroni


�nal states. Mu
h of the ri
h phenomenology of hadroni
 de
ays 
an be explained

and organized by a model whi
h we 
all fa
torization. The fa
torization model
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on
erns so-
alled spe
tator de
ays. Fa
torization models predi
t the partial de
ay

widths of two-body de
ays of 
harmed mesons in the absen
e of Final State Inter-

a
tions (FSI). It des
ribes subsequent strong re-s
attering of the �nal state mesons

after they are produ
ed from initial 
harm de
ay. Final state intera
tion e�e
ts

be
ome apparent in the interferen
e between the various isospin amplitudes whi
h


ontribute to di�erent 
harged variants of a given �nal state whi
h would have to

have relatively real phases in the absen
e of su
h intera
tions. The fa
torization

framework, in whi
h hadroni
 
harm de
ays have been traditionally analyzed, be-

gins with an e�e
tive Hamiltonian su
h as given by Eq. 1.7 des
ribing CKM allowed

de
ays:

H =

G

f

p

2

V

�


s

V

ud

�

C

+

+ C

�

2

(�ud)(�s
) +

C

+

� C

�

2

(�sd)(�u
)

�

(1.7)

The Hamiltonian of Eq. 1.7 in
orporates QCD 
orre
tion to the underlying weak

de
ay pro
ess utilizing renormalization group methods. The 
oeÆ
ients C

�

are


alled Willson 
oeÆ
ients. In the absen
e of QCD 
orre
tions, C

+

= C

�

and

one re
overs single weak pro
ess 
orresponding to the familiar externalW spe
tator

diagram where a 
! sW

+

! su

�

d. The Wilson 
oeÆ
ients depend on the s
ale of

the QCD 
oupling 
onstants. When taken at the 
harm quark mass, the Wilson


oeÆ
ients have the values given by Eq. 1.8.

C

+

(M

Q

) + C

�

(M

Q

)

2

� 1:25;

C

+

(M

Q

)� C

�

(M

Q

)

2

� �0:49 [18℄ (1.8)

Bauer, Ste
h and Wirbel (BSW) [19℄ 
ombined these ideas into an expli
it model

applied two-body and quasi-two-body hadroni
 
harmed meson de
ay. In the BSW

model, the two terms of Eq. 1.7 are organized into an e�e
tive 
harged 
urrent and

e�e
tive neutral 
urrent between the parent and daughter hadrons. The �rst term

with an amplitude, a

1

� (C

+

+C

�

)=2 (with a small 
olor 
orre
tion) des
ribes the

familiar spe
tator pro
ess. The e�e
tive neutral 
urrent pro
ess with an amplitude

a

2

� (C

+

�C

�

)=2 will de
rease as M

Q

!1 gives rise to additional e�e
ts whi
h

are important in 
harm. If a given hadroni
 
harm de
ay 
an only pro
eed through

the e�e
tive 
harged 
urrent intera
tion, it is 
lassi�ed as a Class 1 pro
ess. Class

2 pro
esses only pro
eed through the e�e
tive neutral 
urrent intera
tions. Class 3

pro
esses have 
ontribution from both intera
tions. In the pro
ess, D

0

! K

�

�

+

,

one has one neutral parent and two 
harged daughters and hen
e this must be a
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Class 1 pro
ess.

8

In the Class 2 pro
ess, D

0

! K

0

�

0

, one has neutral parent D

0

de
aying into two neutral daughters. The CKM allowed de
ays of the D

+

su
h as

D

+

! K

0

�

+

(shown in Fig. 1.11), are Class 3 pro
esses.

Watson's Theorem A

ording to the Watson's theorem, the weak amplitudes

predi
ted in fa
torization models su
h as BSW must all be relatively real. However,

the �nal state hadrons 
an 
ontinue to intera
t via long range strong intera
tions

and a
quire 
omplex phases. These FSI 
an be a

ommodated by multiplying

the bare (weak) amplitudes by the square root of a 
omplex, unitary S matrix

des
ribing the strong res
attering. To illustrate the e�e
ts of FSI 
onsider the

isospin 
lassi�
ation of three amplitudes related to D! �� de
ay:

A(D

0

! �

+

�

�

) =

1

p

3

(

p

2a

0

+ a

2

);

A(D

0

! �

0

�

0

) =

1

p

3

(�a

0

+

p

2a

2

);

A(D

+

! �

0

�

+

) =

r

3

2

a

2

(1.9)

The measured a

0

and a

2

amplitudes will a
quire 
omplex phases through the FSI

S matrix as indi
ated in Eq. 1.10.

 

a

0

a

2

!

=

 

�e

2iÆ

0

i

p

1� �

2

e

i(Æ

0

+Æ

2

)

i

p

1� �

2

e

i(Æ

0

+Æ

2

)

�e

2iÆ

2

!

1

2

 

a

0

a

2

!

bare

(1.10)

Sin
e QCD respe
ts isospin symmetry, there should be no mixing between a

0

and

a

2

whi
h means the elasti
ity parameter in Eq. 1.10 should be � = 1. Even a

purely elasti
 FSI 
an 
hange the total width of 
harm de
ays into a parti
ular

�nal state by 
hanging the value of 
os(Æ

2

� Æ

0

) when 
onverting A(D

0

! �

+

�

�

)

into �(D

0

! �

+

�

�

) via Eq. 1.11.

�(D

0

! �

+

�

�

) =

2

3

ja

0

j

2

+

1

3

ja

2

j

2

+

2

p

2

3

ja

0

jja

2

j 
os(Æ

2

� Æ

0

) (1.11)

8

In the BSW model the amplitude for this de
ay is written as a

1

G

f

2

�1=2

< �

+

j(�ud)j0 ><

K

�

j(�s
jD

0

>= a

1

G

f

2

�1=2

(�if

�

P

�

)�f

+

(m

2

�

). The 
oupling of the �

+

with respe
t to the virtual

W

+

involves the same 
urrent as the leptoni
 de
ay �

+

! l

+

� whi
h is proportional to the pion

lepton de
ay 
onstant. The CKM allowed 
urrent is the same 
urrent involved in the semileptoni


de
ay pro
ess D

0

! K

�

l

+

� whi
h is des
ribed by the form fa
tor f

+

(q

2

).
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The unexpe
tedly large bran
hing ratio for the de
ay �(D

0

! K

+

K

�

)=�(D

0

!

�

+

�

�

) [20℄ provided an early example of the possible role of FSI a�e
ting bran
hing

ratios. Although both pro
esses are Cabibbo suppressed by the same amount and

D

0

! �

+

�

�

is favored with a larger phase spa
e, D

0

! K

+

K

�

o

urs at roughly

twi
e the rate as D

0

! �

+

�

�

. In the 
ontext of the BSW model, both de
ays

are Class 1 pro
esses, sin
e no e�e
tive neutral 
urrents are possible between the

parent and either daughter, and the BSW model makes the predi
tion �(D

0

!

K

+

K

�

)=�(D

0

! �

+

�

�

) � 1:4 independent of the value of a

2

=a

1

. Conventional

wisdom has it that dis
repan
y between the data and the BSW predi
tion is due

to FSI 
hanging the phase of interfering dipion or dikaon isospin amplitudes. A

more dire
t way of observing the e�e
ts of �nal state intera
tions is to measure the

widths into various isospin related 
hannels and extra
t a

0

, a

2

and 
os(Æ

2

� Æ

0

) by

solving Eq. 1.11 and the two similar equations. Table 1.3 taken from the Annual

Review arti
le [21℄ summarizes the results of su
h isospin analyses for many two

body and quasi-two body 
harm de
ays. Table 1.3 shows that more often that not, a


onsiderable phase shift is observed between the two isospin amplitudes. Watson's

theorem tells us that phase shifts between interfering isospin amplitudes where

sin(Æ

I

0

� Æ

I

) 6= 0 
annot arise from the weak pro
esses alone and thus 
onstitutes

dire
t eviden
e for FSI.

Mode Amplitude ratio Æ = Æ

I

� Æ

I

0

K� jA

1=2

j=jA

3=2

j = 3:86� 0:20 90

Æ

� 6

Æ

K

�

� jA

1=2

j=jA

3=2

j = 5:59� 0:35 104

Æ

� 14

Æ

K� jA

1=2

j=jA

3=2

j = 3:59� 0:75 0

Æ

� 28

Æ

K

�

� jA

1=2

j=jA

3=2

j = 5:12� 1:97 33

Æ

� 57

Æ

KK jA

1

j=jA

0

j = 0:57� 0:06 51

Æ

� 9

Æ

�� jA

2

j=jA

0

j = 0:63� 0:13 80

Æ

� 10

Æ

Table 1.3: Isospin amplitude ratios and phase shifts for two body 
harm

de
ays.

Hadroni
 de
ay to Four-body Final states To improve our understanding

of D hadroni
 de
ays two main issues need to be addressed by experiments. First,

experiments should extend their measurements to 
over the bran
hing ratios of
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all the hadroni
 de
ay modes to 
omplete the pi
ture and, at the end, enfor
e a

unitarity 
onstraint. Se
ond, experiments must analyze the resonant substru
tures

of the multi-body de
ays in order to understand the role of �nal state intera
tions in

sharing the rates among di�erent isospin 
onne
ted modes. In the present thesis we

address the former issue by providing two world's �rst measurements of bran
hing

ratios for D

+

and one forD

+

s

. In the D

+

s


ase, this new measurement is parti
ularly

important sin
e a major portion of the D

+

s

hadroni
 width is still unmeasured.

9

In parti
ular, this measurement a

ounts for about 2.5% of the total width, more

than one half that of the ��

+

mode (�(D

+

s

! ��

+

) = (3:6� 0:9)% [1℄), whi
h has

been often used as D

+

s

normalization mode. In addition, we report on in
lusive

bran
hing ratios of D

+

and D

+

s

de
ays into four-body �nal states involving a K

0

S

.

We measure the D

+

de
ay rates into K

0

S

K

�

�

+

�

+

, K

0

S

K

+

�

+

�

�

and K

0

S

K

+

K

�

�

+

relative to K

0

S

�

+

�

+

�

�

and the de
ay rate of D

+

s

! K

0

S

K

+

�

+

�

�

relative to D

+

s

!

K

0

S

K

�

�

+

�

+

.

10

Among these �nal states only the K

0

S

K

�

�

+

�

+

�nal state has been

observed previously [23℄.

9

Poor eviden
e for this mode, D

+

s

! K

0

S

K

+

�

+

�

�

, was already reported [22℄ and was dropped

from the PDG review.

10

Throughout this thesis the 
harge 
onjugate state is implied.
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Chapter 2

The FOCUS Apparatus

FOCUS (Photoprodu
tionOfCharm with anUpgraded Spe
trometer) is a �xed-

target 
harm photoprodu
tion experiment lo
ated at the Wideband area of Fermi-

lab proton line. The use of a photon beam, instead of hadron beam as in other

�xed-target experiments, has merits and demerits. The ratio of 
harm intera
tions

to non-
harm hadroni
 intera
tions is of more advantage in photoprodu
tion (�

0.6%) than in hadroprodu
tion (� 0.08%). This 
ompensates disadvantage the

absolute heavy quark produ
tion 
ross se
tion is a
tually lower for a photon beam

(� 1 �b) than for a hadron beam (20 � 30 �b). Also, photoprodu
ed events have

a lower average multipli
ity than in hadroprodu
tion, where the in
ident parti
le

has an internal stru
ture and is fragmented in the intera
tion pro
ess. Conse-

quently, photoprodu
ed events have less 
ombinatori
 and 
harm ba
kground than

hadroprodu
ed events. The major sour
e of ba
kground in photoprodu
tion is the

ele
tromagneti
 events, 
 ! e

+

e

�

, whi
h 
an be greatly suppressed by the trigger

system. However, photon beams have lower intensity than hadron beams. This

requires the use of thi
ker produ
tion targets, whi
h results in abundant Multiple

Coulomb S
attering (MCS) and in
reased se
ondary intera
tions. Besides, it is

more diÆ
ult to determine the lo
ation of primary intera
tions sin
e tra
eless pho-

tons are not to be seeds for guide of the sear
h for the primary intera
tion points

and due to the lower tra
k multipli
ity per event. The experimental apparatus of

the FOCUS 
onsists of the beamline produ
ing the high energy photons impinged

on the experimental target, and the spe
trometer dete
ting the produ
ts of the

photon-nu
leon intera
tions.
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2.1 The Beamline

2.1.1 The Proton Beam

Protons are a

elerated to a �nal energy of 800 GeV through a series of su

essive

steps from the Fermilab a

elerator 
omplex. First, the ionized hydrogen gas, H

�

is fed into a Co
k
roft-Walton ele
trostati
 a

elerator and a

elerated to 0.75

MeV. Next, the ion beam is then sent into the LINAC (LINear AC
elerator) and

a

elerated further to 400 MeV over a distan
e of approximately 146 m. The

LINAC is 
omposed of a series of metalli
 
avities to whi
h a rapidly os
illating

potential di�eren
e is applied, so that the ele
tri
 �eld 
reated between the 
avities

is repeatedly reversed in dire
tion. The ions are then in
reasingly a

elerated every

time they traverse the spa
e between two 
avities, while they travel undisturbed

within ea
h 
avity. On exiting the LINAC, the ions pass through a 
arbon foil,

whi
h strips o� the ele
trons to leave only the protons. The protons then steer

into the booster ring, a rapid 
y
ling syn
hrotron of 500 m in 
ir
umferen
e whi
h

a

elerates them to 8 GeV. Inside the booster, the protons move in a 
ir
ular

path within a 
ontinuously in
reasing magneti
 �eld, while being a

elerated by

a radio frequen
y ele
tri
 �eld at ea
h revolution. The protons are then inje
ted

into the main ring. The main ring has 1000 m radius and uses 774 dipole magnets

to bend the beam and 240 quadrupole magnets to refo
us it. The main ring is

used to a

elerate the protons to 150 GeV. Finally, the protons are inje
ted into

the Tevatron. The Tevatron is in the same tunnel as the main ring but uses the

1000 super
ondu
ting magnets of whi
h magneti
 �eld is about 4 tesla and operate

at the temperature of 4.7 K and raised 5 � 10

12

protons per bun
h to energy of

800 GeV during 1996 and 1997 �xed-target run periods. The 800 GeV proton

beam is extra
ted from the Tevatron and transported to the swit
hyard where the

proton beam is distributed into three experimental areas whi
h are the meson,

neutrino and proton beamlines. The proton beam is divided into three lines: East,

Center and West. The proton east beam is dire
ted towards the Wideband photon

beamline, where the FOCUS experimental hall is lo
ated (see Fig. 2.1).



2.1. THE BEAMLINE 25

Wideband 
    Photon

BeamlinePE

PW PC

Schematic  of  Fermilab

N
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Neutrino
Line
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Proton

Walton
Cockcroft

Booster Tevatron/Main Ring D0

CDF

Linac

(E831)
FOCUS

Figure 2.1: S
hemati
 of the �xed-target experiment 
omplex at Fermi-

lab.
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2.1.2 The Photon Beam

Creating pure high energy photon beam for the FOCUS experiment is a multi-step

pro
ess. A s
hemati
 of the Wideband photon beamline is shown in Fig. 2.2. First,

in
ident 800 GeV protons from the Tevatron impinge on a liquid deuterium target.

Charged parti
les, mainly non-intera
ting protons and pions, are swept away from

the beam dire
tion by sweep magnets and deposited into a 
harged parti
le dump.

The neutral produ
ts from the proton-deuterium intera
tions 
onsist mainly of

photons, neutrons, K

0

L

's and �

0

's. This neutral beam is allowed to pass through

a small beam hole in the dump and impa
ts a lead 
onverter. This 
onverter is a

sheet of lead of 0.6 radiation length thi
k. The thi
kness of the radiator is 
hosen

su
h that a large fra
tion of the photon 
omponent of the neutral beam is 
on-

verted into e

+

e

�

pairs, whereas it is likely that the neutral hadrons pass through

it. After the ele
trons and positrons are fo
used with quadrupole magnets, the


harged beam portion is bent around a dump whi
h absorbs the unintera
ting neu-

tral parti
les. The ele
trons and positrons are transported by separate beamlines

towards the experimental apparatus. The beam transport system is designed to se-

le
t the ele
trons and positrons with momentum of 300 GeV/
 with �15% of range.

The two beams are re
ombined into a single beam by the momentum re
ombin-

ing dipoles. The 
ombined beam is refo
used and impa
ts the radiator whi
h is a

sheet of lead with 0.2 radiation length thi
k where it produ
es the bremsstrahlung

photons aimed at the experimental target. After the beam passes through the ra-

diator, sweeping magnets remove the remaining 
harged portion of the beam whi
h

is dire
ted into the Re
oil Ele
tron Shower Hodos
ope dete
tor (RESH) and re
oil

POsitron Shower Hodos
ope dete
tor (POSH) des
ribed in next se
tion. The �nal

photon beam has very little hadroni
 
ontamination. The 300 GeV ele
tron and

positron beams produ
e photons with mean energy of about 180 GeV. Fig. 2.3

shows steps s
hemati
ally used to produ
e the photon beam.

