
Observation of B0s{B0s Os
illations and theDevelopment and Appli
ation ofSame-Side-Kaon Flavor TaggingAlberto Belloni

Do
toral DissertationSeptember 2007





Observation of B0s{B0s Os
illations and theDevelopment and Appli
ation of Same-Side-KaonFlavor TaggingbyAlberto BelloniSubmitted to the Department of Physi
sin partial ful�llment of the requirements for the degree ofDo
tor of Philosophy in Physi
sat theMASSACHUSETTS INSTITUTE OF TECHNOLOGYSeptember 2007

 Massa
husetts Institute of Te
hnology 2007. All rights reserved.
Author . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Department of Physi
sJuly 12, 2007Certi�ed by. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Christoph M. E. PausAsso
iate Professor of Physi
sThesis SupervisorA

epted by . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Thomas J. GreytakAsso
iate Department Head for Edu
ation, Professor





Observation of B0s{B0s Os
illations and the Development andAppli
ation of Same-Side-Kaon Flavor TaggingbyAlberto BelloniSubmitted to the Department of Physi
son July 12, 2007, in partial ful�llment of therequirements for the degree ofDo
tor of Philosophy in Physi
sAbstra
tThe sear
h for 
avor os
illations in the neutral B0s � B0s meson system 
onstitutesa 
agship analysis of the Tevatron proton{anti-proton 
ollider physi
s program andan important probe for e�e
ts due to new physi
s beyond the Standard Model ofparti
les and intera
tions. In parti
ular, the pre
ise measurement of a pro
ess su
has B0s os
illations sets a strong 
onstraint on the parameters of quark-
avor mixingin the Standard Model.This dissertation reports the analysis whi
h, for the �rst time, observed B0s � B0sos
illations, using data 
olle
ted with the CDF dete
tor. The sub-per
ent pre
ision ofthe measurement is also noteworthy. The data sample used for this analysis in
ludesfully and partially re
onstru
ted B0s de
ays: B0s ! D�s �+(���+)+
:
:, B0s ! D�s `+X+
:
:, with D�s ! �0��; K�0K�, and ���+��, and B0s ! D�s �+, D��s �+, with D�s !�0��.The fo
us of this thesis is the algorithm of same-side-kaon tagging whi
h providesa large fra
tion of the 
avor-tagging power available to this analysis of B0s � B0s os-
illations. Flavor tagging 
onsists in assessing whether a Bs meson is 
reates as a B0sor a B0s state, and 
onstitutes an important ingredient in the analysis presented inthis do
ument. The algorithm whi
h is here des
ribed 
ombines parti
le identi�
a-tion information and kinemati
 
hara
teristi
s of the B0s event in an arti�
ial neuralnetwork to provide improved tagging power �D2 of about 4:0 � 4:8%, depending onthe data sample to whi
h the algorithm is applied.The sear
h for B0s os
illations is performed using an amplitude method basedon a frequen
y s
anning pro
edure. Applying a neural network-based 
ombinationof lepton, kaon and jet 
harge opposite-side tagging algorithms, with a total tag-ging power of �D2 = 1:8%, and the same-side-kaon tagging algorithm to a datasample of 1 fb�1, a signal of B0s � B0s os
illations with a signi�
an
e greater than5 standard deviations is found. The os
illation frequen
y �ms is measured to be17:77 � 0:10(stat) � 0:07(syst) ps�1. The �ms measurement allows one to extra
tjVtd=Vtsj = 0:2060� 0:0007(exp) +0:0081�0:0060(theor).Thesis Supervisor: Christoph M. E. PausTitle: Asso
iate Professor of Physi
s
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Introdu
tionThe physi
s of the b quark represents one of the most lively resear
h areas in highenergy physi
s. Interest in the study of neutral meson os
illations has aroused sin
ethe �rst demonstration that matter-antimatter os
illations indeed take pla
e in theK0 � K0 system. The �rst eviden
e for neutral B meson os
illations was reportedby the UA1 
ollaboration [1℄. An anomalously large in
iden
e of events with same-sign lepton pairs was found, possibly explained by B mixing. It is interesting tore
all that prior to 1986 B0 mixing was thought to be small, as the top quark wasexpe
ted to be fairly light, in the 30 � 70 GeV=
2 range. Thus, the time-integratedmeasurement of an asymmetry presented by UA1 were interpreted as dominantly B0smixing, though B0 � B0s separation 
ould not be established. In 1987, the Argus
ollaboration presented the �rst observation of B0 os
illations in a time-integratedanalysis [2℄. This result was later 
on�rmed by CLEO [3℄. The eviden
e of slowB0�B0 os
illations, 
ompared to the time s
ale of a B0 de
ay, produ
ed by the Argus,CLEO, and UA1 experiments required the top quark to be heavier than what waspreviously expe
ted [4, 5℄. The �rst time-dependent measurement of B0 os
illationswas performed in 1993 by the Aleph 
ollaboration [6℄ and represents the �rst step inthe te
hnique that would be needed to perform the measurement of B0s os
illations.Altough the 
ase of B0s os
illations immediately be
ame an important subje
t ofresear
h, all e�orts for the B0s system were ba�ed for almost twenty years. The natureof B0s os
illations makes its study extremely 
hallenging: the frequen
y of os
illationsin the B0s � B0s system is expe
ted, within the Standard Model, to be so high thatlarge samples and ex
ellent tra
king performan
e of a dete
tor are required for ameasurement. The importan
e of B0s os
illations goes beyond the determination ofa property of B0s mesons. It provides a signi�
ant handle for testing the underlyingmodel of 
avor intera
tions and the possible presen
e of new physi
s.The Collider Dete
tor at Fermilab II (CDF II) is a general purpose dete
tor whi
hhas been su

essfully 
olle
ting data for the last �ve years. It is installed at theTevatron a

elerator, whi
h 
ollides protons and anti-protons at a 
enter-of-massenergy of about 2 TeV. This provides a unique environment for an immensely broadrange of physi
s sear
hes and measurements. A wealth of parti
les are produ
ed andthe most interesting heavy-quark states are 
urrently available only at the Tevatron.The CDF II dete
tor boasts an ex
ellent tra
king performan
e and a superlativetrigger system allowing for the 
olle
tion of data samples highly enri
hed in interestingphysi
s 
ontent. These two aspe
ts give CDF II an unequaled opportunity to performa study of B0s os
illations. 17



The organization of this do
ument is as follows. The theoreti
al foundation ofneutral B meson os
illations is presented in Chapter 1. The a

elerator fa
ilities andthe CDF II dete
tor are des
ribed in Chapter 2. The sele
tion and re
onstru
tionof B0s 
andidates are 
ontained in Chapter 3. The subsequent 
hapter 
on
entrateson the presentation of an important te
hni
al aspe
ts of the analysis: simulationof the data. The simulation of b events enters the analysis in many aspe
ts. TheMonte Carlo samples are des
ribed in Chapter 4. The ingredients and te
hniques fora mixing analysis are introdu
ed in Chapter 5. The same-side tagger represents animportant part of the analysis. Its development is presented Chapter 6. The �nalse
tion, Chapter 7, 
ontains the des
ription of the likelihood �tting framework andthe �nal results: the measurement of the B0s os
illation frequen
y and the resulting
onstraints on the parameters of the 
avor model.

18



Chapter 1Theory and Measurement of FlavorOs
illationsThe phenomenology of B0s�B0s os
illations is presented in this 
hapter. The e�e
ts ofthe measurement of the os
illation frequen
y in the 
urrent model of parti
le physi
sare presented and its impli
ations in sele
ted s
enarios of new physi
s are reviewed.1.1 Matter in the Standard ModelThe Standard Model of Parti
le Physi
s (SM) provides, at present, the best des
rip-tion of the properties of elementary parti
les and their intera
tions. It is de�nedby a gauge group, SU321 = SU(3) 
 SU(2) 
 U(1), whi
h des
ribes the symmetriesof the theory. The group is dire
tly fa
torisable and the (lo
al) symmetries whi
h
orrespond to the three fa
tors expli
itly written above are 
olor, weak isospin, andhyper
harge. The transformations of the �elds whi
h des
ribe fundamental parti
lesare governed by the representations of the groups whi
h are assigned to them. Matteris 
lassi�ed in three families of quarks:Q = � uLdL � ;� 
LsL � ;� tLbL � ;uR ; dR ; 
R ; sR ; tR ; bR ; (1.1.1)usually referred to as \up", \down", \
harm", \strange", \top", and \bottom"-typequarks, and leptons: L = � �eLeL � ;� ��L�L � ;� ��L�L � ;eR ; �R ; �R ; (1.1.2)where the subs
ripts L and R indi
ate left- and right-handed �elds, doublets and sin-glets, respe
tively, with respe
t to transformations of the SU(2) 
omponent of SU321.Table 1.1 summarizes the SU321 quantum numbers of the �elds whi
h experien
egauge intera
tions in the SM. The right-handed 
ounterpart of neutrinos � is not19



Field SU(3) SU(2) U(1)Q 3 2 +1=6uR; 
R; tR 3 1 �2=3dR; sR; bR 3 1 +1=3L 1 2 +1=2eR; �R; �R 1 1 �1Table 1.1: Quantum numbers of matter. Right-handed neutrinos would have quan-tum numbers equal to (1,1,0), 
orresponding to the representation provided by theidentity. Mass [GeV=
2℄ Charge
Quarks u 1:5 to 3:0 � 10�3 23d 3 to 7 � 10�3 �13
 1:25� 0:09 23s 95� 25 � 10�3 �13t 174:2� 3:3y 23b 4:70� 0:07 �13
Leptons �e < 225 � 10�9 CL 95% 0e 0:51099092� 0:00000004 � 10�3 �1�� < 0:19 � 10�3 CL 90% 0� 105:658369� 0:000009 � 10�3 �1�� < 18:2 � 10�3 CL 95% 0� 1776:99 +0:29�0:26 � 10�3 �1Table 1.2: The families of matter in the SM. The latest measurements and �ts arereported from Referen
e [7℄.y Dire
t observation of top events.in
luded be
ause it would transform trivially with respe
t to the entire group andthus have no gauge intera
tions. The properties of the fundamental 
omponents ofmatter are des
ribed in Table 1.2.The gauge stru
ture of parti
le intera
tions in the SM has been veri�ed by manyexperiments, while the exploration of the 
avor se
tor has not been as 
omprehensive.Intera
tions whi
h 
ouple quarks belonging to di�erent families are mediated by Wbosons. In the formalism of the SM, it is possible to des
ribe the phenomenon byrepla
ing the lower terms of the three quark doublets of SU(2) in Equation 1.1.1 withlinear 
ombinations of them, obtaining:0� d0s0b0 1A = 0� Vud Vus VubV
d V
s V
bVtd Vts Vtb 1A 0� dsb 1A : (1.1.3)The matrix V 
ontains the parameters that govern quark mixing, and relates thephysi
al quarks, the mass eigenstates d, s, and b, to the 
avor eigenstates, indi
ated20



by the primed notation, whi
h represent the states parti
ipating in 
harged-
urrentweak intera
tions. This matrix is usually referred to as the Cabibbo-Kobayashi-Maskawa (CKM) matrix [8, 9℄.The 
onservation of probability requires the CKM matrix to be unitary. This
onstraint, in the 
ase of three families of quarks, leaves 32 free parameters in a3� 3 matrix, only four of whi
h 
onstitute physi
al degrees of freedom. The freedomto de�ne arbitrary phases for the quark �elds allows for the elimination of other2 � 3 � 1 parameters, whi
h are unphysi
al phases. The four physi
al parameters
an be 
hosen to be three real angles and one 
omplex phase, whi
h is responsible ofCP-violating e�e
ts in the SM. Another 
ommon representation of the CKM matrixuses the Wolfenstein parameters � (the sine of the Cabibbo angle), A, �, and � [10℄.The CKM matrix is traditionally expressed as a power series in terms of �:V = 0� 1� �2=2 � A�3(�� i�)�� 1� �2=2 A�2A�3(1� �� i�) �A�2 1 1A+O(�4) : (1.1.4)Be
ause � is about 0:2, the power series 
onverges rapidly. The expression aboveshows that the CKM matrix is almost diagonal, and that o�-diagonal terms de
reasewith powers of � the further they are from the diagonal.The 
ondition of unitarity is expressed as follows:Xk VkiV �kj = Æij k 2 u; 
; t i; j 2 d; s; b ;Xi VkiV �li = Ækl k; l 2 u; 
; t i 2 d; s; b : (1.1.5)These equations produ
e a set of six independent expressions whi
h equate the sum ofthree 
omplex numbers to zero or unity, and are geometri
ally equivalent to trianglesin the 
omplex plane. The expression obtained above with i = d and j = b is ofparti
ular interest be
ause the three terms whi
h appear in it are of the same orderin �. It thus represents a triangle the sides of whi
h are of about the same size, dueto the stru
ture of the CKM matrix. The equation is expli
itly:VudV �ub + V
dV �
b + VtdV �tb = 0 : (1.1.6)The expression whi
h is obtained by dividing the equation above by its se
ond termde�nes the Unitarity Triangle. A sket
h of the Unitarity Triangle is shown in Fig-ure 1.1. The three angles are 
ommonly 
alled �, �, and 
 (or �2, �1, and �3) andare related to the CKM matrix elements as follows:� � arg�� VtdV �tbVudV �ub� ; � � arg��V
dV �
bVtdV �tb� ; 
 � arg��VudV �ubV
dV �
b � : (1.1.7)21



Figure 1.1: A sket
h of the Unitarity Triangle.Parameter Value [7℄� 0:2272� 0:0010A 0:818 +0:007�0:017�� 0:221 +0:064�0:028�� 0:340 +0:017�0:045Table 1.3: Results of the latest �ts for the CKM parameters in the Wolfensteinrepresentation.It is 
onvenient to de�ne the res
aled Wolfenstein parameters �� and �� as follows:�� + i�� � �VudV �ubV
dV �
b : (1.1.8)This de�nition is phase-
onvention independent, and ensures that the matrix V writ-ten in terms of A, �, ��, and �� is unitary to all orders in �. In terms of �� and ��, thefollowing relations hold:tan� = ����2 � ��(1� ��) ; tan� = ��1� �� ; tan 
 = ���� : (1.1.9)The presen
e of CP violating e�e
ts in the SM is indi
ated by any of the threeangles being di�erent from zero or �. The measurements of the parameters A, �, ��,and �� reported by the latest analyses are 
olle
ted in Table 1.3. It is worth notingthat � and A are known with a 
onsiderably higher pre
ision than �� and ��. Table 1.4summarizes the 
urrent measurements of the angles of the Unitarity Triangle.1.2 The neutral B meson systemThe des
ription of the time evolution of neutral B � B systems is presented in thisse
tion. Starting from this se
tion, the term \
avor" will be utilized to distinguish22



Parameter Value [7℄� or �2 (99 +13�8 )Æsin 2� or sin 2�1 0:0687� 0:032
 or �3 (63 +15�12)ÆTable 1.4: Results of the latest �ts for the angles of the Unitarity Triangle.parti
les from their respe
tive antiparti
les rather than among di�erent quark types.For the sake of 
onvenien
e, B and B will indi
ate the eigenstates of the strongintera
tion, i.e., the pure �bq and b�q states, while BH and BL will represent the masseigenstates. Assuming that CP is a symmetry of the system, the latter will also havea de�nite CP-parity.The Hamiltonian for free propagation, in the B� B basis, is expressed as followsin the Wigner-Weisskopf approximation [11, 12℄:H = � m M12M�12 m � + i2 � � �12��12 � � : (1.2.1)The diagonal elements of the Hamiltonian des
ribe the mass and de
ay width ofthe 
avor eigenstates. CPT invarian
e guarantees that the two eigenstates have thesame mass m and de
ay width �, as indi
ated in Equation 1.2.1. The o�-diagonalterms represent virtual (M12) and real (�12) parti
le-antiparti
le transitions and, whendi�erent from zero, imply that mass and 
avor eigenstates are not the same. TheHamiltonian H is diagonalized, by de�nition, in the basis of its eigenstates, BH andBL, whi
h have de�nite mass and width (� = 1=� , where � indi
ates the lifetime).Bypassing the te
hni
al details of the diagonalization, the �nal results are:jBi = pjBHi+ qjBLi ; (1.2.2)jBi = pjBHi � qjBLi ; (1.2.3)where: qp =sM�12 � i2��12M12 � i2�12 : (1.2.4)The time evolution of the B and B states is written as follows:jB(t)i = g+(t)jB(0)i+ qpg�(t)jB(0)i ; (1.2.5)jB(t)i = pq g�(t)jB(0)i+ g+(t)jB(0)i ; (1.2.6)where: g�(t) = 12 he�(imL+ 12�L)t � e�(imH+ 12�H)ti : (1.2.7)It is of parti
ular interest to determine the probability densities PB!B(t) andPB!B(t) to observe 
avor eigenstates produ
ed at t = 0 whi
h de
ay with the oppositeor the same 
avor, respe
tively, at time t. In the limit of jq=pj = 1 and (�L � �H)=�23



is negligibly small, whi
h hold to a good approximation for B0 and B0s mesons, theprobability densities are given by:PB!B(t) = PB!B(t) = �2 e��t [1� 
os (�mt)℄ ; (1.2.8)PB!B(t) = PB!B(t) = �2 e��t [1 + 
os (�mt)℄ ; (1.2.9)where � is the inverse of the B0s lifetime and �m is equal to mH �mL. The expres-sions above are extremely useful. They are dire
tly utilized in the �tting frameworkimplemented in this thesis sin
e they relate the parameter of interest, �ms, to theexperimental observables, B 
avor and de
ay time. Equation 1.2.8 des
ribes the\mixed" 
ase, where the B meson de
ays with the opposite 
avor than the produ
-tion 
avor, while the \unmixed" 
ase, where the B meson de
ays with the same 
avoras at produ
tion, obeys to Equation 1.2.9.The assumption that the eigenstates of the Hamiltonian for free propagation arealso CP-eigenstates is justi�ed in the 
ase of B0s mesons, where the CP-violating phase�s is expe
ted to be very small. In the phase 
onvention in whi
h V
bV �
s is a realnumber, �s be
omes equal to arg(M12). Introdu
ing Beven and Bodd, eigenstates ofthe CP operator, the following relation is obtained:jBLi = 1 + ei�s2 jBeveni � 1� ei�s2 jBoddi ; (1.2.10)jBHi = �1� ei�s2 jBeveni+ 1 + ei�s2 jBoddi : (1.2.11)The SM thus predi
ts that BL is almost 
ompletely CP-even and BH CP-odd.1.3 B0s mixing in the Standard ModelIn the framework of the SM of ele
troweak intera
tions, neutral B meson mixing isdes
ribed, at the lowest order, by the se
ond order weak pro
esses represented in thetwo diagrams in Figure 1.2.The 
ontribution to the loops in Figure 1.2 is 
al
ulated to be proportional to themass of the quark whi
h appear in the loop [13℄. The mass of the top quark is O(102)times greater than the mass of the 
harm and up quarks, as seen in Table 1.2, andthus the top quark 
ontribution to the loop dominates. With this assumption, theos
illation frequen
y is proportional to elements of the quark mixing matrix V:�mq / f 2BB̂mBjVtqV �tbj2 ; (1.3.1)where q = d; s. Latti
e QCD provides estimates of the form fa
tor fB and the bagfa
tor B̂ for B0 and B0s mesons. The 
urrent best estimates for these parameters arereported in Table 1.5. The parameters are known with a pre
ision of about 10%,whi
h is thus the best level at whi
h Vtq 
an be measured using Equation 1.3.1.However, if the ratio between �md and �ms is 
onsidered, most of the hadroni
24
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Figure 1.2: Lowest order diagrams for B mixing.Parameter Value [14℄fB0 216� 9� 19� 7 MeVfB0s 260� 7� 26� 9 MeVB̂B0 0:836� 0:027 +0:056�0:062B̂B0s=B̂B0 1:017� 0:016 +0:056�0:017Table 1.5: Latest Latti
e QCD estimates of form fa
tors and bag fa
tors of B mesons.un
ertainties that separately a�e
t fB and B̂ 
an
el, and a more dire
t relation withelements of the CKM matrix is found:�ms�md = �2mB0smB0 jVtsj2jVtdj2 ; (1.3.2)where: � = fB0sfB0sB̂B0sB̂B0 = 1:210 +0:047�0:039 [14℄ : (1.3.3)Thus, the measurement of the ratio �md=�ms allows for the pre
ise estimationof jVtdj=jVtsj, whi
h, under the assumption that jV
bj = jVtsj1, is equivalent to � timesthe length of the side of the unitarity triangle opposed to the angle 
 (or �3).The status of the 
onstraints in the ��{�� plane as of the EPS 2005 [15℄ 
onferen
eis illustrated by Figure 1.3. At that time, the 
ombination of experimental inputs on�ms produ
ed the 95% CL limit �ms > 14:4 ps�1 whi
h enters the pi
ture. The �tby the CKM Fitter group [16℄ for �ms, whi
h assumes the SM to be the fundamentaltheory and utilizes the 
urrently available experimental results on CKM parameters,yields �ms = 18:3 +6:5�1:5 ps�1.The measurement of �ms provides a very stringent limit on the pi
ture of 
avor1Next-to-leading order 
orre
tions in � yield: V
b = A�2 + O(�8) and Vts = �A�2 + A(1 �2�)�4=2� i�A�4 +O(�6). 25