2.1.3 The Beam Tagging

The beam tagging system whi
h is installed in the FOCUS beamline determines

the energy of photon on event by event basis. The intera
ting photon is deter-

mined by measuring the ele
tron momentum before and after the radiator and

measuring the energy of any non-intera
ting photons whi
h are 
reated by multiple
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Figure 2.2: Layout of the FOCUS photon beamline. The inset is the

ele
tron beam tagging system.
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Figure 2.3: S
hemati
s of the su

essive steps to produ
e the FOCUS

photon beam.
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bremsstrahlung. The tagging system has three independent dete
tors: the sili
on

mi
rostrip tagging system, the RESH and POSH and the BGM (Beam Gamma

Monitor) [24℄. The sili
on tagging system 
onsists of �ve planes of sili
on strip

dete
tor, two on either side of the momentum re
ombining dipoles and one posi-

tioned between the two dipole magnets. The arrangement is shown in the inset of

Fig. 2.2. Ea
h 7.7 
m � 5.7 
m sili
on plane is 
omposed of 256 sili
on strips of 300

�m pit
h for a total of 1,280 
hannels. The mi
rostrip system a

urately measures

the de
e
tion angle of the 
harged parti
le at it traverse the dipole magnets and

provides a 2.2% momentum resolution. RESH and POSH ea
h have 12 
ounters,

labeled 0-9, 11 and 12. RESH0 and POSH0 dete
t ele
trons and positrons whi
h

do not radiate. RESH and POSH are sampling 
alorimeters with alternating layers

of lead and Lu
ite. The stru
k 
ounters determine the bend angle of the ele
tron

or positron and thus its energy. The �nal dete
tor needed for measurement of

the non-intera
ting photons is the Beam Gamma Monitor (BGM). The BGM has

24 alternating layers of lead and SiO

2

equivalent to 25 radiation lengths and was

designed to measure the ele
tromagneti
 shower energies resulting from multiple

bremsstrahlung photons 
reated in the upstream lead radiator. With the energies

determined by the above dete
tors, the energy of intera
tion photon is 
al
ulated

by:

E




= E

e

�

� E

RESH

� E

BGM

(2.1)

where

� E

e

�

is the energy of the ele
tron measured by the sili
on mi
rostrip tagging

system,

� E

RESH

is the energy of the re
oil ele
tron after emitting a bremsstrahlung

photon in the radiator,

� E

BGM

is the total energy deposited in the BGM by non-intera
ting photons.

1

2.2 The FOCUS Spe
trometer

The FOCUS dete
tor is a large aperture �xed-target multiparti
le spe
trometer

whi
h features ex
ellent parti
le identi�
ation and vertexing for 
harged hadrons

1

Correspondingly, E




= E

e

+
� E

POSH

� E

BGM

.
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and leptons. The layout of the spe
trometer is shown in Fig. 2.4. Major dete
tor

systems are sili
on mi
rostrip dete
tor for vertexing, multiwire proportional 
ham-

ber and two dipole magnets for momentum determination and

�

Cerenkov dete
tor

for parti
le identi�
ation. Also ele
tromagneti
 and hadroni
 
alorimeters, muon

dete
tors and numerous hodos
opes for triggering are in
luded.

Outer Muon 
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Silicon
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Figure 2.4: Layout of the FOCUS Spe
trometer. The inset is an ex-

panded view of the target region.

2.2.1 Coordinate Systems

There are two main 
oordinate systems employed in the explanation of the dete
tor

and the event re
onstru
tion. Both have the positive Z axis oriented along the beam

dire
tion, positive X pointing to the west and positive Y verti
ally upward. The

�rst system, 
alled M2 
oordinates, has the origin at the bend 
enter of M2. The

se
ond system, 
alled granite blo
k 
oordinate, has its origin at the upstream edge

of the granite blo
k that support the SSD. The o�set between the two systems is

about 1240 
m. The M2 
oordinate is used for analysis of MWPC data and lepton

identi�
ation, while the granite blo
k is used for analysis of SSD-based information
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su
h as vertexing. Fig. 2.5 shows the 
oordinate systems and terminologies used

to des
ribe lo
ations in the 
ourse of the experiment.

west

north

y is up

x is west
z is north

M1

Granite Block

Experimental
Target

k is down
i is down and east
j is down and west

upstream direction downstream direction

(M2 coordinate)

FOCUS Spectromter

M1 M2

x

z

y

(Granite Block coordinate)

k

i

j

y

x

j k i

(a)

(b)

(c)

photon beam direction

Figure 2.5: Idealized view of FOCUS 
oordinate systems. We are look-

ing from y dire
tion in all 
ases ex
ept the inset view of (
). (a) shows

some basi
 terminologies, (b) represents the M2 
oordinate system and

(
) shows the granite blo
k 
oordinate system. The inset of (
) is the

relation between the M2 
oordinates and the granite blo
k 
oordinates.

We are looking it in the z dire
tion.

2.2.2 Experimental Target

The FOCUS experiment used segmented target 
on�guration. This helped to in-


rease number of de
ays out of target. Based on the experien
e from E687, 
leaner


harm signals were obtained when the se
ondary verti
es are outside of the tar-

get [25℄. This is be
ause a major ba
kground to 
harm are events with multiple

intera
tions whi
h 
an easily fake deta
hed verti
es. For example, a non-
harm
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hadroni
 photon intera
tion 
an produ
e a se
ondary whi
h 
an undergo subse-

quent inelasti
 intera
tions within the target. The �nal state will have separated

verti
es just like a 
harm event and will be hard to eliminate through a deta
hment


ut. But they 
an be easily eliminated by requiring one vertex is in the gap between

target segments. The target is 
omposed of Beryllium Oxide (BeO) arranged into

four separate segments with two embedded sili
on strip dete
tor. BeO has a fairly

large radiation length to intera
tion length and a fairly high density for su
h a low

Z material. The large radiation length for our 15% intera
tion length target both

minimizes multiple Coulomb s
attering within the target and the number of e

+

e

�

pairs 
reated on ea
h beam pulse whi
h both 
onfuses 
harm events and 
reates

problems for the MWPC system by 
reating a large 
urrent draw. The relative high

density allows us to use thin target segments whi
h maximizes the number of 
lean


harm de
ays whi
h take pla
e in the air gaps between target segments. The target

layout is presented in Fig. 2.6. Ea
h target is 6.75 mm thi
k and the gap between

targets is 10 mm in the beam dire
tion and 25.4 mm � 25.4 mm in area. This is the

target 
on�guration with whi
h most of the FOCUS data was a

umulated. Other


on�gurations in
luded a single beryllium (Be) target, a segmented Be target and

a segmented BeO target without embedded sili
on mi
rostrip dete
tors.

10.0000

5.0000

Y X Y X

10.0000

1.0000
6.7500

10.0000
5.0000

10.0000

BeO BeO BeO BeO

Target Silicon

Figure 2.6: S
hemati
 layout of the target region for the FOCUS. All

units are in millimeters.
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2.2.3 Sili
on Mi
rostrip Dete
tor

There are two sili
on mi
rostrip dete
tor systems. One system referred to as the

Target Sili
on or TSSD is interleaved with the target segments and the other

one SSD is the downstream of target region. They are essential 
omponents of the

experiment.

TSSD In order to in
rease the vertex resolution, two high resolution sili
on strip

dete
tors, shown in Fig. 2.6 and inset of Fig. 2.4 are embedded in the target region.

Ea
h station has two views oriented at �45

Æ

from horizontal; ea
h view has 1024

strips with 25 �m spa
ing, providing an a
tive region about 25 mm a
ross. This

dimension is well mat
hed to the beam size and to the extent of the target segments.

Ea
h strip is about 50 mm long, enabling an a
tive area of about 50 mm � 25 mm

per plane. Readout is a

omplished with ADC (Analog to Digital Converters). The

TSSD system was in pla
e only for the 1997 run period of FOCUS whi
h in
ludes

bulk of the data 
olle
ted.

SSD The SSD is lo
ated immediately after the target in the downstream and

upstream of the �rst magnet. The SSD 
onsists of 12 sili
on mi
rostrip planes

grouped into four stations of three planes ea
h. The strips of one plane in ea
h

station are oriented verti
ally, while the strips of other two planes are situated

at �45

Æ

with respe
t to the horizontal axis (x-axis) of spe
trometer. The planes

within a station are separated by 5 mm. The geometri
al layout of the dete
tor

is shown in Fig. 2.7 and tabulated in Table 2.1. The innermost se
tion of ea
h

plane, 
overing the region where tra
ks pass most 
losely to ea
h other, has two

times better resolution than the outer se
tion. In addition, be
ause the station

nearest the target is the most important for determination of de
ay vertex, it has a

resolution twi
e as good as the others. The analog pulse height is readout for ea
h

strip. Sin
e the 
harge released in an intera
tion with the mi
rostrip is proportional

to the in
oming 
harge, the pulse height provides a simple estimate for the number

of 
harged tra
ks involved in a series of adja
ent hits. The resolution power of the

SSD turns out to be about 6 �m in the transverse dire
tion for in�nite momentum

tra
ks 
rossing the high resolution region.
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Figure 2.7: S
hemati
 drawing of the SSD layout. Target region is shown

in Fig. 2.6 in detail.

Property Station I Station II Station III Station IV

A
tive area (
m

2

) 2.5�3.5 5�5 5�5 5�5

High resolution area (
m

2

) 1.0�3.5 2�5 2�5 2�5

Pit
h (High/Low Res.) (�m) 25/50 50/100 50/100 50/100

No. of 
hannels 688�3 688�3 688�3 688�3

Table 2.1: Properties of the sili
on mi
rostrip dete
tor
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2.2.4 Analysis Magnets

Figure 2.8: Topology of typi
al e

+

e

�

event.

Two large aperture dipole magnets are used in the momentum analysis of 
harged

tra
ks. The �rst magnet (M1) is lo
ated just in the downstream of the SSD and

operated at the 
urrent of 1,020 amperes yielding a ki
k of 0.4 GeV/
. The se
ond

magnet (M2) is pla
ed in the 
enter of the spe
trometer, between the third and

fourth wire 
hambers and operated at the 
urrent of 2,000 amperes yielding a ki
k

of 0.836 GeV/
. The two magnets are operated with opposite dire
tions on the

transverse plane (Y-view). The aperture size for both magnet is �38 
m in X-view

and �63.5 
m in Y-view. Both magnet is 1.7 m long and mass of about 245,000

kg. This parti
ular arrangement of magnet positions and momentum ki
ks was

determined for its unique a�e
t on the event topology. There are many e

+

e

�

pairs


oming from beam photon 
onversions in the target. Be
ause they are produ
ed

with small transverse momentum they initially travel parallel to the beam dire
tion

(Z-dire
tion) and have a transverse pro�le 
omparable to the beam size. The �rst
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magnet bends the ele
trons and positrons in Y, 
reating a verti
al swath. The

low energy pairs hit the M1 dipole tips or the upstream fa
e of the M2, while the

remainders pass through the M2 aperture and are bent ba
k towards the beam

axis. The beam pro�le is re
onstituted at the end of the spe
trometer with some

smearing due to bremsstrahlung energy loss of the parti
les in the spe
trometer

material. A s
hemati
 of this is given in Fig. 2.8. Hadroni
 events, by 
omparison,

have mu
h more angular spread and will almost have at least two parti
les outside

the pair region in the downstream end of the spe
trometer. This 
ru
ial di�eren
e

between pair events and hadroni
 ones is exploited by the trigger, whi
h requires

two or more hits in a hodos
ope lo
ated in the downstream end of spe
trometer.

The hodos
ope, H�V, as well as the trigger is dis
ussed in detail in Se
. 2.2.11.

2.2.5 Multiwire Proportional Chambers

Property P0 P1 P2 P3 P4

Aperture (
m

2

) 76�127 152�229 152�229 76�127 152�299

Wire spa
ing (mm) 2.0 3.0 3.0 2.0 3.0

No. of X-view wires 376 480 480 376 480

No. of Y-view wires 640 704 704 640 704

No. of U/V-view wires 640 768 768 640 768

Table 2.2: Properties of the �ve multiwire proportional 
hambers.

Five stations of multiwire proportional 
hambers (MWPC) are used to tra
k 
harged

parti
les in the main spe
trometer. The �rst three 
hamber (P0, P1 and P2) are

lo
ated between the two analysis magnets, M1 and M2. The other two (P3 and

P4) are lo
ated in the downstream of the M2. This arrangement allows two inde-

pendent momentum measurements for tra
k leaving hits at least in tra
ks whi
h

are not a

epted by the M2. The properties of ea
h station are shown in Table 2.2.

All �ve 
hambers 
onsist of four planes of wires, measuring X, Y, V and U posi-

tions. X-view wires, running verti
ally, measure the horizontal position. The U

and V wires make angles of �11.3

Æ

with respe
t to the Y-view, whi
h are designed

to resolve ambiguities and provide the better momentum resolution. The arrange-

ment of ea
h views is shown in Fig. 2.9. The 
hambers P0 and P3, 
alled Type I
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stations, are identi
ally 
onstru
ted. P0 and P3 are just downstream of M1 and

M2 respe
tively. These 
hambers have aperture of about (�38 
m) � (�63.5 
m)

whi
h is mat
hed to the magnet aperture. The Type II 
hambers, P1, P2 and

P4, have (�76 
m) � (�114.5 
m) aperture. P1 and P2 are situated between P0

and M1 and P4 is lo
ated after the last

�

Cerenkov dete
tor. The gas used in the

MWPC systems is a gas mixture of 75% argon and 25% ethane bubbled through

ethyl al
ohol at 0

Æ

C.

Figure 2.9: Orientation of the PWC wires (Looking downstream).

2.2.6 Straw Tube Chambers

Straw tube 
hamber works similarly to multiwire proportional 
hambers, but in-

stead of high voltage being supplied along a plane, the high voltage is maintained

on metal 
oated tube with a ground sense wire in the 
enter. Be
ause ea
h sense

wire has its own sour
e of ele
tri
 �eld, straw tube 
hambers 
an be operated re-

liably in higher rate environments. They also have the additional bene�t of being

more reliable sin
e a single broken wire only impa
ts one 
hannel. It was originally


on
erned that the FOCUS PWC system would not be able to handle the high

rates present in the pair region and that the PWCs would have to be deadened in

this region. To prepare for this possibility, three straw tube 
hambers were 
on-
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stru
ted to 
over the pair region of ea
h of the �rst three PWCs. The three straw

tube 
hambers have similar designs with the length and number of the straws be-

ing the primary di�eren
e between 
hambers. P0 is smaller than P1 and P2 so the


orresponding straw tube 
hamber is also smaller. ST0 and ST1 are pla
ed just

in front of P0 and P1 respe
tively, ST2 is pla
ed just behind P2. There are three

views per station, one verti
al and two aligned at �11.3

Æ

from verti
al. Ea
h view

has three layers of straws. All the 
hambers use 5 mm diameter straws. Table 2.3

summarized their properties. A
tually, the deadening the PWC system was not

ne
essary, so the straw tubes were not needed for tra
king. However, be
ause the

straw tubes are readout with TDCs (Time to Digital Converters), they 
an provide

useful information about the timing of events, reje
ting tra
ks whi
h o

ur in other

a

elerator bu
kets.

Property ST0 ST1 ST2

Straw length (
m) 138 241 241

No. of Verti
al wires 3�10 3�10 3�10

No. of Angled wires 3�38 3�74 3�74

Total Wires 258 474 474

Table 2.3: Properties of the three straw tube 
hambers.

2.2.7

�

Cerenkov Counters

�

Cerenkov radiation in a medium o

urs when a 
harged parti
le travels faster than

speed of light in the medium:

� =

p

E

=

p

p

p

2

+m

2

>

1

n

(2.2)

or equivalently,

p > p

threshold

=

m

p

n

2

� 1

(2.3)

where n is the index of refra
tion of the material.

2

The experiment has three

threshold

�

Cerenkov 
ounters, referred as to C1, C2 and C3 and they were operated

2

We use units where 
=1.
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at atmospheri
 pressure. We look for the presen
e or absen
e of light to identify

a parti
le. For a given tra
k momentum we are able to identify four kinds of

parti
les, e, �, K and p. The gases in the 
ounters have been 
hosen to provide wide

momentum ranges over whi
h pions 
an be distinguished from kaon and protons.

There is also a wide range over whi
h kaons and protons 
an be distinguished from

ea
h others. The 
hara
teristi
s of ea
h 
ounter are summarized in Table 2.4.

p

threshold

(GeV/
)

Counter Gas

pion kaon proton

No. of 
ells

C1 58% He, 48% N

2

8.5 29.9 56.8 90

C2 N

2

O 4.5 16.2 30.9 110

C3 He 17.0 61.0 116.2 100

Table 2.4: Chara
teristi
s of the

�

Cerenkov 
ounters.

C1 The C1 is lo
ated between P0 and P1. There are 90 
ells with photomulti-

plier tube (PMT) readout. In the outside portion of 
ounter, spheri
al mirrors were

used to fo
us light onto ea
h individual PMT. In the inner, high rate, portion of

the dete
tor, two planar mirrors oriented at �45

Æ

to the beam re
e
t

�

Cerenkov ra-

diation orthogonal to the beam to where it is 
olle
ted by a set of 50 PMTs. The


ell geometry of C1 is shown in Fig. 2.10(a).

C2 This is lo
ated between P1 and P2.

�

Cerenkov light is fo
used onto the outer

56 
ells by spheri
al mirrors.

�

Cerenkov light in the 
entral region is re
e
ted by a

planar se
tion, 
omposed of 32 small planar mirrors. The geometry of C2 is shown

in Fig. 2.10(b).

C3 The C3 is lo
ated between P3 and P4. Light from ea
h 
ell is fo
used with a

spheri
al mirror onto a PMT. The 
ell arrangement is shown in Fig. 2.10(
).
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Figure 2.10: The arrangement of the light gathering 
ells for the three

�

Cerenkov 
ounters. (a) is C1: Cells 1-40 use spheri
al mirrors, 41-90

use planar mirrors, (b) is C2: Cells 1-54 use planar mirrors, 55-110 use

spheri
al mirrors and (
) is C3: All 
ells use spheri
al mirrors.

The momentum ranges over whi
h parti
les 
an be identi�ed are shown in Ta-

ble 2.5. These numbers assume a large number of emitted photons, namely it is an

unrealisti
 assumption. Near threshold, it is often the 
ase that only a few photons

may be emitted and may avoid dete
tion. The

�

Cerenkov algorithm des
ribed in

Se
. 3.4.1 takes this into a

ount.

momentum ranges (GeV/
)

parti
le

5-
hamber tra
k 3-
hamber tra
k

e 0.16�17.0 0.16�8.5

� 4.5�17.0 4.5�8.5

K 16.2�56.8 16.2�29.9

p 16.2�56.8 & 61.0�116.2 16.2�56.8

e=� 17.0�61.0 8.5�29.9

e=�=K 61.0�116.2 29.9�56.8

K=p 4.5�16.2 4.5�16.2

�=K=p 0.16�4.5 0.16�4.5

Table 2.5: Parti
le identi�
ation momentum ranges.
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2.2.8 Hadron Calorimeter

The Hadroni
 Calorimeter [26℄ (HC) is lo
ated in the downstream of the IE. It

measures the energy of hadroni
 parti
les within the a

eptan
e of M2. The HC

also plays a 
ru
ial role in the �rst level of triggering by providing a fast sum of

the hadroni
 energy in ea
h event. The HC 
onsists of 28 a
tive s
intillator planes

separated by 28 planes of iron whi
h absorb energy. The s
intillating planes are

divided into tiles as shown in Fig. 2.11. S
intillation light 
reated in the tiles is


olle
ted by wave shifting �bers whi
h are mated to 
lear �bers at the tile's edge.

The 
lear �bers are routed to phototubes at the edge of the dete
tor. The depth

is 209 
m or 7.8 hadroni
 intera
tion lengths.

Figure 2.11: S
hemati
 drawing of the Hadron Calorimeter.

2.2.9 Ele
tromagneti
 Calorimeters

The FOCUS spe
trometer has two independent ele
tromagneti
 
alorimeters. The

Outer Ele
tromagneti
 (OE) 
alorimeter is just in front of M2 and has a re
tangular

gap in the middle whi
h mat
hes the magnet's aperture. The OE's design is that
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Figure 2.12: S
hemati
 of the Inner Ele
tromagneti
 
alorimeter show-

ing blo
k layout (dashed lines) and trigger summer groupings (heavy

lines).
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of a lead-aluminum-s
intillator sandwi
h, with 10 modules of various orientations.

The OE dete
ts and measures the shower of ele
tromagneti
 parti
les outside of the

a

eptan
e of M2. The Inner Ele
tromagneti
 (IE) 
alorimeter dete
ts and mea-

sures the energy of ele
tromagneti
 parti
les that are within the a

eptan
e of M2.

The IE is an array of lead glass blo
ks arranged in a tower geometry.

�

Cerenkov light

generated in the lead glass by the 
harged parti
les of the ele
tromagneti
 shower

is 
olle
ted by phototubes mated to the lead glass blo
ks on the downstream end

of the 
alorimeter. The dete
tor is divided into two halves about the y axis with a


entral gap of 14 
m whi
h allows non-intera
ting beam photons and e

+

e

�

pairs to

pass through. A s
hemati
 drawing of the layout of the IE is shown in Fig. 2.12.

Ea
h blo
k has dimensions 5.8 
m � 5.8 
m � 60.2 
m. This is 
orrespond to

18.75 radiation lengths and 2.2 proton intera
tion lengths. A fast energy sum is

performed on groups of nine blo
ks for trigger.

2.2.10 Muon Dete
tors

The FOCUS has two muon dete
ting systems. The Inner Muon (IM) dete
tion sys-

tem 
onsists of three stations of s
intillating hodos
opes. Ea
h station is pro
eeded

by a steel blo
k. The widths of the three steel blo
ks are 61 
m, 129 
m and 68 
m

from upstream to downstream. The Outer Muon (OM) dete
tion system uses resis-

tive plate 
hambers to dete
t passing muons. The muon dete
tors take advantage

of the fa
ts that muons will not generate ele
tromagneti
 showers often and muons

have high penetration power, to distinguish them from other 
harged parti
les,

ele
trons and hadrons. Dete
tors are pla
ed behind the OE and IE 
alorimeters

along with additional material to ensure that all parti
les are �ltered out ex
ept

muons. The OM 
ounters are lo
ated just downstream of the yoke of M2, and the

IM 
ounters are the very last downstream elements in the experiment.

2.2.11 Trigger

The ele
tri
 logi
 that is required to sele
t interesting events from the ba
kground

is 
alled the trigger. In ea
h spill the FOCUS spe
trometer typi
ally had about

10

8

(mostly ele
tromagneti
) intera
tions and triggered on about 30,000 (mostly

hadroni
) intera
tions. It is known that in high energy photoprodu
tion intera
tion

the hadroni
 intera
tion rate is about 1/500 of the pair produ
tions. The e

+

e

�

pairs
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generally are produ
ed at a very small transverse momentum, and very low opening

angle traje
tories, whereas the hadroni
 intera
tions produ
e parti
les with larger

transverse momentum, and wider traje
tories. The hadrons also deposit larger

energies in the hadroni
 
alorimeter. Therefore the main purpose of the trigger is

to sele
t the events with wide angles and non-negligible deposited energy in the

HC. The �rst level of the hadroni
 trigger is 
alled the Master Gate (MG). The

MG trigger o

urs within 200 ns after intera
tion takes pla
e. 160 ns is allo
ated

for transfer of information from the spe
trometer, and the remaining 40 ns is used

de
ision making, whether the events is sele
ted or not. If the MG a

epts the events,

then the readout is pro
essed and the se
ond level trigger evaluation begins. The

se
ond level trigger de
ision take 1.2 �s. If the event is a

epted by the se
ond level

trigger, writing the state of the dete
tor to the magneti
 tape for o�-line analysis


ontinues, otherwise the readout ele
troni
s are reset and the pro
ess is repeated

again. The ele
troni
s are reset in 1 �s.

First Level Trigger The �rst level trigger 
he
ks to ensure that the photon has

intera
ted in the target and thereby 
harged parti
les has passed through the target.

This is a
hieved by TR1 lo
ated in the upstream of the �rst SSD plane. The TR1


ounter 
onsists of a s
intillator 
ounter and a PMT. The TR2 
ounters are lo
ated

downstream of the last SSD plane, and ensure that the 
harged parti
les that pass

through TR1 also go through the mi
rostrips. TR2 
onsists of four s
intillator


ounters and PMTs. It is required that there are wide angle tra
ks in the event

by using the H�V array. This set if arrays are lo
ated downstream of M2, after

the last PWC station. A fast trigger logi
 module determines if the pattern of

hit is 
onsistent with one 
harged parti
le, (H�V)

1

, or more than one, (H�V)

2

.

The array has a 
entral gap to let the e

+

e

�

pairs through without 
ounting them.

Another set of s
intillator 
ounters 
alled OH are lo
ated in the upstream of OE

to assure passage of at least one parti
le. There is also a gap at the 
enter of to let

the e

+

e

�

pairs through. The hadroni
 MG requirement is then;

MG1 = TR1 � TR2 � f(H� V)

2

+ [(H� V)

1

�OH

1

℄g � E

HI

(2.4)

where E

HI

ensures the energy deposited in HC by the hadrons is above a high

threshold. Fig. 2.13 shows H�V and OH arrays.
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(b) OH(a) H X V

Figure 2.13: The H�V and OH hodos
ope arrays.

Se
ond Level Trigger The se
ond level trigger requires that there is eviden
e

of a minimum number of tra
ks outside the pair region. This is done by evaluating

logi
 signals with voltage proportional to the number of hits in ea
h plane that

is derived from the PWC readout module. The information from ea
h plane are


ombined, and a 
ondition of at least three tra
ks outside the pair region is imposed

(MULT4). The inner ele
tromagneti
 
alorimeter (IE) is also used at the se
ond

level trigger. The ele
tromagneti
 energy deposited in IE is required to be over

the threshold, and at least two hits above threshold in IE is required (E

IE�2

). The

hadroni
 se
ond level trigger requirement is then;

TRIG1 = MG1 � E

IE�2

�MULT4 (2.5)

2.2.12 Data A
quisition System

Events after passing the Se
ond Level Trigger requirements are readout and writ-

ten to tape for future analysis. Then there is 1 ms of deadtime. If the event fails

the Se
ond Level Trigger there is about 1.5 �s of deadtime as the system resets.

Fig. 2.14 shows the layout of the Data A
Quisition (DAQ) system whi
h is de-

s
ribed in detail elsewhere [27℄. Digitized information on timing, 
harge and hits
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are 
olle
ted through a dire
t VME interfa
e, by an SGI Challenge L 
omputer,

whi
h assembles the events and saves it to disk. On
e a run is 
omplete, typi
ally

about 30 minutes of data taking and 1 M triggered events, the data are written to

an 8 mm tape.
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Figure 2.14: Overview of the DAQ layout.



Chapter 3

Data Re
onstru
tion

The events taken during the run are usually stored in a raw data format whi
h


ontains pulse heights, arrival times and hits from the di�erent dete
tors in the

spe
trometer. The dedu
tion of the basi
 information from the raw data is 
alled

data re
onstru
tion. The FOCUS re
onstru
tion pro
ess, 
alled PASS1, in-

volves determining 
harged parti
le momenta and traje
tories, identifying the par-

ti
les, lo
ating verti
es, identifying ele
tromagneti
, hadroni
 showers and their

energies.

3.1 Tra
k Re
onstru
tion

The tra
king routines re
onstru
t tra
ks independently within the mi
rostrip de-

te
tor (SSD) and within the spe
trometer from multiwire proportional 
hamber

system (PWC). Responses of these systems to 
harged parti
les were �rst re
on-

stru
ted, and linking algorithm in turn mat
hes together the �tted tra
k segments

whi
h 
ame from the same parti
le.

3.1.1 SSD Tra
ks

The SSD tra
ks were re
onstru
ted in three main steps:

� Analysis hits in the SSD

� Proje
tion �nding
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� Three dimensional spa
e tra
k �tting

Clusters of up to three hit 
hannels are grouped into hit 
lusters. Using the ADC

information, it is possible to determine if one of two traversing parti
les 
reated a

single 
luster by 
omparing the total ADC 
ounts present to the number expe
ted

for a single Minimum Ionizing Parti
le (MIP). For multi-strip, single-MIP hits,

enhan
ed position resolution is a
hieved by �tting the ADC values in the 
luster

with a pulse height sharing algorithm. Proje
tions are found in ea
h of the three

SSD measurement dire
tions by taking all 
ombinations of hits in the four SSD

planes of given dire
tion and �tting those hits to a straight line. Proje
tions are

reje
ted if �

2

per degree of freedom (�

2

=DOF) is greater than 3. Proje
tions

must 
ontain hits from at least three of the four planes; hits are allowed to be

shared among three-plane proje
tion and in the �rst plane of four-plane proje
tions.

Tra
ks are formed by interse
ting all 
ombinations of three proje
tions (one from

ea
h view) and requiring that �

2

=DOF is less than 8 for these 
ombinations. Shared

proje
tions among tra
ks are arbitrated based on the lowest �

2

=DOF and groups

of tra
ks with nearly identi
al parameters are redu
ed to a single equivalent tra
k.

The spatial resolution of a tra
k in the high resolution region of SSD is:

�

x

= 11:0 �m �

s

1 +

�

17:5 GeV=


p

�

2

�

y

= 7:7 �m �

s

1 +

�

25:0 GeV=


p

�

2

(3.1)

where the se
ond term under ea
h square root indi
ates the momentum below

whi
h the MCS e�e
ts dominates. The 11.0 �m and 7.7 �m are the 
ontributions

to the resolutions due to the strip granularity and the quantities within the radi
als

des
ribe the MCS 
ontribution.

1

While the resolution of a tra
k entirely in the low

resolution region of the SSD is about twi
e as large. The Target Sili
on (TSSD) is

not used in �nding the initial tra
ks in the target region.

1

These are spatial resolutions of a tra
k in E687. In FOCUS, these resolution are slightly

better be
ause the pulse height sharing algorithm is being used.
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3.1.2 PWC Tra
ks

The PWC tra
ks 
an be also found by proje
tion methods. Initially, the x (non-

bend) 
omponents of SSD tra
ks are extrapolated through the spe
trometer. PWC

hits 
lose to the extrapolation are used to form x proje
tions. Proje
tions in the y, u

and v PWC planes are formed independently and 
ombined with the x proje
tions

to form tra
ks. Unused hits in x are then used to form additional proje
tions whi
h

are 
ombined with the other unused proje
tions to form additional tra
ks. The x

proje
tions found by extrapolating the SSD tra
ks must have hits in P0. Ea
h

tra
k must have hits in at least three 
hambers and missing no more than four

hits, only two of whi
h may be in a single 
hamber. A least square �t is performed

on all tra
ks to �x the tra
k parameters (slopes and inter
epts) and �

2

=DOF. For

tra
ks passing through M2, the bend in the y dire
tion is also in
luded as a �t

parameter, allowing a rough estimation of the momentum. Tra
ks whi
h leave hits

in all �ve PWCs are 
alled \tra
ks" while those whi
h leave hits only in the �rst

three 
hambers are 
alled \stubs". Additional algorithm are employed to re
over

tra
ks whi
h do not satisfy the above 
riteria. For example, mi
rostrip tra
ks

are used to seed low momentum, two 
hamber tra
ks whi
h exit the spe
trometer

after P1. Halo muon tra
ks, useful for 
ertain studies, are re
onstru
ted over a

large area by re
onstru
ting tra
ks with hits in P1, P2 and P4. These muons are

assumed to pass through the steel magnet with little de
e
tion. O

asionally the

wire 
hambers have a very large number of hits whi
h would produ
e many tra
ks.

These events are too 
luttered to extra
t reasonable physi
s, so in the interest of

redu
ing the re
onstru
tion time the number of tra
ks is limited to a maximum of

30. This limit is rea
hed in roughly 3.5% of the events.

3.1.3 Linking of SSD and PWC Tra
ks

In order to obtain useful information for re
onstru
ting 
harm de
ays, SSD and

PWC tra
ks must be \linked", or asso
iated with ea
h other. This serves two

purposes. First, it asso
iates a momentum with an SSD tra
k if the 
orresponding

PWC tra
k's momentum is measured in M2. Se
ond, it allows determination of

the momentum of stubs from the bend angle in M1. Linking is performed by

extrapolating both SSD and PWC tra
ks to the 
enter of M1. The slopes and

inter
epts of the two types of tra
ks are required to be 
onsistent at this point. A
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loose 
ut is applied to dis
ard obviously in
orre
t 
hoi
es. A global least square

�t with both PWC and SSD hits is performed to test the hypothesis that the

tra
ks 
ome from the same parti
le. The links are arbitrated based on �

2

=DOF

as returned by this �t. Be
ause of e

+

e

�

pair produ
tion (with almost no opening

angle), a maximum of two PWC tra
ks are allowed to be asso
iated with ea
h SSD

tra
k.

3.2 Vertexing

In order to perform 
ertain kinds of re
onstru
tion (for instan
e, �nding the mo-

mentum of unlinked stubs), approximate vertex lo
ations are required for ea
h

event. However, the approa
h des
ribed in this se
tion has 
ertain ineÆ
ien
ies,

so it is not typi
ally used to �nd the verti
es used in physi
s analyses. To �nd

verti
es, �

2

(x, y, z) in the equation

�

2

=

n

X

i=1

�

x� (x

i

+ a

0

i

z)

�

x;i

�

2

+

�

y � (y

i

+ b

0

i

z)

�

y;i

�

2

(3.2)

is minimized where (x, y, z) are the 
oordinate of the vertex; x

i

; y

i

; a

0

i

and b

0

i

are

the SSD tra
k parameters; and �

x;i

and �

y;i

are the errors on the SSD tra
ks. The

index i sums over the tra
ks in the vertex. To �nd the initial set of verti
es all the

SSD tra
ks in an event are for
ed into a single vertex. If �

2

=DOF is greater than

3, the tra
k 
ontributing most signi�
antly to the �

2

is removed from the vertex

and the vertex is re-�tted. This pro
ess is repeated until �

2

=DOF is less than 3.

At this point, all the tra
ks whi
h no longer belong to a vertex are again for
ed

into a single vertex and the pro
ess 
ontinues until all possible verti
es have been

established.

3.3 Momentum Determination

The momentum of 
harged parti
les are measured by determining their de
e
tion

angles in a magnet �eld. FOCUS uses two magnets to measure the momenta of


harged parti
les; M1 is used to measure the momenta of three-
hamber tra
ks and

M2 for �ve-
hamber tra
ks. For �ve-
hamber tra
ks, parti
les are tra
ed through

the magneti
 �eld using the known magneti
 �eld in M2 and the tra
k parameters
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on both sides of the magnet as inputs to the 
al
ulation. This �t is performed

iteratively until both a

urate momentum and improved tra
k parameters are ob-

tained. Linked stubs and 4-
hamber tra
ks are subje
ted to a similar pro
edure

using the SSD tra
k parameters, the tra
k parameters between M1 and M2, and

the known �eld of M1. Unlinked stubs pose a spe
ial problem sin
e there is no

information for them before they enter the magneti
 �eld of M1. To obtain an

approximate momentum measurement of these parti
les, the x proje
tion of the

tra
k is extrapolated into the target region and the 
losest vertex is 
hosen as the

point of origin. If no verti
es are re
onstru
ted, the unlinked stub is assumed to

be originated from the 
enter of the target material. The momentum resolutions

are approximately

�

p

p

= 3:4% �

�

p

100 GeV=


�

�

s

1 +

�

17 GeV=


p

�

2

for M1

�

p

p

= 1:4% �

�

p

100 GeV=


�

�

s

1 +

�

23 GeV=


p

�

2

for M2:

(3.3)

At high momentum, the resolution is limited by the position resolution of the PWC

system and at low momentum it is dominated by MCS.

3.4 Parti
le Identi�
ation

3.4.1

�

Cerenkov Parti
le Identi�
ation [30℄

FOCUS uses a

�

Cerenkov algorithm know as CITADL whi
h is based on parti
le

hypothesis likelihoods for the stable 
harged parti
les e; �;K and p.

2

For ea
h

tra
k, likelihoods Ls for ea
h parti
le hypothesis are determined from observation

of the 
ells status in the tra
k's � = 1

�

Cerenkov light 
one. If the number of

photoele
trons expe
ted in 
ell i for a tra
k of given momentum under a parti
ular

parti
le hypothesis is �

i

then the Poisson probability of that 
ell �ring is (1 �

e

��

i

). In addition the 
ell has an a

idental �ring probability, a

i

. Then the full

2

�

Cerenkov Identi�
ation Through A Digital Likelihood.
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ontribution to the likelihood for 
ell i is given by

L

i

=

8

<

:

(1� e

��

i

) + a

i

� a

i

(1� e

��

i

) if the 
ell is on

1� [(1� e

��

i

) + a

i

� a

i

(1� e

��

i

)℄ if the 
ell is o�

(3.4)

In general the a

idental rate is di�erent for ea
h 
ell and it is dependent on the

instantaneous rate in the spe
trometer. CITADL provides a set of �

2

-like variables

W(i) � �2 log(L) where i ranges over the four parti
le hypothesis. The hypothesis

with the lowest W is the most likely. These variables will be used in the following

ways:

� Separate one hypothesis from another with

�W

i;j

� W(j)�W(i) > n

su
h that hypothesis i is n units of W more likely then hypothesis j.