-1.5

-1

-0.5

0

0.5

1

1.5

-1 -0.5 0 0.5 1 1.5 2

sin 2β

sol. w/ cos 2β < 0
(excl. at CL > 0.95)

excluded at C
L  >  0.95

γ

γ

α

α

∆md

∆ms
 &  ∆md

εK

εK

|Vub/Vcb|

sin 2β

sol. w/ cos 2β < 0
(excl. at CL > 0.95)

excluded at C
L  >  0.95

α

βγ

ρ

η

excluded area has CL > 0.95

C K M
f i t t e r

EPS 2005

Figure 1.3: CKM �t [16℄ of the unitarity triangle presented at EPS2005, before the�rst measurement of �ms [17℄.intera
tions in the SM, in whi
h the CKM parameters are fundamental elements.Figure 1.3 shows that measurements over
onstraining the CKM parameters start tostrikingly limit the spa
e for new 
ontributions to 
avor physi
s. The measurementof �ms plays an important rôle in the veri�
ation of the CKM pi
ture by in
reasingthe pre
ision with whi
h �� and ��, the least known parameters of the CKM matrix, aredetermined. It is interesting to note that the measurement of the side of the unitaritytriangle opposed to the angle 
 (or �3) provides orthogonal information on �� and �� asopposed to the measurement of sin 2�, whi
h is pre
isely determined at B-fa
tories.1.4 Beyond the Standard ModelThe measurement of the B0s os
illation frequen
y provides a probe for New Physi
s(NP) beyond the SM. Extensions of the SM introdu
e additional �elds whi
h maymediate B0s � B0s transitions either dire
tly or via box-diagrams similar to the onesshown in Figure 1.2. Existing experimental 
onstraints anti
ipate tree-level 
ontri-butions to B0s $ B0s transitions to be small. In fa
t, the s
ale of NP is expe
ted tobe large 
ompared to the mass of the W boson, with the ex
eption of some spe
i�
26



models, su
h as supersymmetry with violation of R-parity. However, loop-mediatedpro
esses may provide large modi�
ations to �ms.Models whi
h des
ribe NP generally introdu
e new parameters, su
h as 
avor
hanging 
ouplings, short distan
e 
oeÆ
ients, matrix elements of new lo
al operators,or CP violating phases. However, the mixing pro
ess is des
ribed by a single 
omplexamplitude and is typi
ally parameterized in terms of two parameters whi
h quantifythe di�eren
e of the 
omplex amplitude with respe
t to that of the SM. The presen
eof NP modi�es the SM 
ontribution to the neutral B meson os
illation frequen
y�mSMq as follows: �mNPq = �mSMq j1 + hqei�q j ; q = d or s ; (1.4.1)where hq and �q indi
ate the relative magnitude and phase of the NP 
ontribution.Two 
lasses of SM extensions are identi�ed by the modi�
ations that they intro-du
e to the e�e
tive Hamiltonian whi
h des
ribe B0s�B0s mixing. The phenomenologyof B0s � B0s mixing is des
ribed in terms of an e�e
tive Hamiltonian, the OperatorProdu
t Expansion [18℄ whi
h is written as follows:H�B=2eff = G2FM2W16�2 Xi V iCKMCi(�)Qi ; (1.4.2)where GF is the Fermi 
onstant, MW the mass of the W boson, V iCKM the prod-u
t of the appropriate CKM fa
tors, C(�) the Wilson 
oeÆ
ient, evaluated at therenormalization s
ale �, and Q the lo
al operator of the expansion.In models with Minimal Flavor Violation (MFV [19, 20℄), the sour
e and strengthof 
avor violation is the CKM matrix only. No new operators are added to the ex-pansion in Equation 1.4.2 and non-SM 
ontributions 
ome only from new parti
les
ir
ulating in the loop, whi
h modify the Wilson 
oeÆ
ients. The prin
ipal 
onse-quen
e is d{s universality: the new Hamiltonian modi�es both �ms and �md of thesame relative amount. The ratio between �ms and �md is thus identi
al to the ratioin the SM and the 
onstraint on the unitarity triangle is un
hanged. This is the 
asefor the Minimal Supersymmetri
 extension of the SM with 
avor 
onservation (forexample, Referen
e [21℄), where the ex
hange of 
harged Higgs bosons takes pla
e inthe box diagram. In this model, the term j1 + hq exp(2i�q)j is � 1 and is expressedas a fun
tion of the masses of 
harginos e��2 , stop et, 
harged Higgs bosons H� andtan ��, the ratio of the va
uum-expe
tation-values of the Higgs bosons. The Feynmandiagrams whi
h involve the new parti
les are shown in Figure 1.4.When additional operatorsQ are introdu
ed in Equation 1.4.2, the e�e
tive Hamil-tonian loses the d{s universality and the e�e
t of NP is a 
hange in �ms and �mdwhi
h do not preserve their ratio. The 
onstraint on the unitarity triangle 
hangestoo and the position of the ( �rho; ��) apex is a�e
ted. The d{s universality is brokenin models whi
h 
hange the stru
ture of the CKM matrix, for example by adding afourth generation of quarks or extra singlet quarks [22℄. Generalized MFV models inwhi
h signi�
ant 
ontributions from non-SM operators enter the e�e
tive Hamiltonianare presented in Referen
e [23℄. 27
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Figure 1.4: Contributions to B0s mixing in MSSM with MFV.The new pre
ise measurement of �ms presented in this thesis redu
es the availablespa
e for exoti
 extensions. The e�e
t on some of the most interesting parameters ofNP is presented in the last se
tion of this do
ument, Se
tion 7.5.1.5 Measurement of B0s � B0s os
illationsIn this se
tion, an overview of the measurement of B0s � B0s os
illations is presented,and some of the experimental issues are outlined.The produ
tion of B hadrons at the Tevatron is dominated by pro
esses thatprodu
e b�b pairs. The b quark and �b anti-quark are energeti
 enough that they areexpe
ted to fragment into B hadrons independently of one another. All B spe
ies(B+, B0, B0s, B+
 , b-baryons) are produ
ed, with � 10% of b quarks fragmenting intoB0s [7℄.Figure 1.5 shows a stylized pi
ture of a p�p intera
tion in whi
h a B is produ
ed, andthe subsequent de
ay of the B meson. The 
artoon presents the steps of the analysis:re
onstru
tion of a B 
andidate in a self-tagging �nal state (Se
tion 3.4), measurementof proper de
ay-time (Se
tion 5.2), and initial-state 
avor tagging (Chapter 6 andSe
tion 5.3). These three spe
i�
 ingredients are brie
y introdu
ed below:1. Flavor at the time of produ
tion: knowledge of whether the meson wasprodu
ed as a B0s or a B0s. This is referred to as \initial-state 
avor tagging" orsimply \
avor tagging."2. Flavor at the time of de
ay: knowledge of whether the meson was a B0s orB0s when it de
ayed. If the 
avor of de
ay is di�erent than (the same as) the
avor at produ
tion, the meson is 
lassi�ed as \mixed" (\unmixed").3. Proper de
ay-time: the proper de
ay-time is the de
ay-time of the hadronin its rest frame. Sin
e a Bs os
illates four times during its average lifetime(�(B0s) = 1:466�0:059 ps, or 
�(B0s) = 439:5�17:7 �m [7℄), the time dependentobservation of B0s �B0s os
illations requires ex
ellent proper-time resolution. Inprin
iple, it is possible to perform a time-independent analysis, by measuring28
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hemati
 representation of a B event.the residual B0s�B0s asymmetry after integrating the dependen
e on the properde
ay-time of a 
andidate. This approa
h is not feasible for an analysis ofB0s os
illations, be
ause os
illations o

ur on a mu
h shorter time-s
ale thanB0s de
ays. The residual asymmetry is thus so small that the sample of B0s
andidates 
urrently available is not suÆ
ient to measure it.The �rst two items listed above refer to the 
avor of the B meson at the timeof produ
tion and de
ay. In this analysis, the 
avor at the time of de
ay is knownfrom the �nal state parti
les, sin
e B0s 
andidates are re
onstru
ted in self-tagging�nal states. The re
onstru
ted �nal states whi
h enter this analysis are listed below(
harge-
onjugated modes are implied):� B0s ! D�s �+ and B0s ! D�s �+���+, with:{ D�s ! �0��, �0 ! K+K�,{ D�s ! K�0K�, K�0 ! K+��,{ D�s ! ���+��.These modes are fully re
onstru
ted, all tra
ks in the �nal state are in
luded inthe �t of the B0s 
andidate.� B0s ! D��s �+ and B0s ! D�s �+, with D�s ! �0��, �0 ! K+K�. The B0s
andidates in these samples are only partially re
onstru
ted, be
ause the 
, or�0, whi
h takes part to the D��s ! D�s 
, or D�s �0, de
ay and the �0 of the�+ ! �0�+ de
ay are not in
luded in their �ts.� B0s ! D�s `+X, with:{ D�s ! �0��, �0 ! K+K�,{ D�s ! K�0K�, K�0 ! K+��,{ D�s ! ���+��. 29



These modes 
onstitute the \semileptoni
" samples. Only the lepton and theD�s 
andidate of the B0s �nal state are utilized in the re
onstru
tion of the B0s
andidate.The 
avor of the B0s 
andidate at de
ay is indi
ated by the 
harge of the D�s
andidate whi
h takes part in the re
onstru
ted �nal state | D�s tags a B0s, whereasD+s indi
ates a B0s. The 
avor at the time of produ
tion is more diÆ
ult to as
ertain,and several te
hniques have been developed to perform this fun
tion. As shown inFigure 1.5, 
avor taggers are distinguished as being on the same-side or the opposite-side relative to the re
onstru
ted B0s 
andidate. Same-side 
avor tagging algorithmsexplore 
avor-
harge 
orrelations between the re
onstru
ted B0s and tra
ks nearby inphase spa
e. Opposite-side 
avor tagging algorithms are based on the identi�
ationof some property of the opposite-side B to determine its b quantum number, fromwhi
h the produ
tion 
avor of the trigger B0s 
an be inferred.The proper de
ay-time is determined from the measurement of the momentumand the de
ay length of the B0s 
andidate.To perform the measurement of the B0s � B0s os
illation frequen
y, the os
illationprobabilities in Equations 1.2.8 and 1.2.9 are mapped out as a fun
tion of de
ay timefor at least a portion of the de
ay time spe
trum. Be
ause ea
h of the three itemslisted above has experimental limitations, this analysis requires large samples of Bsde
ays with a good signal-to-noise.The theoreti
al ba
kground to the phenomenon of B0s � B0s os
illations has beenpresented. The next 
hapter des
ribes the Fermilab a

elerator 
omplex, and theCDF dete
tor and trigger system.
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Chapter 2Experimental apparatusThe fo
us of this 
hapter is on the a