� Separation of a hypothesis from the minimum hypothesis with

�W

i;min

� W(min)�W(i) > n.

This sele
tion is used to ensure that the 
hosen hypothesis is not wildly less

likely then some other hypothesis.

Fig. 3.1 shows a 405,000 events golden mode 
harm sample obtained (from about

75% of our data) without any

�

Cerenkov 
uts. A sele
tion of 
uts on vertex de-

ta
hment, isolation, (see Se
. 4.1) the D

�+

� D

0

mass di�eren
e, and momentum

were used to obtain this reasonably 
lean sample. Also shown are sideband regions

used for ba
kground subtra
tion. Fig. 3.2 shows the likelihood di�eren
e �W

K;�

for the kaon and pion daughters from these ba
kground subtra
ted 
harm de
ays

for tra
ks with two ranges of momentum. A positive �W

K;�

implies that a given

tra
k is more likely to be a kaon as opposed to a pion.
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Fig. 4. Invariant mass plot for the three golden mode decays
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�
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�

�
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�

, and D

+

! K

�

�

+

�

+

. The reconstructed D

+

mass was shifted by 5 MeV=c

2

so that its peak will reconstruct in the same place

as the peak of the D

0

. This data has vertex quality and kinematic cuts only. No

�

Cerenkov cuts were used. The vertical lines denote signal and sideband regions

which will be used to make a background subtraction.

Figure 5(a) shows the kaonicity distribution for charm kaons and pions in a mo-

mentum range above the pion threshold of C2 (the lowest threshold counter)

but below the kaon threshold of C3 (the highest threshold counter). Outside

of this momentum range, the FOCUS

�

Cerenkov system is incapable of much

K-� separation and the kaonicity distribution is strongly peaked near zero.

23

Figure 5(b) shows the kaonicity distribution in the more restricted range from

9 to 16 GeV=c. In this range kaon-pion discrimination is particularly e�ective

since it lies above the pion threshold for C1 but below the kaon threshold of

C2.

Figure 5 shows that,even though the likelihoods are constructed from the dis-

crete �rings of

�

Cerenkov cells, the kaonicity distribution for kaons is reasonably

continuous except near �W

K

= 0. As Figure 5(a) shows, averaged over the

accepted charm momentum spectrum, pion backgrounds to kaons can be very

23

CITADL o�ers some slight K-� discrimination outside of this range since it can

exploit the momentum dependence of photoelectron yield beyond the C3 kaon thresh-

old: i.e. the threshold is not in�nitely sharp.

13

Figure 3.1: Invariant mass plot for the three golden mode de
ays D

0

!

K

�

�

+

, K

�

�

+

�

+

�

�

and D

+

! K

�

�

+

�

+

. The re
onstru
ted D

+

mass

was shifted by 5 MeV/


2

so that its peak will re
onstru
t in the same

pla
e as the peak of the D

0

. This data has vertex quality and kine-

mati
 
uts only. No

�

Cerenkov 
uts were used. The verti
al lines denote

signal and sideband regions whi
h will be used to make a ba
kground

subtra
tion.
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Fig. 5. The log likelihood di�erenceW

�

�W

K

distribution obtained from background

subtracted kaons (x's) and pions (diamonds) from the golden mode charm signal

shown in Figure 4. The pion distributions were rescaled to have the same area as the

kaon distributions. Fig. (A) Tracks with momenta in the range 5 < P < 60 GeV=c.

Fig. (B) Tracks with momenta in the range 9 < P < 16 GeV=c. There are o� scale

spikes in the 0 bin consisting of 20,000 and 4,500 events for Fig. (A) and (B).

e�ectively eliminated while still maintaining high e�ciency for charm kaons. A

cut just above kaonicity of zero rejects a large fraction of pions. The fraction of

background pions dies away exponentially with the kaonicity cut above zero.

Over the more restricted range from 9 to 16 GeV=c, where cells from both C1

and C2 discriminate pions from kaons, the �W

K

distribution shows a sigi�-

cantly larger average kaonicity. One can make a very stringent kaonicity cut

to suppress pion backgrounds and still maintain good e�ciency for real kaons.

The situation for pion identi�cation is essentially the mirror image of that

for kaons. The contamination of kaons into the �W

K

< 0 region falls o�

exponentially in �W

K

, while the pion spectrum extends below �W

K

< �20.

In the region from 9 to 16 GeV=c, where both C1 and C2 discriminate pions

from kaons, the average kaonicity of pions becomes signi�cantly more negative

14

Figure 3.2: The log likelihood di�eren
e �W

K;�

distribution obtained

from ba
kground subtra
ted kaons (�'s and �'s) and pions (diamonds)

from the golden mode 
harm signal shown in Fig. 3.1. The ba
kground

distributions were res
aled to have the same area as the kaon distribu-

tions. Fig. (a) Tra
k with momenta in the range 5 < p < 60 GeV/
.

Fig (b) Tra
k with momenta in the range 8 < p < 16 GeV/
.

3.4.2 Ele
tron Identi�
ation

The ele
tron identi�
ation provided by the

�

Cerenkov system is reliable only up to

the momentum where the pions are also above the

�

Cerenkov threshold. For tra
ks

whi
h are only observed in the upstream of M2 the pion threshold (for C1) is about

8.5 GeV/
, while for �ve-
hamber tra
ks the threshold (C3) is 17 GeV/
. For tra
ks

above these thresholds ele
tron identi�
ation requires the use of the ele
tromagneti



alorimeters (IE and OE). The details of shower 
lustering and energy 
al
ulation

di�er in the inner and outer 
alorimeters, but both systems identify a tra
k as an

ele
tron by 
omparing the energy (E) 
olle
ted in the 
alorimeter 
luster asso
iated

with the tra
k to the tra
k's momentum (p). The energy of an ele
tron is typi
ally

fully 
ontained in the ele
tromagneti
 
alorimeter, while hadrons generally leave

only a fra
tion of their energy in the system, and muons leave almost no energy.
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Therefore a tra
k and 
luster 
ombination with the ratio E=p � 1 has a high

probability of identifying an ele
tron.

3.4.3 Muon Identi�
ation

In the Inner Muon system, muons are identi�ed by requiring hits in at least four of

the six hodos
ope planes. If the tra
k momentum is below 10 GeV/
 then only two

hits are required. If the required number of hits are present then a �

2

is 
al
ulated

whi
h gives a measure of the deviation of the hits from the extrapolated tra
k.

The hit positional errors used in the �

2


al
ulation in
lude both the s
intillator

paddle granularity and the expe
ted multiple Coulomb s
attering in the iron. This

algorithm is des
ribed in detail in referen
e [28℄. The methodology of muon iden-

ti�
ation in the Outer Muon system is similar to that used in the inner system,

ex
ept that it is 
ompli
ated by the presen
e of a magneti
 �eld in the M2 iron [29℄.

Both systems provide muon identi�
ation 
on�den
e levels, whi
h are set to zero

when there are too few hits.

3.5 Re
onstru
tion of Vees, Kinks, and �

�

's/


�

's [31℄

3.5.1 Vees

K

0

S

and �

0

, usually referred to as vees, are found among the de
ay produ
ts of


harmed hadrons. In the FOCUS experiment, these parti
les are re
onstru
ted

through the 
harged de
ay modes:

K

0

S

�! �

+

�

�

(BR = 68:6%)

�

0

�! p�

�

(BR = 63:9%)

These neutral vees have relatively long lifetime with respe
t to 
harm parti
les, and

may travel several meters within the spe
trometer before de
aying. Depending on

the de
ay region, they leave topologi
ally distin
t tra
ks and must be re
onstru
ted

with di�erent algorithm. Fig. 3.3 shows four di�erent de
ay regions and 
ategories:

SSD vees, whi
h de
ay upstream of the SSD; MIC vees, whi
h de
ay inside the

SSD;M1 vees, whi
h de
ay between the SSD and the �rst PWC station, P0; Re-


on vees, whi
h de
ay between P0 and P2. In every 
ase, vees are re
onstru
ted
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SSD M1 M2

P0 P1 P2 P3 P4

M1 VEE RECON VEE

SSD VEE MIC VEE

Target

Figure 3.3: S
hemati
s of the regions of the spe
trometer where vees are

re
onstru
ted by the di�erent algorithm.

over a de
ay length of about 10 m. Although they have the di�eren
es, all vee

re
onstru
tion algorithms have 
ommon features of the sear
h for a pair of oppo-

sitely 
harged tra
ks whi
h originate from a 
ommon point in a spa
e, the vee de
ay

vertex. The invariant mass of the pair is 
al
ulated, �rst assigning to both tra
ks

the pion mass to test the K

0

S

hypothesis. Next, we have assigned the proton mass

to the parti
le with higher momentum and the pion mass to lower momentum to

examine the �

0

. MIC vees and Re
on vees are not used in FOCUS analyses.

SSD Vees The SSD vees de
ay upstream of SSD. These vees are sear
hed for

using the SDVERT algorithm (see Se
. 4.1) by looping over all pairs of oppositely


harged linked SSD-PWC tra
ks and �tting for their vertex. The normalized mass

is required to be less than 4.

3

The SSD vees are the highest resolution vees be
ause

they verti
ize upstream of the mi
rostrips and therefore have low momentum and

thus by virtue of Eq. 3.3 have very good momentum resolution. This is also the only

vee 
lass with good vertex resolution sin
e the SSD vees 
ontain SSD information.

3

K

0

S

normalized mass is

jM(�

+

�

�

)�M(K

0

S

)

PDG

j

�

M(�

+

�

�

)

and �

0

's

jM(p�

�

)�M(�

0

)

PDG

j

�

M(p�

�

)
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The vee vertex is required to be in downstream of the primary by greater than 3�

(� is the error for the distan
e between the primary and vee vertex).

M1 Vees The majority of vees are re
onstru
ted in the M1 region, whi
h 
overs

the area between the last mi
rostrip station and the �rst PWC station, P0. All

M1 region vees are re
onstru
ted using unlinked PWC tra
ks and are divided into

three di�erent sub-
ategories: tra
k-tra
k (TT) vee, formed by two unlinked �ve-


hamber tra
ks; tra
k-stub (TS) vee, formed by one �ve-
hamber tra
k and one

three-
hamber tra
k; and stub-stub (SS) vee, formed by two unlinked three-
hamber

tra
ks. For ea
h 
andidate pair of unlinked PWC tra
ks, the X and Z lo
ations

of the vee vertex are �rst estimated by interse
ting the two daughter tra
ks in

the non-bend view. An iterative pro
edure then tra
es the two daughter tra
ks

through the M1 �eld and determines the Y position of the vee vertex. In 
ase of

the tra
k-stub vee, the pro
edure also determines unknown momentum of the three-


hamber tra
k. For the stub-stub vee, however, an additional assumption is needed

to determine the unknown momenta of both three-
hamber tra
ks, along with the

Y position of the vertex. With the assumption that the vee is originated from the

primary vertex, the transverse momenta of the vee daughters 
an be balan
ed and

all unknowns 
omputed. Finally a global �t with the full 
ovarian
e matri
es of

the tra
ks, in
luding MCS 
ontributions, is performed for ea
h vee 
andidate to

obtain a better momentum and de
ay vertex of the vee. A 
onstraint that the vee

point ba
k to the primary vertex is in
luded in the �t through a 
ontribution of

the �

2

. If the �

2

is returned less than a 
ertain value, the tra
k parameters are

updated and a vee quality 
ag is set on, otherwise the old parameters are retained.

The normalized mass for M1 vee is required to be less than 5.

3.5.2 Kinks

The term kink refers to a de
ay where a long-lived 
harged parti
le passes through

the SSD and then de
ays into a single 
harged tra
k and a missing neutral tra
k.

The de
ay volume is from the end of the SSD to the main spe
trometer 
hamber P0.
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The following shows the de
ays that 
an be re
onstru
ted from the kink topology:

�

�

�! �

�

��

�

(BR = 100%)

K

�

�! �

�

��

�

(BR = 63:5%) and �

�

�

0

(BR = 21:2%)

�

+

�! p�

0

(BR = 51:6%) and �

+

n (BR = 48:3%)

�

�

�! �

�

n (BR = 100%)

�

�

�! �

�

�

0

(BR = 100%)




�

�! K

�

�

0

(BR = 67:8%)

In order to re
onstru
t kinks, unlinked SSD tra
ks whi
h point into the M1 aperture

are mat
hed with unlinked PWC tra
ks that also point into the aperture. PWC

tra
ks whi
h were previously used to form vees are not 
onsidered. The mat
hing is

performed with the x proje
tions of the two tra
ks. For �ve-
hamber PWC tra
ks

whi
h interse
t upstream of M1, the momentum of the kink 
andidate is obtained

by assuming the kink mass and solving the kinemati
 equations. However, this

gives two momentum solutions for ea
h kink, both of whi
h must be 
onsidered to

be valid. For �ve-
hamber PWC interse
tions within M1, both the 
harged tra
k

and kink are tra
ed through the magneti
 �eld. The momentum of the kink is

varied until the interse
tion distan
e is minimized, giving an approximate value

for the kink momentum. As before, the kinemati
 equations are solved, but in

this 
ase the kink momentum value 
losest to the value found during the iteration

is 
hosen. For three-
hamber PWC tra
ks, the kink de
ay must o

ur upstream

of M1. The (x, y, z) of the kink de
ay vertex is obtained by taking the x and

z interse
tion points of the two tra
ks. The y value is �xed from the SSD tra
k

parameters at the z of interse
tion. Again, the kink mass is assumed to 
al
ulate

the kink momentum. In order to reje
t topologi
ally similar ba
kgrounds, parti
le

ID from the

�

Cerenkov system is pla
ed on the 
harged tra
ks and an E=p 
ut is

made on neutrons. Requiring a 
on�rming �

0

also redu
es ba
kground, but this is

not done at the re
onstru
tion stage be
ause su
h a requirement is very ineÆ
ient.
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3.5.3 �

�

's/


�

's

The �

�

and 


�

hyperons, referred to as 
as
ade are fully re
onstru
ted through

their de
ay modes:

�

�

�! �

0

�

�

(BR = 100%)




�

�! �

0

K

�

(BR = 67:8%)

The 
as
ade re
onstru
tion 
onsiders two 
ases. In the �rst 
ase, the �

�

or 


�

de
ays in the target region, upstream of the SSD dete
tors. In this 
ase, we require

that the 
harged tra
k (the �

�

or the K

�

) forms a good vertex with �

0

momentum

ve
tor and that the 
ombination points ba
k to another vertex. In se
ond 
ase,

the �

�

or 


�

de
ays downstream of the SSD dete
tor. This is similar to the kink

topology, but the neutral parti
le (�

0

) is fully re
onstru
ted. The algorithm begins

by �nding a vertex between a �

0

and an unlinked PWC tra
k, both of whi
h must

be tra
ed into the magneti
 �eld of M1. When the best �t for this vertex is found,

the unlinked SSD tra
k (the �

�

or the 


�

) is also tra
ed into M1. If the two

tra
ed obje
ts interse
t, the entire de
ay is re�t with the new 
as
ade de
ay vertex

position. Both 
as
ade topologies pla
e additional requirements on the �

0

in order

to reje
t ba
kgrounds.

3.6 Data Pro
essing

The FOCUS 
ollaboration re
orded 5926 8 mm tapes of good photon intera
tion

data. Ea
h data tape has a 
apa
ity of 4.5 GBs whi
h holds on average 1.1 mil-

lion triggered events for a total of 27 TBs and 6.5 billion events. The data were

pro
essed in three 
ollaboration wide stages, in order to make it manageable for in-

dividual analyses. The three stages were known as PASS1, SKIM1 and SKIM2.

These 
olle
tive pro
essing stages took nearly two years to 
omplete.

3.6.1 PASS1

PASS1 was 
ondu
ted on the Fermilab pro
essing farms using CPS [32℄, a dis-

tributed 
omputing pa
kage developed and maintained by Fermilab's Computing

Division. CPS groups together a server node and a 
luster of about ten worker

nodes into a 
omputing farm. In this way a single data tape 
an be pro
essed in
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parallel on ten 
omputers. During PASS1 all the major re
onstru
tion algorithm

were run. This stage of pro
essing was most intense 
omputationally. The re
on-

stru
ted data were added to the raw data and written to tape. Ea
h tape of input


orresponded to a single tape of PASS1 output. The addition of the re
onstru
ted

data to the output tape was o�set by 
ompressing raw data blo
ks, by reje
ting

events with 
ertain kinds of re
onstru
tion errors and from very loose sele
tion


uts. About 10% of events were reje
ted at the PASS1 level.

3.6.2 SKIM1

At the next level of pro
essing, known as SKIM1, data from the PASS1 output tapes

was split into six separate streams (known as superstreams to distinguish them from

the output of SKIM2) based on physi
s sele
tion 
riteria (see Table 3.1). This split-

ting pro
ess resulted in more manageable data sets ranging in size from 200 to 500

tapes. In addition to splitting the data, some re
onstru
tion algorithms were rerun

to �x problems dis
overed in the original PASS1 algorithms. The SKIM1 pro
ess-

ing was 
arried out at Vanderbilt University and the University of Colorado. Ea
h

used their own lo
ally produ
ed 
ontrol software, but both institutions relied on

large 
lusters of 
omputers and tape sta
kers. Unlike PASS1, SKIM1 was primarily

limited by the speed of tape reading and writing.