elerator 
omplex at Fermilab and the CDFdete
tor.2.1 A

elerators at FermilabThe Fermi National A

elerator Laboratory (FNAL) is lo
ated 35 miles west ofChi
ago, IL. The set of a

elerators hosted at FNAL allows for the produ
tion ofthe most powerful beams of parti
les 
urrently available to experimentalists. Protonsand anti-protons are produ
ed and 
ollide with 
enter-of-mass energy equal to 2 TeVin the Tevatron, the main a

elerator at Fermilab.Apart from the 
ollision energy, the instantaneous luminosity L is a key parameterin de�ning the quality of a 
ollider, be
ause it determines the produ
tion rate ofphysi
s pro
esses. For the Tevatron, it is de�ned as follows [7℄:L = f �B � Np �Np2� ��2p + �2p�F � �l��� ; (2.1.1)where Np are Np are the number of protons and anti-protons, respe
tively, in ea
hbun
h, B the number of bun
hes 
ir
ulating in the ring, f the rotation frequen
y,�p and �p the transverse size of the proton and anti-proton beams in the intera
tionpoint, F a form fa
tor whi
h 
orre
ts for the bun
h shape and depends on the ratio ofthe bun
h length �l to the value of the amplitude fun
tion � at the intera
tion point,��. The amplitude fun
tion � depends on the beam opti
s and represents a measureof the beam width. Thirty-six bun
hes of protons and an equal number of bun
hesof anti-protons are equidistantly a

elerated. The time between bun
h 
rossings, theinter-bun
h-separation, is 396 ns. The peak value of L has been steadily in
reasingsin
e the beginning of data-taking, in Mar
h 2002, rea
hing 2:8 � 1032 
m�2s�1 inthe �rst months of 2007. The parameters of the Tevatron 
ollider are summarized inTable 2.1.The integrated luminosity L, de�ned as L = R dtL, is more relevant to physi
sanalyses. The probability for intera
tions to o

ur is dire
tly proportional to the 
rossse
tion of the pro
ess �[
m2℄ and to L[
m�2℄. The unit adopted to measure 
ross31



Parameter Valueenergy at 
enter-of-mass 1:96 TeVnumber of bun
hes, B 36bun
h �l 37 
minter-bun
h spa
ing 396 nsprotons/bun
h, Np 3 � 1011anti-protons/bun
h, Np 3 � 1010�� 35 
mintera
tions/
rossingy 2peak luminosity 2:8 � 1032 
m�2s�1Table 2.1: Chara
teristi
 parameters of the Tevatron in early 2007.y At a luminosity of L = 1032 
m�2s�1.
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Figure 2.1: Integrated (left) and peak luminosity (right) delivered by the Tevatron.The plot 
overs the period between the beginning of 2002 and of 2007. The luminosityis shown as a fun
tion of store number.se
tions observed in high energy 
ollisions is the barn b, equivalent to 10�24 
m2.Typi
al values in High Energy Physi
s are fra
tions of a barn. For example, the totalsingle B-hadron produ
tion 
ross se
tion in a p�p intera
tion, for the rapidity rangejyj < 0:6 (de�ned in Equation 2.2.1), is 17:6� 0:4(stat) +2:5�2:3(syst) �b, as measured atthe Tevatron [24℄. Figure 2.1 shows the total integrated luminosity up to February2007 and the peak instantaneous luminosity in the same period.The time period of stable 
ir
ulation that the 
olliding p�p beams are retainedin the Tevatron is 
alled store. The word indi
ates that protons and anti-protonsare stored to �ll the ma
hine. Stores typi
ally last O(10) hours and present stable
olliding beams suitable for data taking. In the 
ontrol rooms of the dete
tors, whi
hare installed along the Tevatron, operators supervise the 
orre
t fun
tioning of therespe
tive dete
tor and the registration of data in runs of variable length.The following se
tions des
ribe in more detail the various parts of the a

eleratorsetup at Fermilab. A global pi
ture of the a

elerator 
omplex of Fermilab is presentedin Figure 2.2. 32



Figure 2.2: A

elerator 
omplex at Fermilab.2.1.1 LINear AC
elerator and BoosterIn order to obtain beams of 
olliding protons and anti-protons, protons must �rstbe obtained. Gaseous hydrogen is used, but rather than stripping o� an ele
tron toobtain protons, the H2 is disso
iated to obtain negatively 
harged H� anions. They aresubsequently a

elerated in a Co
kroft-Walton ele
trostati
 ma
hine up to a kineti
energy of 750 keV and then rea
h 400 MeV in the linear a

elerator (LINAC [25℄). Theions are �nally dire
ted on a 
arbon foil where their pairs of ele
trons are stripped o�.The remaining protons are inje
ted into the Booster [26℄, a 
ir
ular syn
hrotron witha radius of 57 m. In the Booster, protons are grouped into 84 bun
hes, 
ontainingaround 6 � 106 protons ea
h, and are yet again a

elerated, this time up to 8:9 GeVof total energy. Finally, the proton bun
hes are sent to the Main Inje
tor.2.1.2 Main Inje
torThe Fermilab Main Inje
tor (FMI [27℄) is a syn
hrotron with a 
ir
umferen
e of3319 m. It has the fundamental rôle of optimally 
onne
ting the Booster to theTevatron. During the �rst run of the CDF dete
tor, before the upgrades in thedete
tor and the a

elerator setup whi
h started the Run II period of data-taking,the Main Ring, lo
ated in the same tunnel as the Tevatron, performed this duty.The setup needed an upgrade to over
ome some restraints whi
h limit the luminosity.Firstly, the Main Ring is not 
apable of a

epting the protons that 
an be providedat inje
tion by the Booster for the simple reason that the aperture of the Main Ringis signi�
antly smaller than the beam delivered from the Booster at full intensity.33



Se
ondly, the Main Ring shares the same tunnel with the Tevatron 
ollider and thisintrodu
es additional ba
kgrounds during data-taking.The Main Inje
tor re
eives 8:9 GeV proton bun
hes from the Booster. Six in-je
tion 
y
les are ne
essary to �ll it, with 498 proton bun
hes. The proton bun
hes,
ontaining 2 �1011 protons ea
h, rea
h 150 GeV, and three FMI 
y
les are ne
essary totransfer all the available protons to the Tevatron. In anti-proton{produ
tion mode,as opposed to the 
ollider-inje
tion mode des
ribed above, a single bat
h of protons,
onstituted by a set of 84 bun
hes (approximately 8 � 1012 protons), is inje
ted intothe MI from the Booster. Protons are then a

elerated up to 120 GeV and dire
tedto the Anti-proton Sour
e.2.1.3 Anti-Proton Sour
eThe Anti-Proton Sour
e [28℄ 
onsists of three major 
omponents: the Target Station,the Debun
her, and the A

umulator. A proton pulse of 120 GeV is extra
ted from theMain Inje
tor and fo
used on a ni
kel target. Anti-protons are thus produ
ed, with awide angular distribution, 
entered in the dire
tion of the beam, and mean momentumof 8 GeV=
. On average, about 20 anti-protons are 
olle
ted per one million in
identprotons. The anti-protons are 
olle
ted and fo
used by a lithium lens and sent to theDebun
her, an 8 GeV triangularly shaped syn
hrotron, where the bun
h stru
tureis lost. The purpose of the Debun
her is to transform the anti-proton pulses in a
ontinuous beam of mono
hromati
 anti-protons, by applying the te
hnique of bun
hrotation, whi
h transforms a beam with a large energy spread and a narrow timedistribution (i.e., the beam is stru
tured in bun
hes), into a beam with a large timespread and a narrow energy spread (i.e., a 
ontinuous, mono
hromati
 beam), or vi
e-versa. De-bun
hing is ne
essary to redu
e the large spread in energy of the produ
edanti-protons, whi
h would make the transfer of anti-protons to subsequent a

eleratorsdiÆ
ult and ineÆ
ient. Sto
hasti
 
ooling [29℄ is utilized to 
ool (in phase-spa
e)the anti-proton beam before inje
ting it in the A

umulator Ring, another 8 GeVsyn
hrotron. The anti-proton beam is then further 
ooled utilizing the same te
hniquein the A

umulator Ring, where the division in bun
hes is also re
overed. Finally,8 GeV anti-proton bun
hes are inje
ted in the Main Inje
tor again, in the oppositedire
tion than proton bun
hes, where they rea
h 150 GeV before extra
tion to theTevatron.2.1.4 Re
y
ler RingThe Re
y
ler Ring (RR [30℄) is a 
onstant 8 GeV-energy storage ring, whi
h sharesthe tunnel where the Main Inje
tor is installed. A limiting fa
tor of p�p 
olliders is theavailability of anti-protons. The RR has been 
on
eived to exploit the anti-protonswhi
h are left in the Tevatron after the end of a 
y
le of 
ollisions. Previously, left-overanti-protons, whi
h amount to about 75% of the quantity originally inje
ted, weredis
arded in lead beam-dumps. In the 
urrent phase of data-taking, their energyis redu
ed to 120 GeV in the Tevatron and they are then extra
ted and sent tothe RR. Besides, the RR fun
tions as a post-A

umulator ring. The 
ontent of the34



A

umulator Ring is periodi
ally transferred in the RR, thus guaranteeing that theA

umulator Ring is always operating in its optimum anti-proton intensity regime.The RR 
an hold up to 5 � 1012 anti-protons, whi
h are eÆ
iently 
ooled before beinginje
ted in the Main Inje
tor for the preparation to a new 
y
le of 
ollisions. The RRstarted operations in June 2004, resulting in one of the fa
tors whi
h 
ontributed tothe boost in integrated luminosity visible in Figure 2.1.2.1.5 TevatronThe Tevatron 
ollider [31℄ is the main a

elerator in Fermilab. It 
ontains 774 dipole(for steering) and 216 quadrupole (for fo
using) super
ondu
ting magnets, distributedalong a ring with a 1 km radius. Proton and anti-proton bun
hes are re
eived fromthe Main Inje
tor. The 4:5 T peak �eld in the Tevatron bending magnets allowsthe parti
les to be a

elerated to an energy of 0:98 TeV. Protons are inje
ted beforeanti-protons, and by means of ele
trostati
 separators they are for
ed into a 
losedheli
oidal orbit. The same pres
ription is applied to anti-protons, thus produ
ing twostrands with a transverse separation whi
h prevents 
ollisions outside the designedintera
tion points. The Tevatron has two intera
tion points, whi
h are te
hni
allynamed B; and D;. The lo
ations are 
urrently utilized by the CDF and D; experi-ments, respe
tively.2.2 The CDF II dete
torCDF II is a general purpose dete
tor aimed at measuring the observables produ
ed inp�p 
ollisions. It exhibits approximate 
ylindri
al symmetry around the axis de�ned bythe beamline. Furthermore, it is symmetri
al with respe
t to the plane orthogonal tothe beamline and 
ontaining the p�p geometri
 
ollision point. The dete
tor is shownin Figure 2.3.The CDF II dete
tor employs a Cartesian 
oordinate system whi
h re
e
ts thesymmetries of the dete
tor. It is a right-handed set of axes with the origin lo
ated inthe geometri
al 
enter of the dete
tor. The z axis is aligned with the proton dire
tion,while the y axis points upward and the x axis radially outward with respe
t to the
enter of the Tevatron a

elerator. The symmetry of the dete
tor also suggests theuse of polar 
oordinates r, ', and �. The polar angle � is de�ned relative to the zaxis.In hadron 
olliders, as an alternative to the polar angle, it is also useful to use therapidity y, de�ned as follows: y = �12 log E � pTE + pT ; (2.2.1)where pT is the 
omponent of the momentum on the x{y (r{') plane. Di�eren
es inrapidity are invariant under Lorentz boosts along the z dire
tion.The pseudorapidity � is also often utilized as an approximation to rapidity. It is35



Figure 2.3: A 
ross-se
tional view of one half of the CDF II dete
tor.de�ned as follows: � = � log tan �2 ; (2.2.2)and well approximates the rapidity y when the energy of the parti
le is large as
ompared to its rest mass. The pseudorapidity is a 
onvenient quantity be
ausein the ultra-relativisti
 limit of a parti
le, in whi
h it 
oin
ides with the rapidity,di�eren
es in pseudorapidity are Lorentz-invariant under ẑ boosts. Besides that, thedistribution of the light produ
ts of a p�p intera
tion is roughly 
at in �, with a densityof about four 
harged parti
les per unit of rapidity, at the Tevatron.Other 
onvenient variables typi
ally utilized are the transverse energy ET and theapproximately Lorentz-invariant angular distan
e �R:ET � E sin � ;�R � p��2 +�'2 : (2.2.3)The innermost dete
tor system is the tra
king system. It 
onsists of three Sil-i
on mi
rostrip dete
tors, Layer00 (L00), the Sili
on VerteX dete
tor (SVX), andthe Intermediate Sili
on Layer (ISL), and a multi-wire drift 
hamber, the CentralOuter Tra
ker (COT). These dete
tors are 
ylindri
ally symmetri
 and are designedto re
ord samples of the traje
tories of 
harged parti
les. These traje
tories are re-ferred to as tra
ks.The Time of Flight (TOF) system, whi
h is designed to provide parti
le identi�
a-tion for low-momentum 
harged parti
les, is lo
ated immediately outside the tra
kingsystem. 36



The tra
king system and the TOF dete
tor are immersed in a 1:4116 T magneti
�eld, aligned with the beamline, provided by a super
ondu
ting solenoidal 
oil whi
his pla
ed immediately outside of the TOF.Charged parti
les follow heli
al traje
tories inside a magneti
 �eld, whi
h are
ompletely de�ned by �ve parameters, three of whi
h are 
hosen to belong to thetransverse plane of symmetry. These �ve parameters, illustrated in Figure 2.4, are:d0 The impa
t parameter d0 measures the distan
e between the parti
le traje
toryand the z axis at the point of 
losest approa
h between the traje
tory and thegeometri
al 
enter of the dete
tor. It is a signed quantity, and is de�ned as:d0 = q � �px2
 + y2
 � R� ; (2.2.4)where q is the 
harge of the parti
le, (x
; y
) the 
enter of the helix, and R theradius of the 
ir
le obtained by proje
ting the helix on the r{' plane.C The 
urvature C is 
ompletely determined by the 
omponent of the parti
lemomentum in the transverse plane. In fa
t, C = a=pT , with a = 2:115939 �10�3 
m�1 GeV=
 at CDF II.'0 The azimuthal angle '0 measures the dire
tion, in the transverse plane, of themomentum of the parti
le at the point of 
losest approa
h to the 
enter of thedete
tor.z0 The z 
ylindri
al 
oordinate of the point of 
losest approa
h between the parti
letra
k and the z axis de�nes the z0 parameter.� The last parameter is de�ned as 
ot �0=2, where �0 is the angle between the zaxis and the momentum ve
tor of the parti
le.On a side note, the often mentioned point of 
losest approa
h between the traje
-tory and the z axis 
an belong to an extrapolation of the segment of helix whi
h isre
onstru
ted by the tra
king system.The solenoidal magnet separates the tra
king volume from the �nely segmentedele
tromagneti
 and hadroni
 
alorimeters, responsible for energy measurements ofneutral and 
harged parti
les. Finally, the subdete
tors of the Muon systems arelo
ated outside the 
alorimeters.More information on the CDF II dete
tor 
an be found in Referen
es [32℄ and [33℄,and in spe
i�
 referen
es for ea
h subdete
tor. The des
ription of the trigger, tra
kingand TOF systems are emphasized, be
ause they represent the aspe
ts of the dete
tormore 
riti
al to the analysis presented in this do
ument.2.2.1 Layer00Layer00, L00 [34℄, is the �rst dete
tor that parti
les en
ounter after leaving the inter-a
tion point, and provides useful information for the two-dimensional re
onstru
tionof tra
ks left by 
harged parti
les. It 
onsists of a single layer of sili
on mi
rostrips,37
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Figure 2.4: A pi
torial representation of the parameters 
hosen to des
ribe tra
ksin the CDF II dete
tor, in the longitudinal, z-y (left), and transverse, x-y or �-'(right), planes. The z axis is oriented in the right-left dire
tion in the longitudinalview, while is indi
ated by the 
ross in the middle of the transverse view.lo
ated at a radius of 1:6 
m from the beamline. It measures 80 
m in length. Thebasi
 readout elements are 10 
m long, single-sided axial strip sensors. The implantpit
h is 25 �m with an alternate strip readout, giving a readout pit
h of 50 �m. Thesingle-hit resolution is 6 �m. The total number of 
hannels readout is 13,824.Figure 2.5 
learly shows the improvement in impa
t parameter resolution obtainedby in
luding L00 hits in the tra
k �ts, 
ompared with �ts whi
h utilize only the infor-mation of the other subdete
tors of the tra
king system, SVX, ISL, and COT. Typi
altra
k momenta for B de
ay daughters are below 2 GeV=
, where the improvement inresolution is the greatest. The eÆ
ien
y for adding a L00 hit to the other tra
k hitsis 65% and the e�e
t is a 10 to 20% redu
tion of the impa
t parameter resolution.2.2.2 Sili
on VerteX dete
tor IIThe Sili
on VerteX dete
tor, SVXII [35, 36℄, shown in Figure 2.6, is made of �velayers of double-sided sili
on mi
rostrip sensors. It extends radially from 2:5 
m to10:6 
m and 
overs 87 
m along the z axis, guaranteeing a good geometri
 
overage upto j�j ' 2:0. Three layers have sensors whi
h allow for the simultaneous measurementof the hit position in the transverse plane (the mi
rostrips are parallel to the z axis)and along the z axis (the mi
rostrips are orthogonal to the beamline dire
tion). Thesensors of layers 2 and 4, instead, have mi
rostrips whi
h are orthogonal to a planewith a stereo angle of 1:2Æ with respe
t to the z axis, usually indi
ated with thenotation of r{'0 plane. The readout pit
h is 60 : 62 : 60 : 60 : 65 �m on the r{'plane and 141 : 125:5 : 60 : 141 : 65 �m on the r{z or r{'0 planes. The readoutpit
h is larger for r{z strips to limit the total number of 
hannels to read, whi
hwould be ex
essive for an almost 90 
m long dete
tor. This design permits the three-dimensional re
onstru
tion of tra
ks. The sensors are arranged in three barrel-shaped38



Figure 2.5: Impa
t parameter resolution of tra
ks with L00 hits (blue/dark) andwithout L00 hits (red/light), as a fun
tion of the transverse momentum of the tra
ks.

j  � barrel �!
j

j ladder j read-outele
troni
s �  �  � sensor
wedge� � � � � � � � � � � �Figure 2.6: The Sili
on VerteX dete
tor SVXII. An illustration of the three instru-mented barrels of SVXII (left) and a 
ross-se
tional view of a barrel in the r{' plane.regions, ea
h of whi
h is divided into twelve wedges. The a
tive area of sili
on is about2:5 m2. The 400k 
hannels of SVXII are read in 10 �s, whi
h is fast enough to allow fortheir use in impa
t-parameter{based triggers in the se
ond level of the CDF trigger.39



Figure 2.7: The Intermediate Sili
on Later ISL: 3D view of the three barrels whi
h
ompose the dete
tor (left) and 
loseup of one se
tion of the end view of an externalbarrel (right).2.2.3 Intermediate Sili
on LayerThe last sili
on-based dete
tor is the Intermediate Sili
on Layer, ISL [37℄, presentedin Figure 2.7. It is installed between the SVX and the Central Outer Tra
ker drift
hamber, and 
onsists of three layers of double-sided sili
on mi
rostrip modules, withtwelve wedges 
overing the entire azimuthal angle '. The j�j < 1 region is 
overedby a single layer lo
ated at 23 
m of radius. This layer provides an additional posi-tion measurement whi
h allows for a better extrapolation from the drift 
hamber tothe SVX. Two lateral layers are installed 20 
m and 29 
m far from the beamline,extending longitudinally in the 1 < j�j < 2 region. They permit three-dimensionalre
onstru
tion of tra
ks in a region where the 
overage of the drift 
hamber is partialand allow for stand-alone sili
on tra
king. Figure 2.8 shows the lo
ation of the layersof the sili
on subdete
tors in the r{z plane.The sensors have mi
rostrips parallel to the z axis and with a stereo angle of 1:2Æwith respe
t to the same axis, for position measurements in the r{' and r{'0 planes,respe
tively. The readout pit
h is 112 �m (112 � 146 �m) for axial (stereo) strips,with an expe
ted single-hit resolution of < 16 �m (< 16� 23 �m).Ea
h readout module, 
alled a ladder, 
onsists of three sensors and their readoutele
troni
s. The ISL 
ontains 296 ladders, whi
h a

ount for its more than 300k ofreadout 
hannels. The dete
tor is 174 
m long, with 
omplete 
overage in '. Thea
tive area of sili
on is 3:5 m2.2.2.4 Central Outer Tra
kerThe Central Outer Tra
ker (COT [38℄) is an open-
ell drift 
hamber, with 8 superlay-ers 
onsisting of 12 layers of wires ea
h, for a total of 96 possible measurements per40