3.6.3 SKIM2

The �nal stage of 
olle
tive data pro
essing, referred to as SKIM2, further split the

data into spe
i�
 physi
s topi
s. In many 
ases there \substreams" were tailored

to the spe
i�
ation of an individual 
ollaboration member. Ea
h of the SKIM1

superstreams was pro
essed at a single institution. The spe
i�
s of ea
h SKIM2

setup varied from skim to skim, but most of the skims used skim 
ontrol software

known as the Generalized Skim Framework (GSF). The GSF maintained databases

and provided data pro
essing 
ontrol, disk management and permanent skim re
ord

keeping. All but a few of the SKIM2 substream �t on less than 100 tapes and many

�t on fewer than 25 tapes.
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Super Physi
s SKIM2

stream Topi
s Institution

1 Semi-leptoni
 de
ays Puerto Ri
o

2 Topologi
al vertexing and K

0

S

Illinois

3 Rare de
ays and Calibration CBPF, Brazil

4 Baryons Fermilab

5 Light quark states UC Davis

6 Meson hadroni
 de
ays UC Davis

Table 3.1: Des
ription of the six SKIM1 superstreams with thier SKIM2


omputing institutions.
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Chapter 4

Bran
hing Ratio Measurements

In this 
hapter we analyze the four hadroni
 de
ay modes of the D
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�nal states of K
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using Eq. 4.1. Among these de
ay modes
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are Cabibbo suppressed de
ay modes

and others are Cabibbo favored de
ay modes (see Table 4.1).
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Table 4.1: De
ay modes studied in this thesis. Modes marked with y 
an

o

ur from doubly Cabibbo suppressed de
ay mode also if K

0

S


omes

from K

0

in these de
ay modes.
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where N is number of observed events and E is re
onstru
tion eÆ
ien
y. First, we

introdu
e analysis tool used in FOCUS experiment, referred to as Candidate-Driven

Vertex Algorithm.

4.1 Candidate-Driven Vertex Algorithm

In any 
harm analysis, it is most fundamental to determine the produ
tion or

primary vertex, where the 
harm parti
les are produ
ed by the photon-nu
leon

intera
tion, and the de
ay or se
ondary vertex, where the 
harm parti
les de
ay

into daughter parti
les and separation between them. The ability to re
onstru
t

the 
harm produ
tion and de
ay verti
es with good pre
ision of separation is the

most 
ompelling signature of a 
harm event, as opposed to a non-
harm hadroni


event or an ele
tromagneti
 event, where all parti
les originate from the same

vertex. The vertexing algorithm most 
ommonly uses in FOCUS analysis is 
alled

a Candidate-Driven algorithm or SDVERT. The SDVERT gives �ve 
uts to

�nd and isolate 
harm signals and Fig. 4.1 s
hemati
ally shows them.

4.1.1 Se
ondary Vertexing

A 
ombination of obje
ts 
ompatible with the 
harm de
ay of interest is sele
ted

and fed to the SDVERT. The SDVERT examines the hypothesis that all the ob-

je
ts of the 
ombination whi
h 
ontain SSD information are 
ompatible with 
oming

from the same point in spa
e, the 
andidate se
ondary vertex. The probability that

this o

urs is returned by the SDVERT as a 
on�den
e level for the se
ondary ver-

tex (CLS), whi
h is required to be greater than some threshold value. Typi
ally, in

order to form a se
ondary vertex, a 
ombination must have at least two obje
ts of

them whi
h have SSD information sin
e de
ay obje
ts not having SSD information

su
h as �

0

, spe
trometer vees, �

�

and 


�

are not used in the 
onstru
tion of the

se
ondary vertex. Therefore, this 
ould be a 
ombination of some linked 
harged

tra
ks as in the de
ay D

0

! K

�

�

+

, D

+

! K

�

�

+

�

+

and �

+




! pK

�

�

+

, or a 
om-

bination of some linked 
harged tra
ks and some neutral or longer living parti
les,

su
h as in the de
ay D

0

! K

�

�

+

�

0

, D

0

! K

0

S

�

+

�

+

and �
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! �

0

�

+

�

+

�

�

. In


ase of an one-prong de
ay, where just one de
ay obje
t has SSD information

su
h as D

+

s

! K

0

S

K

+

, if the K

0

S

is re
onstru
ted in the spe
trometer, no se
ondary
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(c)          (d)          

ISO2

Figure 4.1: S
hemati
s of the �ve output parameters from the 
andidate-

driven vertex algorithm: (a) CLP and CLS, (b)L=�

L

, (
) ISO1 and (d)

ISO2.
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vertex formed through the 
ommon way. The se
ondary vertexing for one-prong

de
ay will be explained in next se
tion.

4.1.2 Primary Vertexing

The primary vertex of 
andidate 
harm is re
onstru
ted depending on the de
ay

topology. The most 
ommon 
ase is all the de
ay daughters are re
onstru
ted and

at least two of them have SSD information. In this 
ase the total momentum of

the de
ay obje
ts is equal to the 
andidate parent 
harm and a se
ondary vertex


an be re
onstru
ted using de
ay daughters. Therefore, it is possible to atta
h

the total momentum to the se
ondary vertex and use it as a seed to look for the

primary vertex. The primary vertex 
onstru
tion begins by 
hoosing all of the SSD

tra
ks, ex
luding the daughter obje
ts, whi
h interse
t in spa
e with the 
harm

seed. A minimum 
ut on the 
on�den
e level for the vertex (CLP) is required

for an interse
tion to be a

epted. If only one interse
ting tra
k is found, its

interse
tion with the seed is assumed to be the primary vertex. If more than one

tra
k is found, the algorithm �rst 
he
ks if any two of these tra
ks make a 
ommon

vertex with the seed. If no pair is found, the primary vertex lo
ation is given by

the highest 
on�den
e level interse
tion between a single tra
k and the seed. If as

least one pair is found, the primary vertex is given by the interse
tion of the two

tra
ks of the pair. At this point all other SSD tra
ks whi
h interse
t the seed are

added one at a time to the vertex, and are in
luded if the 
on�den
e level of the

obje
t remains above 1%. In 
ase of an one-prong de
ay, no se
ondary vertex has

been re
onstru
ted. However, the two de
ay daughters 
an de�ne a plane whi
h

must 
ontain the primary vertex using their momentum ve
tors. Therefore, it is

also possible to re
onstru
t the primary vertex with a similar manner des
ribed

just previously, but 
lustering SSD tra
ks around a seed plane, not a seed tra
k.

To interse
t the seed plane, the algorithm must start by looking for a pair of tra
ks

making a 
ommon vertex in the seed plane. Therefore, no single tra
k is a

epted in

the primary vertex. Then, other SSD tra
ks in the events are 
lustered around the

best pair as long as the 
on�den
e level of the vertex remains above 1%. To obtain

a se
ondary vertex for one-prong de
ay we for
e the one-prong obje
t to originate

at primary vertex sin
e we do not know where it interse
ts. This allows us to book

the one-prong obje
t information in the standard fashion. Con�den
e level that
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an one-prong obje
t verti
izes with a 
harged daughter tra
k of 
harm 
andidate

is the CLS for one-prong de
ay that we 
ould not form through the 
ommon way

in Se
 4.1.1 [34℄. On
e the primary and se
ondary verti
es are re
onstru
ted, the

distan
e L between them and its error �

L

are 
al
ulated. L=�

L

then, is to be

signi�
an
e of separation between the two verti
es. Requiring the L=�

L

to be

greater than a threshold value �nds the �nite lifetime nature of 
harm parti
les

in order for reje
ting non-
harm hadroni
 and 
ombinatori
 ba
kground. L=�

L

is

the prin
ipal sele
tion tool used in the FOCUS analysis and in other �xed-target

experiments in general.

4.1.3 Vertex Isolation

The SDVERT also gives two values to isolate the se
ondary vertex, of whi
h use

is an e�e
tive way to improve the signal to ba
kground. The �rst isolation tool

determines whether the daughter tra
ks forming the se
ondary vertex are 
ompat-

ible with 
oming from the primary vertex. Obje
ts with SSD information from

the se
ondary vertex are added one at a time to the primary and global �t for

the primary vertex is performed again. A 
on�den
e level for the new obje
t is


al
ulated and the highest 
on�den
e level found in the pro
ess is retained and

denoted as ISO1. The ISO1 is designed to 
ut out events where tra
ks originally

from the primary vertex erroneously are assigned in a se
ondary vertex 
andidate.

For example, shown in Fig. 4.2 this 
ut removes the 
ontamination 
oming from the

de
ay D

�+

! D

0

�

+

! (K

0

S

�

+

�

�

)�

+

in D

+

! K

0

S

�

+

�

+

�

�

�nal state. The se
ond

isolation tool determines whether other SSD obje
t in the event ex
luding the ones


oming from the primary vertex are 
ompatible with originating in the se
ondary

vertex. Again, these obje
ts are assigned one at a time to the se
ondary vertex and

the highest 
on�den
e level of the new obje
ts is returned and denoted as ISO2.

The ISO2 is designed to reje
t ba
kground from higher multipli
ity 
harm events

whi
h have been partially re
onstru
ted by the vertexing algorithm.
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Figure 4.2: Signal evolution for D

+

! K

0

S

�

+

�

+

�

�

�nal state starting

with minimum requirements, L=�

L

> 9, ISO1<1% and ISO2<0.1%.

Cuts N (D

+

! K

0

S

�

+

�

+

�

�

)

N

2

signal

N

signal

+N

ba
kground

(1) Minimum 
uts 17264�209 6823

(2) (1) and L=�

L

> 9 15992�182 7721

(3) (2) and ISO1 < 1.0% 12905�136 9004

(4) (3) and ISO2 < 0.1% 11590�121 9175

Table 4.2: Signal yields and �gure of merits for D

+

! K

0

S

�

+

�

+

�

�

�nal

state in Fig. 4.2.
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4.2 Events Sele
tion

We 
hose the signal events maximizing the �gure of merit, Eq. 4.2, and also mini-

mizing re
e
tion ba
kgrounds for all de
ay 
hannels in this thesis.

F =

N

2

signal

N

signal

+N

ba
kground

(4.2)

4.2.1 K

0

S

Sele
tion [33℄

All de
ay 
hannels we have studied involve K

0

S

. In order to identify 
lean K

0

S

, we

have applied tighter sele
tion 
uts in addition to ordinary K

0

S

re
onstru
tion as

des
ribed in Se
. 3.5.1.

� Use SSD K

0

S

and M1(TT, TS, SS) K

0

S

� jM(�

+

�

�

)�M(K

0

S

)

PDG

j < 3�

M

�

+

�

�

� �W

�;p

> �5 for K

0

S

daughter tra
k with higher momentum

� Investigate shared K

0

S

legs if there are one more K

0

S

in the event

i. If SSD K

0

S

leg shared with other SSD K

0

S

's, then pi
k the one with best

vertex �t 
on�den
e level

ii. If TT K

0

S

leg shared with other TT K

0

S

's, then pi
k the one with the

smallest DOCA

iii. If TT K

0

S

leg shared with other TS K

0

S

's, then always pi
k the TT K

0

S

iv. If TS K

0

S

leg shared with other TS K

0

S

's, then pi
k the one with smallest

mass error

v. If TS K

0

S

leg shared with other SS K

0

S

's, then always pi
k the TS K

0

S

vi. If SS K

0

S

leg shared with other SS K

0

S

's, then pi
k the one with smallest

mass error

Fig. 4.3 shows �

+

�

�

and p�

�

invariant mass distributions after and before usingK

0

S

sele
tion used in this analysis. It shows our K

0

S

sele
tion 
uts are rather e�e
tive

to remove K

0

S

ba
kground and �

0

ba
kground in K

0

S

.
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Figure 4.3: Upper plot shows the invariant mass ofM(�

+

�

�

) and down

one showsM(p�

�

). Histogram is before using K

0

S

sele
tion and hat
hed

one is after passing K

0

S

sele
tion.
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4.2.2 Vertexing

To redu
e the systemati
s, we have employed same vertexing 
onditions for all de
ay

modes. All de
ay modes in this thesis have same de
ay topology, K

0

S

+ 3 prongs,

thus same vertexing requirement is quite reasonable. We required somewhat tighter

vertex isolation requirements. Though these tight vertex isolation 
uts redu
e the

value of Eq 4.2, but e�e
tive to remove ba
kgrounds as shown in Fig. 4.2. Fig. 4.4

shows the D

+

! K

0

S

K

�

�

+

�

+

signal yields for di�erent L=�

L

requirements.

� CLP > 1.0%

� CLS > 1.0%

� ISO1 < 1.0%

� ISO2 < 0.1%

� L=�

L

> 9 for the D

+


andidates and L=�

L

> 7 for the D

+

s


andidates

Figure 4.4: D

+

! K

0

S

K

�

�

+

�

+

signal evolutions for di�erent L=�

L


uts.
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4.2.3 Parti
le Identi�
ation

� �W

K;�

> 2 for kaon

In 
ase of the D

+

! K

0

S

K

+

K

�

�

+

, �W

K;�

> 2 for faster kaon and

�W

K;�

> 1 for slower one

� �W

�;min

> �6 for pion

In some other analyses, �W

K;p

requirement is e�e
tive in removing K misidenti�-


ation to p [35, 36℄. In this analysis, we do not impose �W

K;p


ut. We have also

other two 
onstraints of parti
le identi�
ation in addition to one kaon identi�
a-

tion. Thus this 
ut is not e�e
tive to our de
ay modes. For the same reason, we

have not required tighter pion sele
tion 
uts su
h as �W

�;p

and �W

�;K

. Fig. 4.5

shows the D

+

! K

0

S

K

�

�

+

�

+

signal yields for di�erent �W

K;�

requirements.

Figure 4.5: D

+

! K

0

S

K

�

�

+

�

+

signal evolutions for di�erent �W

K;�

.
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4.2.4 Others

� Momentum of 
harm 
andidate is greater than 30 GeV/
.

� All 
harged tra
ks must be re
onstru
ted in both the SSD and PWC systems

and be linked.

� Proper de
ay time is less than 5 times of the 
andidate parti
le's lifetime [1℄.

� Se
ondary verti
es must be out of target segments.

Figure 4.6: The invariant mass distribution of K

0

S

�

+

�

+

�

�

�nal state

without (histogram) and with (dot) out of material 
ut. Yield of his-

togram is 14564�148 and its signal to noise ratio, S=N is 6. While yield

of dot is 11590�121, its S=N is 12.

In a �xed-target experiment, 
harmed parti
les are usually produ
ed 
arrying a

signi�
ant fra
tion of the beam momentum. In addition, a

eptan
e and identi�-


ation of high momentum parent parti
les is more eÆ
ient. Therefore, a 
ut on the


harm momentum of 30 GeV/
 removes a small amount of ba
kground with almost

no loss in signal. A lifetime 
ut is very e�e
tive in eliminating D

+

ba
kground in
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D

+

s

measurement sin
e D

+

lifetime is longer than two times that of D

+

s

. Besides,

lifetime 
ut is e�e
tive to remove ba
kground from very large deta
hment. We

have required se
ondary verti
es must be out of target segments, referred as \out

of material 
ut", to eliminate ba
kgrounds from intera
tions whi
h are indu
ed

by parti
les from the primary intera
tion or from 
onversion of spurious photons.

Fig. 4.6 illustrates the e�e
tiveness of the out of material 
ut.

4.3 Bran
hing Ratio Measurements of D

+

Chan-

nels

4.3.1 D

+

! K

0

S

�

+

�

+

�

�

Figure 4.7: The invariant mass distribution of K

0

S

�

+

�

+

�

�

with D

+

se-

le
tion 
uts. The data are indi
ated by points with error bars and the

solid lines are the �ts.

This �nal state is known as 
oming from several sub-de
ay 
hannels shown in Ta-

ble 4.3 [1℄. Fig. 4.7 shows K

0

S

�

+

�

+

�

�

�nal state from the FOCUS data. The signals

are �tted by a Gaussian and ba
kgrounds are linear polynomial. We have obtained

11,590�121 events for this �nal state. As shown in Table 4.3, ea
h resonant ef-

�
ien
y of this �nal state is di�er due to geometri
al a

eptan
e of the FOCUS
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De
ay Channels � (%) E (%)

Non R: K

0

S

�

+

�

+

�

�

0.8�0.4 1.531�0.012

K

0

S

a

+

(1260)(�

0

(�

+

�

�

)�

+

) 4.0�0.9 1.604�0.012

K

��

(K

0

S

�

�

)�

+

�

+

1.4�0.6 1.579�0.012

K

0

S

�

0

(�

+

�

�

)�

+

0.5�0.5 1.580�0.012

K

0

1

(1400)(K

��

(K

0

S

�

�

)�

+

)�

+

2.2�0.6 1.586�0.012

In
oherently Mixed MC 1.590�0.012

Mini MC 1.588�0.003

Table 4.3: Known de
ay 
hannels in the D

+

! K

0

S

�

+

�

+

�

�

�nal state.

� is 
urrent bran
hing ratio and E is its eÆ
ien
y. Es' do not in
lude

�(K

0

S

! �

+

�

�

) and bran
hing ratio of other resonan
e parti
les, and

its error is Monte Carlo statisti
al error.

spe
trometer. We have generated in
oherently mixed Monte Carlo data a

ording

to 
urrent PDG value and 
al
ulated eÆ
ien
y for that 
ase. A
tually, there are

many interferen
es among ea
h intermediate state. To see an interferen
e e�e
t we

performed a mini-Monte Carlo study. We determined �nal state eÆ
ien
y, E

�nal

using Eq. 4.3.