Figure 2.8: Coverage of the sili
on subdete
tors in the r{z plane. The s
ales of thez and r axes are di�erent.tra
k. A se
tion of the r{' view of the dete
tor is shown in Figure 2.9. The a
tivevolume of the 
hamber extends radially from 43:4 
m to 132:3 
m and longitudinallyin jzj . 155 
m. Tra
ks from the 
enter of the CDF dete
tor are 
ompletely 
ontainedin the COT when j�j < 1:3. The 
hamber is �lled with a 50 : 50 Argon-Ethane gasmixture bubbled through Isopropyl al
ohol (1:7%). In su
h an admixture, the driftvelo
ity is equal to � 50 �m=s and hit signals are 
olle
ted in less than 200 ns, whi
his shorter than the inter-bun
h spa
ing of 396 ns. The drift �eld, the homogeneityof whi
h is guaranteed by the 33k potential wires, is 3:5 KV/
m and the 
orrespond-ing Lorentz angle is 35Æ. Instead of the usual �eld wires, 250 �m-thi
k gold-platedMylar sheets separate the COT 
ells, shown in Figure 2.9. These �eld panels addi-tionally provide me
hani
al isolation among 
ells, thus limiting the possible damagesprodu
ed by broken wires. The COT 
ontains 2520 
ells, ea
h of whi
h has 12 a
tivewires. Tra
ks are re
onstru
ted in three dimensions exploiting information from the4 axial superlayers (wires parallel to the z axis) and the 4 stereo ones (� 3Æ stereoangle between wires and z axis).The tra
king performan
e of the dete
tor turned out to be better than expe
ted.The tra
king eÆ
ien
y for tra
ks that transverse its entire volume radially is 99% for
harged parti
les with pT � 2:0 GeV=
, and falls to 95% when pT = 0:5 GeV=
 [39℄.The hit resolution is about 140 �m. The transverse momentum resolution �pT =pTis approximately 0:15% � pT [GeV=
℄, whi
h results in ex
ellent mass resolution of
ompletely re
onstru
ted states. The mass resolution is typi
ally 15 MeV=
2 forB0s ! D�s �+. In addition, sili
on measurements 
lose to the beam allow pre
ise41
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R (cm)Figure 2.9: A view of a 1/6 se
tion of the COT end-plate, in the r{' plane, whi
hshows the stru
ture in superlayers (left), and a s
hemati
 draw of an axial 
ross-se
tionof three 
ells in superlayer 2 (right).re
onstru
tion of de
ay verti
es, with typi
al resolutions of 30 �m in the transverseplane and 70 �m along the beam dire
tion.The drift 
hamber provides important information for parti
le identi�
ation. Thesignal 
olle
ted on the wires 
ontains information from the primary ionization ele
-trons, i.e., those dire
tly produ
ed by 
harged parti
les transversing the COT, andse
ondary ionization parti
les. The se
ondary ionization is generated by the primaryele
trons, whi
h are strongly a

elerated by the lo
al ele
tri
 �eld when they get
lose to the surfa
e of the wires. The ele
troni
s atta
hed to the end of ea
h wirere
ord the arrival time of the ionization 
harge, given by the leading edge of the mea-sured pulse, and the width of the pulse. The former is utilized for tra
king purposes,while the latter en
odes the 
harge information used for energy-loss sampling. Theionization per unit tra
k length (dE=dx) whi
h a parti
le releases while transversingthe COT is 
hara
teristi
 of the parti
le's velo
ity and is utilized to separate kaons,pions and protons. The separating power between kaons and pions, measured by
omparing the dE=dx distributions of true kaons and pions, is 1:4 standard devia-tions in the range pT > 2:0 GeV=
, as seen in Figure 2.10. The pure samples ofkaons and pions utilized for the 
alibration of the pulse-width information are ob-tained by re
onstru
ting D�(2010)+ ! D0�+;D0 ! K��+. The strong D�+ de
ayunambiguously de�nes the 
avor of the D0 meson, whi
h dominantly de
ays in theCabibbo-favored K��+ mode. The re
onstru
ted �nal state thus 
ontain two like-signpions and one oppositely-
harged kaon. A sample of protons is obtained by re
on-stru
ting the �0 ! p�� de
ay. A detailed des
ription of the 
alibration pro
edure ispresented in Referen
e [40℄. More details on the use of dE=dx information for parti
leidenti�
ation are reported in Se
tion 4.3.4, whi
h des
ribes the tuning of the parti
le-42
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Figure 2.10: COT separating power in units of standard deviations vs. transversemomentum. The separation between pions and kaons, protons, and ele
trons areshown in bla
k dashed, red dotted and blue solid line, respe
tively.identi�
ation simulation in Monte Carlo, and in Se
tion 6.5, where the appli
ation ofparti
le-identi�
ation in the CDF same-side tagging algorithm is presented.2.2.5 Time Of FlightThe Time of Flight (TOF [41℄) dete
tor was 
on
eived and realized to provide parti
leidenti�
ation 
apabilities for CDF expressly for the B0s mixing analysis. It 
onsists of216 s
intillator bars, approximately 280 
m long and with a 
ross-se
tion of 4 
m �4 
m, installed between the COT and the 
ryostat whi
h 
ontains the super
ondu
tingsolenoid, at a radial distan
e of 140 
m from the intera
tion point (Figure 2.11). Ea
hbar is equipped with photomultiplier tubes at both ends. The photomultipliers havea spe
ial design. The dynodes of a 
lassi
 photomultiplier are repla
ed by alignedgrids, \�ne mesh" design, whi
h allow the ele
tron 
as
ade to develop longitudinally,parallel to the magneti
 �eld. This 
on�guration permits the maintenan
e of anadequate gain even in the 1:4 T magneti
 �eld in whi
h the photomultipliers operate.The lo
ation of the TOF installation and the s
intillator-photomultiplier assemblyare shown in Figure 2.11.The TOF system plays a major rôle in the B0s mixing analysis. The measurementof the arrival time (t
ight) to the TOF, with respe
t to the bun
h-
rossing time, of aparti
le allows one to infer the mass of the parti
le a

ording to the following relation:m = p
s
2t2
ightL2 � 1 ; (2.2.5)43
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Figure 2.11: The Time Of Flight dete
tor. On the left, the lo
ation of TOF is shownin a side view of CDF II. On the right, the arrangement of the s
intillator, Winston
one and photomultiplier assembly. The Winston 
one optimizes the opti
al 
ouplingbetween the s
intillator and the photomultiplier.where p is the momentum of the parti
le and L is the path length, both pre
iselymeasured by the tra
king system. The resolution of the measured t
ight of a parti
leis des
ribed by two Gaussians, the narrower of whi
h has width between 100 psand 120 ps, and 
ontains 85% of the area of the resolution fun
tion. Su
h resolutionallows for kaon-pion separation, whi
h is fundamental for the same-side 
avor taggingalgorithm used in this thesis, at the > 2{standard-deviations level for tra
ks withpT < 1:5 GeV=
 (Figure 2.12).2.2.6 CalorimetryAll the 
alorimetri
 dete
tors in CDF are based on plasti
 s
intillators. Layers ofs
intillator and absorbers are alternated to form sampling 
alorimeters in the shapeof towers whi
h subtend a portion of solid angle, segmented in re
tangular 
ells inthe �{' plane. Ea
h tower is divided into two 
ompartments: on the inside is theele
tromagneti
 
alorimeter, using lead as absorber, whi
h is followed by the hadroni

alorimeter on the outside, whi
h instead 
ontains iron and plasti
 s
intillator. The
overage is 
omplete in the azimuthal angle ' and up to j�j < 3:6. The � 
oordinatedistinguishes two areas: Central and Plug.In the next paragraphs, the di�erent subdete
tors of the CDF 
alorimeter systemare dis
ussed. A summary of their main 
hara
teristi
s is presented in Table 2.2.Central 
alorimetersThe 
alorimeter in the Central region 
overs the j�j < 1:1 range in pseudorapidity.Ea
h tower measures �� � �' = 0:1 � 15Æ in the �{' plane. The Central Ele
-troMagneti
 
alorimeter (CEM [42℄) 
ontains 5 mm-thi
k layers of s
intillator and3:4 mm-thi
k layers of lead, whi
h 
orresponds to 0:6X0, where X0 = 0:56 
m is theradiation length of lead. A parti
le in
ident normal to the dete
tor transverses the44
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Figure 2.12: Expe
ted TOF separating power, in units of standard deviations vs.momentum. The dashed line reports the K� � separation provided by spe
i�
 ion-ization in the COT. � 
overage Thi
kness Resolution [%℄Central EM (CEM) j�j < 1:1 19X0, 1�0 14=pE[GeV℄ sin � � 2Plug EM (PEM) 1:1 < j�j < 3:6 21X0, 1�0 16=pE[GeV℄ sin � � 1Central HA (CHA) j�j < 1:1 4:5�0 50=pE[GeV℄ sin � � 3Wall HA (WHA) 0:7 < j�j < 1:3 4:5�0 75=pE[GeV℄ sin � � 4Plug HA (PHA) 1:3 < j�j < 3:6 7:0�0 74=pE[GeV℄ sin � � 4Table 2.2: Summary of the 
overage, thi
kness and resolution of the CDF 
alorime-ters [32℄. The thi
kness is expressed in terms of the radiation length X0 and theintera
tion length �0.dete
tor en
ounters 19X0 and 1�0 of matter (�0 is the nu
lear intera
tion length,�0(Pb) = 17:09 
m).The 
entral ele
tromagneti
 
alorimeter is integrated by two dete
tors whi
h pro-vide information about the position and shape of ele
tromagneti
 showers. A set ofmulti-wire proportional 
hambers (the Central Preshower Radiator, CPR) was in-stalled between the solenoid and the �rst layer of the 
alorimeter to monitor photon
onversions started in the tra
ker material or in the magneti
 
oil, whi
h a
ts as aradiator. The CPR was repla
ed by a �nely segmented layer of s
intillators [43℄ dur-ing the programmed interruption of Tevatron operations in the fall of 2004. Anotherset of wire 
hambers (CES) is lo
ated at a radial depth of 6X0, where the peak ofshower development is typi
ally lo
ated. The transverse shower-shape is measured45
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Figure 2.13: S
hemati
 view of an azimuthal se
tor of 
entral 
alorimeter (left) andelevation view of the upper part of the plug 
alorimeter (right). The elevation viewon the right also indi
ates the lo
ation of the 
entral 
alorimeters, above the 
ryostat,and the wall hadroni
 
alorimeter, on the right of the 
entral 
alorimeters and abovethe plug hadroni
 
alorimeter. The plug shower-max dete
tor is visible inside theplug ele
tromagneti
 
alorimeter.with 2:0 mm resolution (for 50 GeV ele
trons). The CPR and CES systems provideuseful pie
es of information for the identi�
ation of ele
trons.The Central HAdroni
 
alorimeter (CHA [44℄), behind the CEM, 
ontains 10 mm-thi
k layers of s
intillator alternated with 2:54 
m-thi
k layers of steel. The totaldepth of the hadroni
 
alorimeter, whi
h 
ontains 32 layers of absorber, is 4:5�0.The hadroni
 se
tion is 
ompleted by the wall hadroni
 
alorimeter (WHA), whi
himitates the stru
ture of the 
entral hadroni
 
alorimeter, extending its 
overage upto j�j < 1:3. The wall 
alorimeter 
ontains only 15 layers of 5:1 
m-thi
k absorber,whi
h explains its worse energy resolution, as shown in the summary in Table 2.2.Figure 2.13 presents a sket
h of a se
tor of the Central 
alorimeter, while photographsand further drawings of it may be found in the papers 
ited in this se
tion.Plug 
alorimetersThe towers of the plug 
alorimeter, whi
h is shown in Figure 2.13, measure ����' =0:1�0:16�7:5Æ for 1:1 < j�j < 2:1 and ����' = 0:2�0:6�15Æ for 2:1 < j�j < 3:6.Their stru
ture resembles the 
alorimeter in the 
entral area. The ele
tromagneti
se
tion (PEM [45℄) is 
onstituted by a sampling 
alorimeter. A PEM sampling unitis made by a layer of lead and one of s
intillator, 4:5 mm (0:8X0) and 4 mm-thi
k,respe
tively. The 23 samplings in ea
h tower 
over 21X0, 1�0.The position and shape of ele
tromagneti
 showers in the plug region are measuredby a preshower dete
tor (the Plug PReshower dete
tor, PPR) and a shower-maxposition dete
tor (the Plug Shower Max, PSM [46℄). The �rst sampling unit of the46