E

�nal

=

P

i

�

i

E

i

P

j

�

j

(4.3)

We allowed 6� of �

i

in Eq. 4.3 to in
orporate the interferen
es. The �

i

is bran
h-

ing fra
tion of sub-resonant state of D

+

! K

0

S

�

+

�

+

�

�

�nal state and E

i

is its

eÆ
ien
y shown in Table 4.3. Fig. 4.8 shows the results of mini-Monte Carlo

study. They show that our in
oherently mixed Monte Carlo results are 
onsistent

with mini-Monte Carlo results. Therefore, we have negle
ted systemati
s from res-

onant state eÆ
ien
y for this de
ay mode. There might be 
ontamination from

�

+




! �

0

�

+

�

+

�

�

mode if �

0

is misidenti�ed to K

0

S

. Although our K

0

S

sele
tion

removes �

0

from K

0

S

as shown in Se
. 4.2.1, we investigated this 
ontamination

by assigning a nominal �

0

mass instead of K

0

S

mass in the data. Fig. 4.9 is side-

band subtra
ted �

0

�

+

�

+

�

�

invariant mass and shows no 
ontamination in de
ay


hannel. This �nal state is used to normalization mode for D

+

.
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Figure 4.8: D

+

! K

0

S

�

+

�

+

�

�

Mini Monte Carlo results: (a) the eÆ-


ien
y, (b) �(D

+

! N �R K

0

S

�

+

�

+

�

�

), (
) �(D

+

! K

0

S

a

+

(1260)), (d)

�(D

+

! K

��

�

+

�

�

), (e) �(D

+

! K

0

S

�

0

�

+

), (f) �(D

+

! K

0

1

(1400)�

+

).
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Figure 4.9: (a) is M(K

0

S

�

+

�

+

�

�

). Shadowed is 2.5� of signal

region and hat
hed is sideband region. (b) is M(�

0

�

+

�

+

�

�

)

within M(K

0

S

�

+

�

+

�

�

) signal region. (
) is M(�

0

�

+

�

+

�

�

) within

M(K

0

S

�

+

�

+

�

�

) sideband region. (d) is sideband subtra
ted

M(�

0

�

+

�

+

�

�

) distribution in the D

+

! K

0

S

�

+

�

+

�

�

signal region.
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4.3.2 D

+

! K

0

S

K

�

�

+

�

+

This �nal state may be produ
ed from several two-body or three-body interme-

diate resonant states or non-resonant state shown in Table 4.4.

1

This �nal state

is shown in Fig. 4.10. We parameterized signal by a Gaussian and ba
kground

by quadrati
 polynomial and 
harm re
e
tion. We have obtained 670�35 events

in this mode. Monte Carlo simulation, shown in Fig. 4.11, shows this re
e
tion

mainly 
omes from D

+

! K

0

S

�

+

�

+

�

�


hannel due to �=K misidenti�
ation. Re-


e
tion ba
kground shape is determined by Monte Carlo simulation and amplitude

is a free �t parameter. There might be some 
ontaminations from K

0

S

K

+

�

+

�

�

de
ay mode due to double parti
le misidenti�
ation. We saw no 
ontribution in

data and Fig. 4.12 shows the K

0

S

K

+

�

+

�

�


ontribution in D

+

! K

0

S

K

�

�

+

�

+

sig-

nal region. This state also have di�erent re
onstru
tion eÆ
ien
ies like the 
ase of

D

+

! K

0

S

�

+

�

+

�

�

. If there were well known resonant analyses for this 
hannel,

we 
ould determine the eÆ
ien
y using the method applied in D

+

! K

0

S

�

+

�

+

�

�

de
ay mode. Unfortunately, no detailed study is 
arried out yet. We have investi-

gated possible resonant states in this �nal state to determine the eÆ
ien
y for this

�nal state.

De
ay Channels E (%)

Non R: K

0

S

K

�

�

+

�

+

1.140�0.010

K

�+

(K

0

S

�

+

)K

�

�

+

1.145�0.010

K

0

S

K

�0

(K

�

�

+

)�

+

1.162�0.010

K

�+

(K

0

S

�

+

)K

�0

(K

�

�

+

) 1.197�0.010

a

�

(K

0

S

K

�

)�

+

�

+

1.104�0.010

Table 4.4: Possible de
ay 
hannels in D

+

! K

0

S

K

�

�

+

�

+

�nal state and

its eÆ
ien
ies. Es' do not in
lude �(K

0

S

! �

+

�

�

) and bran
hing ratio of

other resonan
e parti
les, and its error is Monte Carlo statisti
al error.

Fig. 4.13 shows sideband subtra
ted resonant states.

2

From Fig. 4.13 we determined

1

This state may 
ome from other higher mass resonan
es, su
h as �(1680) meson. But we do

not 
onsider these higher mass resonan
e sin
e we do not see any eviden
e for these states

2

There are two same 
harged pions whi
h does not make us distinguish whi
h pion goes to

K

�+

or K

�0

exa
tly. This is the reason we plot two K

�+

and K

�0

.
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Figure 4.10: The invariant mass distributions of K

0

S

K

�

�

+

�

+

with D

+

sele
tion 
uts. The data are indi
ated by points with error bars and

the solid lines are the �ts. The shadowed regions are 
harm re
e
tion

ba
kgrounds.

Figure 4.11: Charm re
e
tion ba
kground in D

+

! K

0

S

K

�

�

+

�

+

from

Monte Carlo simulation.
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Figure 4.12: (a) is M(K

0

S

K

�

�

+

�

+

). Shadowed is 2.5� of signal

region and hat
hed is sideband region. (b) is M(K

0

S

K

+

�

+

�

�

)

within M(K

0

S

K

�

�

+

�

+

) signal region. (
) is M(K

0

S

K

+

�

+

�

�

)

within M(K

0

S

K

�

�

+

�

+

) sideband region. (d) is sideband subtra
ted

M(K

0

S

K

+

�

+

�

�

) distribution in the D

+

! K

0

S

K

�

�

+

�

+

signal region.
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Figure 4.13: Resonant states in the D

+

! K

0

S

K

�

�

+

�

+

�nal state.

There is no 
ondition for nomen
lature of �

+

1

and �

+

2

.
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dominant 
ontribution to this �nal state is K

�+

K

�0

and used this eÆ
ien
y as �nal

state eÆ
ien
y. We have estimated systemati
s from eÆ
ien
y di�eren
e among

resonant states by taking 50% di�eren
e between dominant de
ay mode and de
ay

mode that has biggest di�eren
e with dominant de
ay mode. For this de
ay mode

we estimate systemati
 error from resonant eÆ
ien
y is 3.9%. Using Eq. 4.1, we

measured relative bran
hing ratio of �(D

+

! K

0

S

K

�

�

+

�

+

)=�(D

+

! K

0

S

�

+

�

+

�

�

)

to be:

�(D

+

! K

0

S

K

�

�

+

�

+

)

�(D

+

! K

0

S

�

+

�

+

�

�

)

= 0:0768� 0:0041: (4.4)

A detailed study of the stability and behavior for bran
hing ratio was performed

using variation of our analysis 
uts. Fig. 4.14 (a) shows the variation of relative

bran
hing ratio through overall 
ut variable range with several 
ut 
ombinations.

We saw no bias from the 
hoi
e of analysis 
uts. Further we estimate the system-

ati
s in this relative bran
hing ratio using the formalisms referred in Appendix A.

First, we split our data into following 
ategories:

� 1996 run and D momentum < 75 GeV/


� 1997 run and D momentum < 75 GeV/


� 1996 run and D momentum > 75 GeV/


� 1997 run and D momentum > 75 GeV/


As shown in Fig. 4.14 (b), we found no systemati
 un
ertainty from splitting our

data. In addition to the split sample systemati
s, we 
onsider the systemati
s in

the �tting pro
edures whi
h in
lude the binning e�e
ts and �tting methods and

ba
kground parameterizations. We 
hose the �

2

�t and quadrati
 ba
kground with

other 
harm re
e
tion as a referen
e �t pro
edure with the bin size of 5.0 MeV/


2

.

Fig. 4.14 (
) shows the resulting relative bran
hing ratio from the di�erent �tting

pro
edures. We estimated systemati
 error for �t variant 0.009 in this relative

bran
hing ratio measurement. Finally, we determined our �nal result of the relative

bran
hing ratio of �(D

+

! K

0

S

K

�

�

+

�

+

)=�(D

+

! K

0

S

�

+

�

+

�

�

) to be:

�(D

+

! K

0

S

K

�

�

+

�

+

)

�(D

+

! K

0

S

�

+

�

+

�

�

)

= 0:0768� 0:0041� 0:0032 (4.5)

and summarized systemati
 
ontributions in Table 4.5.
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(a)

(b)

(c)

Figure 4.14: Systemati
s for D

+

! K

0

S

K

�

�

+

�

+

. (a) is relative bran
h-

ing ratios for 
ut variants, (b) is relative bran
hing ratios for split sample

and (
) is relative bran
hing ratio for �t variants.
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Sour
e of error Æ

�

rel

E from resonant state 0.0030

E from MC statisti
s 0.0006

Cut variants 0.

Split sample 0.

Fit variants 0.0009

Total 0.0032

Table 4.5: Summary of systemati
 errors for the �(D

+

!

K

0

S

K

�

�

+

�

+

)=�(D

+

! K

0

S

�

+

�

+

�

�

).

4.3.3 D

+

! K

0

S

K

+

�

+

�

�

De
ay Channels E (%)

Non R: K

0

S

K

+

�

+

�

�

1.144�0.010

K

0

1

(1400)(K

��

(K

0

S

�

�

)�

+

)K

+

0.990�0.010

K

+

1

(1400)(K

�0

(K

+

�

�

)�

+

)K

0

S

1.207�0.011

K

0

1

(1270)(K

0

S

�

0

(�

+

�

�

))K

+

1.131�0.010

K

+

1

(1270)(K

+

�

0

(�

+

�

�

))K

0

S

1.105�0.010

a

+

(K

0

S

K

+

)�

0

(�

+

�

�

) 1.011�0.010

a

+

(K

0

S

K

+

)�

+

�

�

1.085�0.010

K

0

S

K

�0

(K

+

�

�

)�

+

1.136�0.010

K

0

S

K

+

�

0

(�

+

�

�

) 1.030�0.010

K

��

(K

0

S

�

�

)K

+

�

+

1.149�0.010

Table 4.6: Possible de
ay 
hannels in D

+

! K

0

S

K

+

�

+

�

�

�nal state and

its eÆ
ien
ies. Es' do not in
lude �(K

0

S

! �

+

�

�

) and bran
hing ratio of

other resonan
e parti
les, and its error is Monte Carlo statisti
al error.

Though this �nal state has same de
ay topology with D

+

! K

0

S

K

�

�

+

�

+

de
ay

mode, their intermediate states are totally di�erent. Therefore, we do not expe
t

bran
hing ratio of this de
ay mode is same with D

+

! K

0

S

K

�

�

+

�

+

de
ay mode.

With our sele
tion 
uts, we have obtained 469�32 events and Fig. 4.15 shows
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this �nal state. We investigated �

+




! K

0

S

p�

+

�

�


ontamination in the signal

region. We found no eviden
e in the data for any enhan
ement due to �

+




!

K

0

S

p�

+

�

�

where the p is misidenti�ed as a K (see Fig. 4.17). We also studied

double misidenti�
ation of the D

+

! K

0

S

K

+

�

+

�

�

to the D

+

! K

0

S

K

�

�

+

�

+

de
ay mode and found to be negligible (see Fig. 4.18). We parameterized signal by

a Gaussian and ba
kground by quadrati
 polynomial and 
harm re
e
tion. Monte

Carlo simulation, shown in Fig. 4.16, shows this re
e
tion mainly 
omes fromD

+

!

K

0

S

�

+

�

+

�

�


hannel due to �=K misidenti�
ation. Re
e
tion ba
kground shape is

determined by Monte Carlo simulation and amplitude is a free �t parameter. This

state also has di�erent re
onstru
tion eÆ
ien
ies of resonant states (see Table 4.6).

3

To determine re
onstru
tion eÆ
ien
y for this de
ay mode, we investigated possible

resonant states, as shown in Fig. 4.19. This de
ay mode has 
ontributions from

many sub-de
ay modes whi
h 
ould not be distinguished without detailed resonant

analysis.

4

Therefore we assumed a non-resonant state eÆ
ien
y to be the eÆ
ien
y

for this �nal state. We estimated systemati
 error from resonant sub-states for

this de
ay mode is 6.7%. Using Eq. 4.1, we measured relative bran
hing ratio of

�(D

+

! K

0

S

K

+

�

+

�

�

)=�(D

+

! K

0

S

�

+

�

+

�

�

) to be:

�(D

+

! K

0

S

K

+

�

+

�

�

)

�(D

+

! K

0

S

�

+

�

+

�

�

)

= 0:0562� 0:0039: (4.6)

We stepped same approa
h with the D

+

! K

0

S

K

�

�

+

�

+

to estimate systemati


error for this �nal state. Fig. 4.20 (a) shows its 
ut variants and Fig. 4.20 (b) is

split sample test. Fig. 4.20 (
) is �t variant systemati
s. We see systemati
 error

from �tting method and estimate systemati
 error for relative bran
hing ratio is

0.0011. Finally, we determined our �nal result of the relative bran
hing ratio of

�(D

+

! K

0

S

K

+

�

+

�

�

)=�(D

+

! K

0

S

�

+

�

+

�

�

) to be:

�(D

+

! K

0

S

K

+

�

+

�

�

)

�(D

+

! K

0

S

�

+

�

+

�

�

)

= 0:0562� 0:0039� 0:0040 (4.7)

and summarized systemati
 
ontributions in Table 4.7.

3

We do not 
onsider all of de
ay mode

4

This may be a future analysis
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Figure 4.15: The invariant mass distribution of K

0

S

K

+

�

+

�

�

with D

+

sele
tion 
uts. The data are indi
ated by points with error bars and

the solid lines are the �ts. The shadowed regions are 
harm re
e
tion

ba
kgrounds.

Figure 4.16: Charm re
e
tion ba
kground in D

+

! K

0

S

K

+

�

+

�

�

from

Monte Carlo simulation.
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Figure 4.17: (a) is M(K

0

S

K

+

�

+

�

�

). Shadowed is 2.5� of sig-

nal region and hat
hed is sideband region. (b) is M(K

0

S

p�

+

�

�

)

within M(K

0

S

K

+

�

+

�

�

) signal region. (
) is M(K

0

S

p�

+

�

�

) within

M(K

0

S

K

+

�

+

�

�

) sideband region. (d) is sideband subtra
ted

M(K

0

S

p�

+

�

�

) distribution in the D

+

! K

0

S

K

+

�

+

�

�

signal region.
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Figure 4.18: (a) is M(K

0

S

K

+

�

+

�

�

). Shadowed is 2.5� of signal

region and hat
hed is sideband region. (b) is M(K

0

S

K

�

�

+

�

+

)

within M(K

0

S

K

+

�

+

�

�

) signal region. (
) is M(K

0

S

K

�

�

+

�

+

)

within M(K

0

S

K

+

�

+

�

�

) sideband region. (d) is sideband subtra
ted

M(K

0

S

K

�

�

+

�

+

) distribution in the D

+

! K

0

S

K

+

�

+

�

�

signal region.
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Figure 4.19: Resonant states in the D

+

! K

0

S

K

+

�

+

�

�

�nal state.
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(a)

(b)

(c)

Figure 4.20: Systemati
s for D

+

! K

0

S

K

+

�

+

�

�

. (a) is relative bran
h-

ing ratios for 
ut variants, (b) is relative bran
hing ratios for split sample

and (
) is relative bran
hing ratio for �t variants.
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Sour
e of error Æ

�

rel

E from resonant state 0.0038

E from MC statisti
s 0.0005

Cut variants 0.

Split sample 0.

Fit variants 0.0011

Total 0.0040

Table 4.7: Summary of systemati
 errors for the �(D

+

!

K

0

S

K

+

�

+

�

�

)=�(D

+

! K

0

S

�

+

�

+

�

�

).

4.3.4 D

+

! K

0

S

K

+

K

�

�

+

This de
ay mode is Cabibbo favored, but strongly suppressed by its small phase

spa
e. In addition, this de
ay requires the produ
tion of at least one extra quark-

antiquark pair, an s�s, either from va
uum or via �nal state intera
tions. This �nal

state is shown in Fig. 4.21. We parameterized signal by a Gaussian and ba
kground

by quadrati
 polynomial and 
harm re
e
tion. Monte Carlo simulation, shown in

Fig. 4.22, shows this re
e
tion mainly 
omes from D

+

! K

0

S

K

�

�

+

�

+

and D

+

!

K

0

S

K

+

�

+

�

�


hannels due to �=K misidenti�
ation. Re
e
tion ba
kground shape

is determined by Monte Carlo simulation and amplitude is a free �t parameter.

We have obtained 35�7 events for this de
ay mode. If �=K misidenti�
ation

o

urred in D

+

s

! K

0

S

K

�

�

+

�

+

and D

+

s

! K

0

S

K

+

�

+

�

�

de
ay modes, ba
kgrounds

from these de
ay modes would be out of mass window, from 1.7 GeV/


2

to 2.1

GeV/


2

. The same pro
edure is adopted in 
ase of D

+

! K

0

S

�

+

�

+

�

�

de
ay

ba
kground from double misidenti�
ation. Our parti
le identi�
ation 
uts for this

de
ay mode do not make any parti
le misidenti�
ation ba
kgrounds in the signal

region. Table 4.8 shows its resonant states eÆ
ien
y. From Fig. 4.23 we 
ould see

dominant 
ontribution to this �nal state is K

0

S

��

+

mode. We estimate systemati


error from resonant states eÆ
ien
y is 9.8%. We do not see any systemati
 bias

by varying our analysis 
uts (see Fig. 4.24 (a)). Due to its small statisti
s,

we 
ould not split sample by method in previous se
tion. Instead, we split our

D

+

! K

0

S

K

+

K

�

�

+

sample into n splits and then add the errors obtained that
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Figure 4.21: The invariant mass distribution of K

0

S

K

+

K

�

�

+

with D

+

sele
tion 
uts. The data are indi
ated by points with error bars and

the solid lines are the �ts. The shadowed regions are 
harm re
e
tion

ba
kgrounds.

Figure 4.22: Charm re
e
tion ba
kground in D

+

! K

0

S

K

+

K

�

�

+

from

Monte Carlo simulation. (a) is from D

+

! K

0

S

K

�

�

+

�

+

, (b) from

D

+

! K

0

S

K

+

�

+

�

�

and (
) is sum of two re
e
tions.



4.3. BRANCHING RATIO MEASUREMENTS OF D+ CHANNELS 93

Figure 4.23: Resonant states in the D

+

! K

0

S

K

+

K

�

�

+

�nal state.
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De
ay Channels E (%)

Non R: K

0

S

K

+

K

�

�

+

0.723�0.008

a

+

(K

0

S

K

+

)K

�0

(K

�

�

+

) 0.629�0.008

K

0

S

�

0

(K

+

K

�

)�

+

0.624�0.008

K

0

S

K

+

K

�0

(K

�

�

+

) 0.502�0.007

a

+

(K

0

S

K

+

)K

�

�

+

0.725�0.008

Table 4.8: Possible de
ay 
hannels in D

+

! K

0

S

K

+

K

�

�

+

�nal state

and its eÆ
ien
ies. Es' do not in
lude �(K

0

S

! �

+

�

�

) and bran
hing

ratio of other resonan
e parti
les, and its error is Monte Carlo statisti
al

error.

way in quadrature if we found systemati
 errors [35℄.

5

So, we split our data into

following 
ategories:

� 1996 run

� 1997 run

� D momentum < 80 GeV/


� D momentum > 80 GeV/


We found no systemati
 error from this split sample systemati
s as shown in

Fig. 4.24 (b). Fig. 4.24 (
) is �t variant systemati
s. We estimated systemati


error for relative bran
hing ratio from �t variant is 0.0005. In D

+

! K

0

S

K

�

�

+

�

+

and D

+

! K

0

S

K

+

�

+

�

�

de
ay modes, systemati
 errors from �t variants 
omes

from ba
kground parameterization dominantly, while systemati
 error from �t

variants mainly 
omes from �tting method itself due to its small statisti
s.

6

Fi-

nally, we determined our �nal result of the relative bran
hing ratio of �(D

+

!

K

0

S

K

+

K

�

�

+

)=�(D

+

! K

0

S

�

+

�

+

�

�

) to be:

�(D

+

! K

0

S

K

+

K

�

�

+

)

�(D

+

! K

0

S

�

+

�

+

�

�

)

= 0:0077� 0:0015� 0:0009 (4.8)

and summarized systemati
 
ontributions in Table 4.9.

5

Basi
ally, we should split sample into 2

n

independent subsamples.

6

�

2

�t vs. Likelihood �t
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(a)

(b)

(c)

Figure 4.24: Systemati
s for D

+

! K

0

S

K

+

K

�

�

+

. (a) is relative bran
h-

ing ratios for 
ut variants, (b) is relative bran
hing ratios for split sample

and (
) is relative bran
hing ratio for �t variants.
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Sour
e of error Æ

�

rel

E from resonant state 0.0008

E from MC statisti
s 0.0001

Cut variants 0.

Split sample 0.

Fit variants 0.0005

Total 0.0009

Table 4.9: Summary of systemati
 errors for the �(D

+

!

K

0

S

K

+

K

�

�

+

)=�(D

+

! K

0

S

�

+

�

+

�

�

).
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4.4 Bran
hing Ratio Measurements of D

+

s

Chan-

nels

4.4.1 D

+

s

! K

0

S

K

�

�

+

�

+

De
ay Channels E (%)

Non R: K

0

S

K

�

�

+

�

+

0.670�0.008

K

�+

(K

0

S

�

+

)K

�

�

+

0.682�0.008

K

0

S

K

�0

(K

�

�

+

)�

+

0.663�0.008

K

�+

(K

0

S

�

+

)K

�0

(K

�

�

+

) 0.679�0.008

a

�

(K

0

S

K

�

)�

+

�

+

0.617�0.008

Table 4.10: Possible de
ay 
hannels in D

+

s

! K

0

S

K

�

�

+

�

+

�nal state

and its eÆ
ien
ies. Es' do not in
lude �(K

0

S

! �

+

�

�

) and bran
hing

ratio of other resonan
e parti
les, and its error is Monte Carlo statisti
al

error.

With slightly di�erent 
uts from D

+

! K

0

S

K

�

�

+

�

+

, we have obtained this �nal

state and it is shown in Fig. 4.25. We parameterized signal by a Gaussian and

ba
kground by quadrati
 polynomial and 
harm re
e
tion. Monte Carlo simulation,

shown in Fig. 4.26, shows this re
e
tion mainly 
omes from D

+

! K

0

S

�

+

�

+

�

�


hannel due to �=K misidenti�
ation. Re
e
tion ba
kground shape is determined

by Monte Carlo simulation and amplitude is a free �t parameter. We have obtained

837�38 events for this �nal state. We investigated double misidenti�
ation from

K

0

S

K

+

�

+

�

�

state. Fig 4.27 shows no double misidenti�
ation from K

0

S

K

+

�

+

�

�

�nal state. Table 4.10 shows its resonant and non-resonant state re
onstru
tion

eÆ
ien
ies. We determined dominant 
ontribution to this �nal state is K

�+

K

�0

and used this eÆ
ien
y as a �nal state eÆ
ien
y (see Fig 4.28). For this de
ay

mode we estimate systemati
 error from resonant eÆ
ien
y is 4.6%. This de
ay

mode is used to normalization mode for D

+

s

! K

0

S

K

+

�

+

�

�

de
ay mode whi
h will

be des
ribed in the next se
tion.
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Figure 4.25: The invariant mass distribution of K

0

S

K

�

�

+

�

+

with D

+

s

sele
tion 
uts. The data are indi
ated by points with error bars and

the solid lines are the �ts. The shadowed regions are 
harm re
e
tion

ba
kgrounds.

Figure 4.26: Charm re
e
tion ba
kground in D

+

s

! K

0

S

K

�

�

+

�

+

from

Monte Carlo simulation.
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Figure 4.27: (a) is M(K

0

S

K

�

�

+

�

+

). Shadowed is 2.5� of signal

region and hat
hed is sideband region. (b) is M(K

0

S

K

+

�

+

�

�

)

within M(K

0

S

K

�

�

+

�

+

) signal region. (
) is M(K

0

S

K

+

�

+

�

�

)

within M(K

0

S

K

�

�

+

�

+

) sideband region. (d) is sideband subtra
ted

M(K

0

S

K

+

�

+

�

�

) distribution in the D

+

s

! K

0

S

K

�

�

+

�

+

signal region.
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Figure 4.28: Resonant states in the D

+

s

! K

0

S

K

�

�

+

�

+

�nal state.

There is no 
ondition for nomen
lature of �

+

1

and �

+

2

.
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4.4.2 D

+

s

! K

0

S

K

+

�

+

�

�

De
ay Channels E (%)

Non R: K

0

S

K

+

�

+

�

�

0.659�0.008

K

0

1

(1400)(K

��

(K

0

S

�

�

)�

+

)K

+

0.612�0.008

K

+

1

(1400)(K

�0

(K

+

�

�

)�

+

)K

0

S

0.695�0.008

K

0

1

(1270)(K

0

S

�

0

(�

+

�

�

))K

+

0.720�0.008

K

+

1

(1270)(K

+

�

0

(�

+

�

�

))K

0

S

0.627�0.008

a

+

(K

0

S

K

+

)�

0

(�

+

�

�

) 0.613�0.008

a

+

(K

0

S

K

+

)�

+

�

�

0.635�0.008

K

0

S

K

�0

(K

+

�

�

)�

+

0.653�0.008

K

0

S

K

+

�

0

(�

+

�

�

) 0.633�0.008

K

��

(K

0

S

�

�

)K

+

�

+

0.668�0.008

Table 4.11: Possible de
ay 
hannels in D

+

s

! K

0

S

K

+

�

+

�

�

�nal state

and its eÆ
ien
ies. Es' do not in
lude �(K

0

S

! �

+

�

�

) and bran
hing

ratio of other resonan
e parti
les, and its error is Monte Carlo statisti
al

error.

This de
ay mode has same de
ay topology with D

+

s

! K

0

S

K

�

�

+

�

+

but has di�er-

ent intermediate states. As we saw in D

+

! K

0

S

K

�

�

+

�

+

and D

+

! K

0

S

K

+

�

+

�

�

,

we 
ould expe
t this �nal state has di�erent de
ay ratio with D

+

s

! K

0

S

K

�

�

+

�

+

.

With ourD

+

s

sele
tion 
uts, we have obtained 476�36 ofD

+

s

! K

0

S

K

+

�

+

�

�

events.

Signal is �tted by a Gaussian and ba
kground by quadrati
 polynomial and 
harm

re
e
tion. Fig. 4.29 shows its invariant mass distribution. Re
e
tion on right side

of D

+

s

! K

0

S

K

+

�

+

�

�


omes fromD

+

! K

0

S

�

+

�

+

�

�

due to K=� misidenti�
ation.

Monte Carlo simulation shows its shape in Fig. 4.30 and the amplitude of re
e
tion

ba
kground is a free �t parameter. We investigated �

+




! K

0

S

p�

+

�

�


ontamination

in the signal region. We found no eviden
e in the data for any enhan
ement due to

�

+




! K

0

S

p�

+

�

�

where the p is misidenti�ed as a K (see Fig. 4.31). We also studied

double misidenti�
ation of the D

+

s

! K

0

S

K

+

�

+

�

�

to the D

+

s

! K

0

S

K

�

�

+

�

+

de
ay

mode and found to be negligible (see Fig. 4.32).



102 4. BRANCHING RATIO MEASUREMENTS

Figure 4.29: The invariant mass distribution of K

0

S

K

+

�

+

�

�

with D

+

s

sele
tion 
uts. The data are indi
ated by points with error bars and

the solid lines are the �ts. The shadowed regions are 
harm re
e
tion

ba
kgrounds.

Figure 4.30: Charm re
e
tion ba
kground in D

+

s

! K

0

S

K

+

�

+

�

�

from

Monte Carlo simulation.
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Figure 4.31: (a) is M(K

0

S

K

+

�

+

�

�

). Shadowed is 2.5� of sig-

nal region and hat
hed is sideband region. (b) is M(K

0

S

p�

+

�

�

)

within M(K

0

S

K

+

�

+

�

�

) signal region. (
) is M(K

0

S

p�

+

�

�

) within

M(K

0

S

K

+

�

+

�

�

) sideband region. (d) is sideband subtra
ted

M(K

0

S

p�

+

�

�

) distribution in the D

+

s

! K

0

S

K

+

�

+

�

�

signal region.
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Figure 4.32: (a) is M(K

0

S

K

+

�

+

�

�

). Shadowed is 2.5� of signal

region and hat
hed is sideband region. (b) is M(K

0

S

K

�

�

+

�

+

)

within M(K

0

S

K

+

�

+

�

�

) signal region. (
) is M(K

0

S

K

�

�

+

�

+

)

within M(K

0

S

K

+

�

+

�

�

) sideband region. (d) is sideband subtra
ted

M(K

0

S

K

�

�

+

�

+

) distribution in the D

+

s

! K

0

S

K

+

�

+

�

�

signal region.



4.4. BRANCHING RATIO MEASUREMENTS OF D+

S

CHANNELS 105

To determine re
onstru
tion eÆ
ien
y for this de
ay mode, we investigated possi-

ble resonant states, as shown in Fig. 4.33, in this �nal state. This de
ay mode has


ontributions from many sub-de
ay modes whi
h 
ould not be distinguish with-

out detailed resonant analysis like the in 
ase of D

+

! K

0

S

K

+

�

+

�

�

. There-

fore we assumed a non-resonant eÆ
ien
y to be the eÆ
ien
y for this �nal state.

We estimated systemati
 error from resonant sub-states for this de
ay mode is

4.6%. With this re
onstru
tion eÆ
ien
y, we measured relative bran
hing ratio of

�(D

+

s

! K

0

S

K

+

�

+

�

�

)=�(D

+

s

! K

0

S

K

�

�

+

�

+

) to be:

�(D

+

s

! K

0

S

K

+

�

+

�

�

)

�(D

+

s

! K

0

S

K

�

�

+

�

+

)

= 0:586� 0:052: (4.9)

We tra
ed same approa
h with other de
ay modes to estimate systemati
 error

for this �nal state. Fig. 4.34 (a) shows its 
ut variants and Fig. 4.34 (b) is split

sample test. Fig. 4.34 (
) is �t variant systemati
s. We see systemati
 error from

�tting method and estimate systemati
 error for relative bran
hing ratio is 0.017.

Finally, we determined our �nal result of the relative bran
hing ratio of �(D

+

s

!

K

0

S

K

+

�

+

�

�

)=�(D

+

s

! K

0

S

K

�

�

+

�

+

) to be:

�(D

+

s

! K

0

S

K

+

�

+

�

�

)

�(D

+

s

! K

0

S

K

�

�

+

�

+

)

= 0:586� 0:052� 0:043 (4.10)

and summarized systemati
 
ontributions in Table 4.12. Our �nal systemati
 er-

ror 
ontains systemati
 error from resonant eÆ
ien
y from D

+

s

! K

0

S

K

�

�

+

�

+

�nal state whi
h is used to normalization mode for this relative bran
hing ratio

measurement.
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Figure 4.33: Resonant states in the D

+

s

! K

0

S

K

+

�

+

�

�

�nal state.
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(a)

(b)

(c)

Figure 4.34: Systemati
s for D

+

s

! K

0

S

K

+

�

+

�

�

. (a) is relative bran
h-

ing ratios for 
ut variants, (b) is relative bran
hing ratios for split sample

and (
) is relative bran
hing ratio for �t variants.



108 4. BRANCHING RATIO MEASUREMENTS

Sour
e of error Æ

�

rel

E from resonant state 0.038

E from MC statisti
s 0.010

Cut variants 0.

Split sample 0.

Fit variants 0.017

Total 0.043

Table 4.12: Summary of systemati
 errors for the �(D

+

s

!

K

0

S

K

�

�

+

�

+

)=�(D

+

s

! K

0

S

K

+

�

+

�

�

).



Chapter 5

Con
lusion

We have measured new bran
hing ratio of the D

+

! K

0

S

K

�

�

+

�

+

relative to the

D

+

! K

0

S

�

+

�

+

�

�

. Although this de
ay mode is previously reported by other

experiment [23℄, their signal signi�
an
e is just 2.5�. We 
on�rmed previous mea-

surement and improved it remarkably. In addition, we have made the �rst ob-

servation of three new de
ay pro
esses D

+

! K

0

S

K

+

�

+

�

�

, D

+

! K

0

S

K

+

K

�

�

+

and D

+

s

! K

0

S

K

+

�

+

�

�

and measured their relative bran
hing ratios. We summa-

rize our �nal results in Table 5.1. We quote the relative eÆ
ien
y for ea
h de
ay

mode instead of its absolute eÆ
ien
y. In pra
ti
e, it is not meaningful to quote

the absolute re
onstru
tion eÆ
ien
y in this thesis sin
e we have measured rela-

tive bran
hing ratio. Besides, quoted absolute eÆ
ien
ies in previous se
tions are

indeed not absolute re
onstru
tion eÆ
ien
ies sin
e we have imposed K

0

S

de
ays

to �

+

�

�

with 100% bran
hing ratio. When we quote relative eÆ
ien
y, the K

0

S

re
onstru
tion eÆ
ien
y is 
an
elled out and it will be independent of Monte Carlo

version. With the assumption that doubly Cabibbo suppressed amplitude is negli-

gible in 
ase of theD

+

! K

0

S

�

+

�

+

�

�

, D

+

! K

0

S

K

+

K

�

�

+

andD

+

s

! K

0

S

K

+

�

+

�

�

and using the 
urrent PDG values of the �(D

+

! K

0

�

+

�

+

�

�

) = (7:0� 0:9)% and

�(D

+

s

! K

0

K

�

�

+

�

+

) = (4:3� 1:5)%, we 
ompare our results with previous mea-

surements and summarize them in Table 5.2.

1

We print out total error in Table 5.2


omes from ours and PDGs, where PDGs un
ertainty of �(D

+

! K

0

�

+

�

+

�

�

) is

1

I. I. Bigi points out that interferen
e between Cabibbo favored and doubly Cabibbo suppressed

amplitudes, where both o

ur, 
ould invalidate this assumption by a few per
ent [39℄. Namely,

�(D ! K

0

+ X) is not 2 � �(D ! K

0

S

+ X) exa
tly.
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approximately 13% and that of �(D

+

s

! K

0

K

�

�

+

�

+

) is about 35%. Finally, these

�nal states have many interesting intermediate states. Future study of amplitude

analysis for these �nal states will give several interesting values and this thesis will

be the framework for it.

De
ay Mode N

signal

E

rel

�

rel

D

+

! K

0

S

K

�

�

+

�

+

670�35 0.753�0.008 0.0768�0.0041�0.0032 y

D

+

! K

0

S

K

+

�

+

�

�

469�32 0.720�0.008 0.0562�0.0039�0.0040 z

D

+

! K

0

S

K

+

K

�

�

+

35�7 0.392�0.006 0.0077�0.0015�0.0009 z

D

+

! K

0

S

�

+

�

+

�

�

11590�121 1 1

D

+

s

! K

0

S

K

+

�

+

�

�

476�36 0.971�0.016 0.586�0.052�0.043 z

D

+

s

! K

0

S

K

�

�

+

�

+

837�38 1 1

Table 5.1: Summary of �nal results. E

rel

is the re
onstru
tion eÆ
ien
y

relative to D

+

! K

0

S

�

+

�

+

�

�

for the D

+

modes and D

+

s

! K

0

S

K

�

�

+

�

+

for the D

+

s

modes, where its error 
ontains Monte Carlo statisti
al error

only. �

rel

is the bran
hing ratio relative toD

+

! K

0

S

�

+

�

+

�

�

for theD

+

modes and D

+

s

! K

0

S

K

�

�

+

�

+

for the D

+

s

modes. Marked mode with

y is the world best measurement and modes with z are unseen de
ay

modes previously. The errors on the bran
hing ratios are statisti
al and

systemati
, respe
tively.

Bran
hing Ratio FOCUS Others

�(D

+

! K

0

K

�

�

+

�

+

) (0.54�0.08)% (1.0�0.6)% z

�(D

+

! K

0

K

+

�

+

�

�

) (0.39�0.06)% < 2.0% (� 90% C.L.) z

�(D

+

! K

0

K

+

K

�

�

+

) (5.4�1.4)�10

�4

-

�(D

+

s

! K

0

K

+

�

+

�

�

) (2.5�0.9)% < 2.8% (� 90% C.L.) z

Table 5.2: Comparison with previous measurement. Marked modes with

z are measured by the ARGUS 
ollaboration [23℄. The error is 
ombined

by quadrature with our total error and PDGs error.



Appendix A

Systemati
 Error Estimation

Systemati
 errors in FOCUS measurements are estimated through a 
ombination

of the following two methods.

� We estimate systemati
s by splitting the data sample in two groups and


omparing the �t parameters obtained in either half of the split sample. The

pra
ti
al method in split sample systemati
s is to de
ide how mu
h of the

di�eren
e in �t parameters is due to statisti
al 
u
tuation and how mu
h

should be as
ribed to systemati
 error. We use a method for handling this

based on the S-fa
tor method whi
h is used by the Parti
le Data Group.

� We estimate systemati
 errors by varying reasonable �tting te
hniques for a


omplete date set. The tri
k in �t variant systemati
s is to de
ide how to

extra
t a meaningful systemati
 error from the spread if estimates obtained

with the various �t variants.

A.1 Split Sample Systemati
s

As an example, let us say that we are interested in estimating systemati
s by 
on-

sidering N disjoint samples. If the N independent measurements are statisti
ally


onsistent, there is no eviden
e for a split sample systemati
 error. The standard

test for statisti
al 
onsisten
y is to 
onstru
t a 
on�den
e level for the hypothesis

that the N measurements 
an be �t by a single (weighted average) �t parameter.

For N independent samples, the 
on�den
e level would be 
onstru
ted from a �

2
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with N � 1 degrees of freedom of the form:

�

2

=

N

X

i

(x

i

� < x >)

2

�

2

i

; (A.1)

where

< x > =

P

N

i

x

i

=�

2

i

P

N

i

1=�

2

i

(A.2)

We 
an use this �

2

to extra
t an estimate of the systemati
 error in analogy with

the S-fa
tor method of the PDG. Let us 
onsider the 
ase where �

2

=(N � 1) > 1.

We 
an argue that this in
onsisten
y arises sin
e the split sample true errors are all

underestimated due to an unknown systemati
 problem. If all subsample errors are

s
aled up to �

i

p

�

2

=(N � 1), the new �

2

per DOF will automati
ally be unity. In

addition, the statisti
al error for the weighted average of the subsample estimates

�� =

1

q

P

N

i

1=�

2

i

(A.3)

will be in
reased by the same fa
tor and be
omes a s
aled error (~�) of:

~� = ��

p

�

2

=(N � 1) =

r

< x

2

> � < x >

2

N � 1

; (A.4)

where we have used the weighted average bra
kets <> de�ned in Eq. A.2. Let �

f

be the statisti
al error returned by the �tter on the unsplit date set. Our pro
edure

is to quote a split sample systemati
 error of

�

sys

=

q

~�

2

� �

2

f

if ~� > �

f

;

�

sys

= 0 if ~� < �

f

(A.5)

A.2 Fit Variant Systemati
s

We now attempt to 
he
k if we 
an extend split sample systemati
s method to


over �t variant systemati
s. The �t variant systemati
s is di�erent from the split

sample systemati
s in the three following respe
ts.

i. We assume that the �t variants are all a priori likely. We should not use

the weighted average implied by Eq. A.2, but rather use a straight average:

< x >=

P

N

i

x

i

=N .
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ii. We are not making a 
ombined average of the �t variants where ea
h variant

is adding independent information. As a result we should remove a fa
tor of

1/

p

N in the ~� expression. Now we are trying to assess the a
tual RMS spread

in a set of estimators rather than the spread of the mean.

iii. There is no need to subtra
t the statisti
al varian
e from ~�

2

, sin
e the �t

variations should essentially have fully 
orrelated statisti
al errors.

Making these modi�
ations, we get

�

sys

=

s

P

N

i

x

2

i

�N < x >

2

N � 1

(A.6)

Eq. A.6 is the expression for the sample standard deviation and di�ers from the

population standard deviation by N ! N � 1.
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Appendix B

Bran
hing Ratio Measurement II

In Chapter 4, we have measured �(D

+

s

! K

0

S

K

+

�

+

�

�

)=�(D

+

s

! K

0

S

K

�

�

+

�

+

).

These signal and normalization modes have same de
ay topology. So we are able

to 
an
el out systemati
 errors from K

0

S

and tra
k re
onstru
tion eÆ
ien
ies. We

now measure the bran
hing ratios of the D

+

s

with well-known D

+

s

! K

0

S

K

+

de
ay

mode as the normalization mode. This enables us to quote the relative bran
hing

ratio of the D

+

s

! K

0

S

K

�

�

+

�

+

in addition to D

+

s

! K

0

S

K

+

�

+

�

�

. Besides, we also

measure the relative bran
hing ratio of �(D

+

! K

0

S

K

+

)=�(D

+

! K

0

S

�

+

�

+

�

�

) to

support D

+

s

measurements.

B.1 �(D

+

! K

0

S

K

+

)=�(D

+

! K

0

S

�

+

�

+

�

�

)

As mentioned previously, this de
ay mode has been studied for supporting D

+

s

measurements using normalization mode ofD

+

s

! K

0

S

K

+

. But it is of good interest

to measure the bran
hing ratio itself. Besides, it 
ould be used to extra
t the isospin

amplitudes and phase shifts with D ! K� and D ! KK de
ay modes [37℄.

In following two D

+

s

measurements, signal modes have K

0

S

+ 3 prongs de
ay

topology and normalization mode K

0

S

+ 1 prong. Although K

0

S

re
onstru
tion

eÆ
ien
y is 
an
elled out, tra
k re
onstru
tion eÆ
ien
y is not. In addition we have

used di�erent vertexing algorithm for signal and normalization mode as referred

in Se
. 4.1. Therefore, if we show �(D

+

! K

0

S

K

+

)=�(D

+

! K

0

S

�

+

�

+

�

�

) is


onsistent with 
urrent world average, we 
ould demonstrate ourD

+

s

measurements.

We have employed same vertexing 
onditions although we use di�erent vertexing
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Figure B.1: The invariant mass distribution of K

0

S

K

+

with D

+

sele
tion


uts. The data are indi
ated by points with error bars and the solid lines

are the �ts. The shadowed regions are 
harm re
e
tion ba
kgrounds.

algorithm from other four-body de
ay modes to redu
e the systemati
s from 
ut

variants. Fig. B.1 shows the K

0

S

K

+

�nal state passing the D

+

sele
tion 
uts.

Signal is �tted by a Gaussian and ba
kground by quadrati
 polynomial and other


harm re
e
tions. From the Monte Carlo study re
e
tion ba
kgrounds on D

+

low

mass region 
ome from D

+

s

! K

�+

K

0

S

and D

+

s

! K

�0

K

+

due to missing �

0

and

D

+

high mass region 
ome from D

+

! K

0

S

�

+

due to �=K misidenti�
ation, as

shown in Fig. B.2. The �t returned yields of the D

+

! K

0

S

K

+

is 1259�63. We

have investigated �

+




! K

0

S

p 
ontamination in the signal region. We have found

no eviden
e in the data for any enhan
ement due to �

+




! K

0

S

p where the p is

misidenti�ed as a K (see Fig. B.3). We have also investigated systemati
s for the

D

+

! K

0

S

K

+

de
ay mode with same method used in other de
ay modes. Fig. B.4

shows relative bran
hing ratios for several 
uts and �t variants and split sample.

We saw systemati
 bias from �t variants and estimated error of relative bran
hing

ratio is 0.0017.



B.1. �(D+

! K

0

S

K

+

)=�(D

+

! K

0

S

�

+

�

+

�

�
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Figure B.2: Charm re
e
tion ba
kgrounds in K

0

S

K

+

from Monte Carlo

simulation. (a) is from D

+

s

! K

�0

K

+

, (b) from D

+

s

! K

�+

K

0

S

, (
) is

sum of two re
e
tions and (d) from D

+

! K

0

S

�

+

.
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Figure B.3: (a) is M(K

0

S

K

+

). Shadowed is 2.5� of signal region and

hat
hed is sideband region. (b) is M(K

0

S

p) within M(K

0

S

K

+

) signal re-

gion. (
) isM(K

0

S

p) withinM(K

0

S

K

+

) sideband region. (d) is sideband

subtra
ted M(K

0

S

p) distribution in the D

+

! K

0

S

K

+

signal region.
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! K

0

S

K

+

)=�(D

+

! K

0

S

�

+

�

+

�

�
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(a)

(b)

(c)

Figure B.4: Systemati
s for D

+

! K

0

S

K

+

. (a) is relative bran
hing

ratios for 
ut variants, (b) is relative bran
hing ratios for split sample

and (
) is relative bran
hing ratio for �t variants.
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Sour
e of error Æ

�

rel

E from resonant state 0.

E from MC statisti
s 0.0008

Cut variants 0.

Split sample 0.

Fit variants 0.0017

Total 0.0019

Table B.1: Summary of systemati
 errors for the �(D

+

!

K

0

S

K

+

)=�(D

+

! K

0

S

�

+

�

+

�

�

).

Finally, we determined our �nal result of the relative bran
hing ratio of �(D

+

!

K

0

S

K

+

)=�(D

+

! K

0

S

�

+

�

+

�

�

) to be:

�(D

+

! K

0

S

K

+

)

�(D

+

! K

0

S

�

+

�

+

�

�

)

= 0:1042� 0:0053� 0:0019 (B.1)

and summarized systemati
 
ontributions in Table B.1. Assuming Eq. B.2

�(D ! K

0

+ X) = 2 � �(D ! K

0

S

+ X) (B.2)

and using 
urrent world average of �(D

+

! K

0

�

+

�

+

�

�

) = (7:0 � 0:9)% [1℄, our

measurement of the D

+

! K

0

S

K

+

to be:

�(D

+

! K

0

K

+

) = (7:3� 1:0)� 10

�3

(B.3)

where the error is 
ombined error from PDGs error and our total error. Our

measurement for D

+

! K

0

S

K

+

is 
onsistent with 
urrent world average. More

pre
ise measurement for this de
ay mode utilizing other well-known normalization

modes su
h as D

+

! K

0

S

�

+

and D

+

! K

�

�

+

�

+

is under investigation by our

experiment 
urrently [38℄ and is expe
ted to be published soon.



B.2. �(D+

S

! K

0

S

K

�

�

+

�

+

)=�(D

+

S

! K

0

S

K

+
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B.2 �(D

+

s

! K

0

S

K

�

�

+

�

+

)=�(D

+

s

! K

0

S

K

+

)

To measure this relative bran
hing ratio, we investigated de
ay mode of D

+

s

!

K

0

S

K

+

. With slightly di�erent 
uts with D

+

! K

0

S

K

+

(see Se
. 4.2), we have

obtained this �nal state as shown in Fig. B.5. The signal is �tted by a Gaussian

and ba
kground by quadrati
 polynomial and other 
harm re
e
tions. Fig. B.6

shows re
e
tion ba
kgrounds on low mass region 
ome from D

s

! K

�

K owing

to missing �

0

. In addition there is signi�
ant ba
kground from D

+

! K

0

S

�

+


aused by misidenti�
ation of � to K. This ba
kground is not 
ru
ial in 
ase of the

D

+

! K

0

S

K

+

sin
e this ba
kground is out ofD

+

signal region, but inD

+

s

! K

0

S

K

+

signal region. From Monte Carlo simulation, we have obtained this ba
kground

shape and in
orporated it to ba
kground �t fun
tion. The amplitude for 
harm

re
e
tions is a free �t parameter. We have obtained yields of the D

+

s

! K

0

S

K

+

is

1119�59. We investigated �

+




! K

0

S

p 
ontamination in the signal region. We have

found no eviden
e in the data for any enhan
ement due to �

+




! K

0

S

p where the p

is misidenti�ed as the K as shown in Fig. B.7.

Figure B.5: The invariant mass distribution of K

0

S

K

+

with D

+

s

sele
tion


uts. The data are indi
ated by points with error bars and the solid lines

are the �ts. The shadowed regions are 
harm re
e
tion ba
kgrounds.
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Figure B.6: Charm re
e
tion ba
kgrounds in K

0

S

K

+

from Monte Carlo

simulation. (a) is from D

+

s

! K

�0

K

+

, (b) from D

+

s

! K

�+

K

0

S

, (
) is

sum of two re
e
tions and (d) from D

+

! K

0

S

�

+

.
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�
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�
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Figure B.7: (a) is M(K

0

S

K

+

). Shadowed is 2.5� of signal region and

hat
hed is sideband region. (b) is M(K

0

S

p) within M(K

0

S

K

+

) signal re-

gion. (
) isM(K

0

S

p) withinM(K

0

S

K

+

) sideband region. (d) is sideband

subtra
ted M(K

0

S

p) distribution in the D

+

! K

0

S

K

+

signal region.
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(a)

(b)

(c)

Figure B.8: Systemati
s for D

+

s

! K

0

S

K

�

�

+

�

+

. (a) is relative bran
h-

ing ratios for 
ut variants, (b) is relative bran
hing ratios for split sample

and (
) is relative bran
hing ratio for �t variants.
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Sour
e of error Æ

�

rel

E from resonant state 0.051

E from MC statisti
s 0.013

Cut variants 0.

Split sample 0.

Fit variants 0.013

Total 0.054

Table B.2: Summary of systemati
 errors for the �(D

+

s

!

K

0

S

K

�

�

+

�

+

)=�(D

+

s

! K

0

S

K

+

).

We have investigated systemati
s for this relative bran
hing ratio of �(D

+

s

!

K

0

S

K

�

�

+

�

+

)=�(D

+

s

! K

0

S

K

+

) with same method used in other de
ay modes.

Fig. B.8 shows relative bran
hing ratios for several 
uts and �t variants and split

sample. We noti
e systemati
 biased from �t variants and estimated error of rela-

tive bran
hing ratio is found to be 0.0008. Finally, we determined our �nal result

of the relative bran
hing ratio of �(D

+

s

! K

0

S

K

�

�

+

�

+

)=�(D

+

s

! K

0

S

K

+

) to be:

�(D

+

s

! K

0

S

K

�

�

+

�

+

)

�(D

+

s

! K

0

S

K

+

)

= 1:118� 0:078� 0:054 (B.4)

and summarized systemati
 
ontributions in Table B.2. Assuming Eq. B.2 and us-

ing 
urrent world average of �(D

+

s

! K

0

K

+

) = (3:6�1:1)% [1℄, we have measured

the D

+

s

! K

0

S

K

�

�

+

�

+

to be:

�(D

+

s

! K

0

K

�

�

+

�

+

) = (4:0� 1:3)% (B.5)

where the error is 
ombined error from PDGs error and our total error. Our

measurement for D

+

s

! K

0

S

K

�

�

+

�

+

is 
onsistent with 
urrent world average and

supersede it.
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B.3 �(D

+

s

! K

0

S

K

+

�

+

�

�

)=�(D

+

s

! K

0

S

K

+

)

We investigated systemati
s for this relative bran
hing ratio. Fig. B.9 shows rel-

ative bran
hing ratios for several 
uts and �t variants and split sample. We saw

systemati
 bias from �t variants and estimated error of relative bran
hing ratio is

0.0008. Finally, we determined our �nal result of the relative bran
hing ratio of

�(D

+

s

! K

0

S

K

+

�

+

�

�

)=�(D

+

s

! K

0

S

K

+

) to be:

�(D

+

s

! K

0

S

K

+

�

+

�

�

)

�(D

+

s

! K

0

S

K

+

)

= 0:655� 0:060� 0:036 (B.6)

and summarized systemati
 
ontributions in Table B.3. Assuming Eq. B.2 and

using 
urrent world average of �(D

+

s

! K

0

K

+

) = (3:6�1:1)% [1℄, our measurement

of the D

+

s

! K

0

S

K

�

�

+

�

+

to be:

�(D

+

s

! K

0

K

+

�

+

�

�

) = (2:4� 0:8)% (B.7)

where the error is 
ombined error from PDGs error and our total error.

Sour
e of error Æ

�

rel

E from resonant state 0.030

E from MC statisti
s 0.008

Cut variants 0.

Split sample 0.

Fit variants 0.019

Total 0.036

Table B.3: Summary of systemati
 errors for the �(D

+

s

!

K

0

S

K

+

�

+

�

�

)=�(D

+

s

! K

0

S

K

+

).
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Figure B.9: Systemati
s for D

+

s

! K

0

S

K

+

�

+

�

�

. (a) is relative bran
h-

ing ratios for 
ut variants, (b) is relative bran
hing ratios for split sample

and (
) is relative bran
hing ratio for �t variants.
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B.4 Summary and Results

We summarize our �nal results in Table B.4. We quote the relative eÆ
ien
y for

ea
h de
ay mode instead its absolute eÆ
ien
y as in the Chapter 5. We 
al
ulate

absolute bran
hing ratios for these de
ay modes with 
urrent world average and


ompare our measurements with previous measurements in Table B.5.

De
ay Mode N

signal

E

rel

�

rel

D

+

! K

0

S

K

+

1259�63 1.042�0.011 0.1042�0.0053�0.0019 y

D

+

! K

0

S

�

+

�

+

�

�

11590�121 1 1

D

+

s

! K

0

S

K

�

�

+

�

+

837�38 0.669�0.010 1.118�0.078�0.054 y

D

+

s

! K

0

S

K

+

�

+

�

�

476�36 0.649�0.010 0.655�0.060�0.036 z

D

+

s

! K

0

S

K

+

1119�59 1 1

Table B.4: Summary of �nal results. E

rel

is the re
onstru
tion eÆ
ien
y

relative to D

+

! K

0

S

�

+

�

+

�

�

for the D

+

modes and D

+

s

! K

0

S

K

+

for

the D

+

s

modes, where its error 
ontains Monte Carlo statisti
al error

only. �

rel

is the bran
hing ratio relative to D

+

! K

0

S

�

+

�

+

�

�

for the

D

+

modes and D

+

s

! K

0

S

K

+

for the D

+

s

modes. Marked mode with y is

the new measurement and modes with z are unseen de
ay modes previ-

ously. The errors on the bran
hing ratios are statisti
al and systemati
,

respe
tively.

Bran
hing Ratio FOCUS Others

�(D

+

! K

0

K

+

) (7.3�1.0)�10

�3

(7.4�1.0)�10

�3

[1℄

�(D

+

s

! K

0

K

�

�

+

�

�

) (4.0�1.3)% (4.3�1.5)% (� 90% C.L.) z

�(D

+

s

! K

0

K

+

�

+

�

�

) (2.4�0.8)% < 2.8% (� 90% C.L.) z

Table B.5: Comparison with previous measurement. Marked modes

with z are measured by the ARGUS 
ollaboration [23℄. The error is


ombined by quadrature with our total error and PDGs error.
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