PEM (i.e., the 
losest to the geometri
al 
enter of the CDF II dete
tor) 
ontainsex
eptionally thi
k s
intillator layers (10 mm) whi
h are individually read out and
onstitute the PPR. In
orporated in the plug 
alorimeter at a depth of 6X0 are the
omponents of the PSM, designed to provide measurements at the nominal showermaximum. These 
onsist of two layers of s
intillator strips with 5 mm pit
h and a45Æ 
rossing angle between strips in the two layers, read out with wave-length shifting�bers. They measure the spatial position and pro�le with a resolution of 1 mm wherethe shower is at its greatest development.The Plug HAdroni
 
alorimeter (PHA) 
ontains 23 sampling units, ea
h of whi
hhas 6 mm of s
intillator and 50 mm of iron. The depth of the dete
tor measures 7�0.The layers of the Plug 
alorimeter have annular shape and the outer radius of ea
hhadroni
 module in
reases with in
reasing jzj, produ
ing the 
hara
teristi
 \plug"shape of the 
alorimeter.2.2.7 Muon 
hambersCDF II uses four independent systems of s
intillators and drift 
hambers to dete
tmuons in the j�j < 1:5 region. The subdete
tors whi
h 
ompose the muon system areinstalled outside of the 
alorimeters and represent the last part of the CDF dete
torthat a parti
le 
an intera
t with. Single-wire, re
tangular drift 
hambers �lled witha 50 : 50 gas mixture of Argon-Ethane 
ompose the subdete
tors. The 
hambers arearranged in staggered arrays with four layers, with various azimuthal segmentation,and are 
oupled to s
intillators. S
intillators provide timing information to suppressba
kgrounds due to se
ondary intera
tions in the beam pipe material and 
osmi
rays. Hits in three mat
hing radial layers 
onstitute a muon stub. A muon stub
orresponding to the extrapolation of a COT tra
k identi�es a muon 
andidate. The
overage of the CDF muon system in the �{' spa
e is shown in Figure 2.14.The Central MUon dete
tor (CMU [47℄) and Central Muon uPgrade dete
tor(CMP [48℄) 
over the 
entral region (j�j < 0:6) providing a measurement of the z and' 
oordinates of the muon 
andidate. The CMU is installed at a radius of 347 
mfrom the beam axis, at a depth of 5:5�0 from the intera
tion point. Ea
h of the 144modules of the CMU 
ontains 16 
ells, sta
ked four deep in the radial dire
tion. Thedi�eren
e in arrival-time of the drift ele
trons between 
ells in di�erent layers providea resolution in the drift dire
tion as good as 250 �m. Division of the 
harge 
olle
tedat the two extremities of sense wires allows for the measurement of the z position ofhits with up to 1:2 mm resolution.The CMP is a se
ond set of drift 
hambers, lo
ated behind an additional 60 
mof steel. The 
hambers are arranged to en
lose the dete
tor inside an approximatelyre
tangular box (Figure 2.15). The wall drift 
hambers (i.e., the 
hambers whi
h spanthe y{z plane) are 
oupled to a layer of s
intillator 
ounters, installed on the outsidesurfa
e of the 
hambers. The purpose of CMP is to 
over the ' gaps of CMU andenhan
e the reje
tion of penetrating high energy hadrons (fake muons).The Central Muon eXtension dete
tor (CMX) operates in 0:6 < j�j < 1:0. Twolayers of s
intillator 
ounters 
over the internal and external surfa
e of an eight-layerarray of drift 
hambers. The CMX is installed at a radial distan
e of 400�600 
m from47
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Figure 2.14: Coverage of muon 
hambers. The hat
hed and shaded areas representthe regions in �{' whi
h are instrumented by the subdete
tors of the CDF muonsystem. The gap in the 
overage of the CMX dete
tor 
orresponds to the top area onthe east side of CDF where the 
ryogeni
s system of the CDF solenoid is installed.The uninstrumented region of the IMU dete
tor 
orresponds to the support stru
tureof the toroids whi
h hold the IMU muon 
hambers.

Figure 2.15: Central Muon uPgrade CMP. In this x{y se
tion of the CDF dete
tor,the CMP forms a re
tangular box (dark shaded area) whi
h surrounds the other partsof the CDF dete
tor. 48



Figure 2.16: Central Muon eXtension. The drawing shows an elevation view inthe x{y plane of a se
tion of the CMX dete
tor. The part depi
ted is referred to as\miniskirt" be
ause it 
overs the lower se
tion of the azimuthal range.� 
overage ' 
overage Depth Minimum pT (�)CMU j�j < 0:6 302Æ 5:5�0 1:4 GeV=
CMP j�j < 0:6 360Æ 7:8�0 2:2 GeV=
CMX 0:6 < j�j < 1:0 360Æ 6:2�0 1:4 GeV=
IMU 1:0 < j�j < 1:5 270Æ 6:2� 20�0 1:4� 2:0 GeV=
Table 2.3: Summary of the 
overage, thi
kness and minimum dete
table pT , onaverage, of the CDF muon dete
tors. The depth is expressed in pion intera
tionlengths and is quoted for a referen
e axial angle � = 90Æ in CMU and CMP, and� = 55Æ in CMX.the beam axis. Its 
hambers are arranged to form an ar
h, as shown in Figure 2.16.The azimuthal 
overage is not 
omplete in the east side of the CDF dete
tor. Theregion whi
h would 
ontain the uppermost edges of the CMX dete
tor is o

upied bythe 
ryogeni
s system of the CDF solenoid.The Intermediate MUon system (IMU [49℄) is used to identify muons in the1:0 < j�j < 1:5 region, with three-quarters of the azimuth instrumented. The in-
ompleteness of the azimuthal 
overage is due to the presen
e of support stru
tures.The IMU 
onsists of four staggered layers of drift 
hambers and a layer of s
intillation
ounters, mounted on the outer radius of two steel toroids. Due to the geometry ofthe installation, the amount of material that a parti
le has to 
ross before rea
hingthe IMU 
hambers varies between 6:2 and 20 intera
tion lengths in the j�j range 
ov-ered by the subdete
tor. The IMU system is installed around the toroids (hat
hedshading) in the 
enter of Figure 2.17.The CDF 
alorimeter, the magnet return yoke, and additional steel shielding a
tas muon �lters suppressing hadrons from rea
hing the muon 
hambers. The muonpurity in
reases with the e�e
tive shielding, but at the expense of eÆ
ien
y for lowmomentum muons, whi
h do not have enough energy to 
y through the shielding.The e�e
tive hadroni
 shielding and the minimum momentum that, on average, amuon must have to rea
h the muon dete
tors are summarized in Table 2.3, where the�{' 
overage of ea
h muon subsystem is also reported.49



IMU
Figure 2.17: Intermediate MUon system IMU. The diagonally hat
hed area in themiddle of the �gure represents the se
tional view of the toroids around whi
h the IMU(dark shaded) is installed. The �gure also shows a y{z view of the CMX dete
tor,whi
h 
orresponds to the two dark shaded areas in the middle of the pi
ture thatextend diagonally.2.2.8 CDF trigger systemThe online sele
tion of events with interesting physi
s 
ontent is 
ru
ial in the p�penvironment where CDF operates. The total 
ross-se
tion of p�p inelasti
 intera
tionsis � 60 mb, whi
h, at the luminosity of 1032 
m�1s�1, yields a rate of inelasti
 inter-a
tions of the order of 6 MHz. Moreover, be
ause the average size of the informationasso
iated to ea
h event is � 140 kbyte, an approximate throughput and storage rateof 840 Gbyte=s, unattainable with the 
urrently available te
hnology, would be neededto re
ord all events. However, the 
ross-se
tions of interesting physi
s pro
esses aremany orders of magnitude smaller than the inelasti
 p�p 
ross-se
tion (for example,the total 
ross-se
tion for b�b produ
tion is about 0:1 mb), and the online presele
tionof events adapts the intera
tion rate to the storage rate of CDF.The CDF dete
tor utilizes a three-level trigger system whi
h performs the onlinesele
tion of events enri
hed in events with interesting physi
s. The input event rateis redu
ed at ea
h level, providing in
reasing time for more 
omplex and a

uratere
onstru
tion tasks. The rate of events whi
h satisfy the trigger sele
tion is � 75 Hz.50
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pipeline:
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(132 ns clock cycle)
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300 Hz accept rate

20  s latency
4 events µ

Tevatron:

Level 1 latency:

Level 2:

L1 + L2 rejection factor 25000:1

Data storage: nominal freq 60 Hz Figure 2.18: The CDF data a
quisition system. The s
heme emphasizes the timinginformation (laten
y, input rate and reje
tion fa
tor) of the three levels of the trigger.The trigger system is designed to limit the deadtime to a minimum, during whi
hevents are dis
arded be
ause no resour
es are available to pro
ess them. The s
hemesof the CDF data a
quisition and trigger systems are shown in Figures 2.18 and 2.19.Level-1 TriggerThe �rst level of the trigger (Level-1). utilizes 
ustom designed hardware to �ndphysi
s obje
ts, su
h as tra
ks, or lepton 
andidates, based on a subset of the dete
torinformation. Events whi
h satisfy sele
tion 
riteria based on these obje
ts are passedto the se
ond level of the CDF trigger.The �rst element of the Level-1 trigger 
onsists of a FIFO pipeline with bu�ersfor 42 events. The input rate is about 10 MHz and the output rate to the se
ondlevel is approximately 20 kHz. Events are 
ontinuously fed to the pipeline at the rateof the Tevatron 
lo
k-
y
le, i.e., 132 ns. Be
ause the inter-bun
h time is 396 ns, twothirds of 
y
les, 
orresponding to empty 
rossings, are automati
ally reje
ted. Thepipeline thus 
olle
ts a maximum of 14 bun
h 
rossings.The system has 5:5 �s at most to perform a trigger de
ision, before the pipelineis �lled 
ompletely. Events whi
h are not 
agged by the system before they rea
h51
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LEVEL 2 TSI/CLKFigure 2.19: S
heme of the CDF trigger system. The 
onne
tions between thesubsystems of the CDF dete
tor, in the upper part of the s
heme, and the boardswhi
h 
onstitute the trigger system are indi
ated. The various parts of the triggersystem are des
ribed in the text in the relevant se
tions.
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Parameter ValueTra
k �nding eÆ
ien
y 96%pT resolution, �pT =p2T 1:7%(GeV=
)�1'6 resolution, �'6 3 mradTable 2.4: Performan
e of XFT.the end of the pipeline are reje
ted. Events are similarly lost if, even after a Level-1a

ept, Level-2 is unable to pro
ess a new event be
ause its four bu�ers are full. Thelaten
y of the Level-2 de
ision, whi
h is 5:5 �s �4 ' 20 �s, is less than approximately80% of the average time between Level-1 a

epts, in order to minimize deadtime.The input to the Level-1 system 
onsists of a simpli�ed subset of data 
oming fromthe COT, the 
alorimeters and the muon 
hambers, whi
h are pro
essed by 
ustom-designed hardware to produ
e low-resolution physi
s obje
ts, 
alled primitives. Theinformation from these obje
ts is then 
ombined into more sophisti
ated ones. Forexample, tra
k primitives are mat
hed with muon stubs to form muon obje
ts, whi
hare subje
ted to basi
 sele
tions.Tra
k primitives 
onstitute an important part of the trigger sele
tions whi
h areused to 
olle
t the B0s data samples utilized in the analysis do
umented in this thesis.The online tra
k pro
essor whi
h produ
es tra
k primitives for the Level-1 trigger isthe eXtremely Fast Tra
ker (XFT [50℄). The XFT utilizes the hits on the four axiallayers of the tra
king 
hamber and produ
es 2D re
onstru
tion of tra
ks in 2:7 �s,and thereby measuring the transverse momentum pT and the azimuthal angle of thetra
k on the sixth superlayer of the COT '6. These variables are used for tra
k-basedpresele
tion of events. The performan
e of XFT is summarized in Table 2.4. The re-
onstru
tion pro
eeds by sear
hing 
oin
iden
es between the observed 
ombinationsof hits in ea
h superlayer and a set of predetermined patterns. Ea
h 
oin
iden
e,whi
h require a 
ombination of hits with a minimum of 11 (out of 12) hits per su-perlayer1, provides a tra
k segment. Subsequently, a four-out-of-four mat
h is soughtamong segments in the four superlayers, by 
omparing the segments with a set ofabout 2,400 predetermined patterns 
orresponding to all tra
ks with pT & 1:5 GeV=
originating from the beamline. The COT is logi
ally divided by the XFT in 288segments, with a unique tra
k allowed per 1:25Æ segment. The pattern mat
hing isperformed in parallel in ea
h of the 288 segments. If no tra
k is found using all foursuperlayers, then the best tra
k found in the innermost three superlayers is output.The tra
ks found by the XFT are not uniquely utilized for tra
k-based triggers, butare redistributed by the eXTRaPolation unit (XTRP), as shown in Figure 2.19, to thesubsystems of the Level-1 trigger, whi
h produ
e the obje
ts of the trigger sele
tionusing the XFT tra
k primitives. The XTRP is responsible for the extrapolationof the XFT tra
ks to the 
alorimeter and muon dete
tor systems for mat
hing with
alorimeter towers and muon stubs. The XTRP also saves the XFT tra
ks in a bu�er,ready to send them to the se
ond level of the trigger in 
ase the event is a

epted.The Level-1 subsystem that produ
es the 
alorimeter-based trigger is 
alled L1CAL.110 hits out of 12 were required before O
tober 2002.53



Clusters of energy left in the 
alorimeters, formed by applying thresholds to individ-ual 
alorimeter towers, are utilized to 
reate primitives su
h as photons, jets2, andele
trons, the latter requiring an extrapolated XFT tra
k to mat
h with a 
alorimetertower. The tra
k extrapolation is done using look-up tables. The 
alorimeter triggeris also based on global event variables, su
h as the missing transverse energy =ET ,and the total transverse energy PET . The transverse energy ET is 
al
ulated bysumming the 
alorimeter data into trigger towers weighed by sin �.The L1MUON subsystem 
ombines muon stubs in the muon 
hambers and tra
kprimitives into � obje
ts. The XFT-tra
k primitive is extrapolated to the radii of themuon 
hambers by means of look-up tables. The presen
e in an event of obje
ts ofthis type, Level-1 muons, 
hara
terizes a large 
lass of trigger requirements.Trigger de
isions whi
h are based solely on tra
k information are produ
ed by theL1TRACK subsystem. If more than six tra
ks are found by the XFT, an automati
Level-1 a

ept is generated. Otherwise, the pT and '6 information is utilized tointerrogate look-up tables to generate various Level-1 triggers.Triggers are often in the awkward situation of requiring a redu
tion of their ratein order to a

ommodate them in the available bandwidth, but yet it is not possibleto tighten the sele
tion requirements without biasing the sele
ted sample. The ap-pli
ation of a randomized trigger reje
tion a

ording to a pres
ale fa
tor provides asolution. The pres
ale, a number larger than unity, represents the number of eventswhi
h, though satisfying the trigger 
ondition, are reje
ted for ea
h a

epted event,and thereby arti�
ially redu
ing the trigger rate by the pres
ale fa
tor. The CDFtrigger system adopts three di�erent types of pres
ale: �xed, in whi
h the pres
alefa
tor does not 
hange; dynami
, in whi
h the pres
ale is redu
ed in integer stepsas the instantaneous luminosity de
reases and frees trigger bandwidth; and uber-dynami
, in whi
h the trigger system feeds the Level-2 bu�ers with an event whi
hpassed the Level-1 trigger whenever they appear to be able to re
eive an additionalevent. Trigger pres
ales, as a fun
tion of time, are re
orded in a database, togetherwith the des
ription of the run 
on�guration, in order to allow physi
ists to pre
iselyknow the amount of luminosity whi
h has been integrated.Level-2 TriggerThe se
ond level of the trigger (Level-2) 
onsists of �ve subsystems whi
h provideinput to four programmable Level-2 pro
essors in the Global Level-2 de
ision 
rate.These subsystems are represented, in Figure 2.19, by the �ve arrows whi
h providean input to the Global Level-2 de
ision board. Three of them are expli
itly indi
atedin the s
heme (L2CAL, XCES, and SVT), while the inputs from the XTRP and theL1MUON board feed the L2TRACKING and L2MUON modules, respe
tively.L2CAL exploits the information from the 
alorimeters to de�ne energy 
lusters,utilized for jet triggers. Due to time-
onstraints, it is not possible to perform 
luster2In a proton{anti-proton 
ollision, a large transverse momentum outgoing parton manifests itselfas a 
luster of parti
les traveling roughly in the same dire
tion. These 
lusters are referred to as\jets". 54



�nding to re
onstru
t jets at Level-1. Thus, energy thresholds are applied to indi-vidual towers. Be
ause jets are not fully 
ontained by Level-1 trigger towers, thesethresholds are set mu
h lower than the energy of jets to provide an eÆ
ient trigger.This results in rates that are too high for readout into Level-3. Rates are redu
edby performing the re
onstru
tion of jets using 
lusters of towers, thus being able tobase the trigger on more re�ned obje
ts. The 
luster �nding algorithm starts from atower with energy larger than a prede�ned threshold, whi
h represents a seed for the
luster. All nearby towers with energy larger than a lower threshold, the \shoulder"towers, are then added to the seed tower. The re
onstru
tion of a 
luster is performedin parallel on all seed towers.XCES re�nes the ele
tromagneti
 obje
ts found at Level-1 utilizing the informa-tion of the CES dete
tor, lo
ated at the point of maximum development of ele
tro-magneti
 showers in the 
entral EM 
alorimeters. The signals in four adja
ent CESwires are added and 
ompared to a threshold to form a XCES bit, with azimuthalresolution equal to 2Æ. The resolution is �ner than the one provided by the 
alori-metri
 towers and allows for a better dis
rimination of ele
trons from ba
kgrounds bymat
hing XFT tra
ks with CES information. The mat
hing of an XFT tra
k with anXCES 
luster (i.e., the summed signals from four adja
ent CES wires) is performedby Level-2 pro
essors in the Global Level-2 de
ision 
rate.The L2MUON pro
essor is responsible for the 
onstru
tion of Level-2 muon 
an-didates. The muon obje
ts utilized by the Level-2 trigger have a more re�ned 'segmentation than Level-1 muons, 1:25Æ vs. 2:5Æ.The Sili
on Vertex Tra
ker (SVT [51, 52℄) is the most innovative part of the CDFtrigger. It utilizes XFT tra
ks and SVXII hits, and re
onstru
ts tra
ks, albeit inthe transverse plane only, with a resolution whi
h is 
omparable with o�ine re
on-stru
tion algorithms. The revolutionary impa
t of the SVT 
onsists in it performingonline measurements of impa
t parameters of 
harged parti
les with a rate of 30 kHz.Their displa
ement with respe
t to the beamline is 
orrelated with the lifetime ofthe de
aying parti
le whi
h produ
ed them. The SVT is 
apable of dis
riminatingO(100 �m) impa
t parameters from the O(10 �m) beam spot, fast enough to allowfor the use of this information at Level-2. The speed of the SVT is largely due to ahighly-parallelized ar
hite
ture, whi
h mat
hes the geometri
al segmentation of theSVXII. The twelve azimuthal se
tors of ea
h of the six half barrels of the SVXIIare pro
essed independently. The SVT requires the 
oin
iden
e of an XFT tra
kand hits in four axial SVXII layers. Tra
k re
onstru
tion 
onsists of two stages. Inthe �rst, low-resolution, stage, adja
ent dete
tor 
hannels are grouped together intosuper-bins, the width of whi
h is programmable, with 250-700 �m typi
al values. Aset 
ontaining about 95% of all super-bin 
ombinations in four SVXII layers 
ompat-ible with the traje
tory of a 
harged parti
le with pT & 2 GeV=
 originated from thebeamline (\patterns") is 
al
ulated in advan
e from simulation and stored in the SVTinternal memory. The 
ombination of super-bins 
ontaining hits 
orresponding to thetra
k whi
h is being re
onstru
ted is mat
hed to a stored pattern. A low-resolution
andidate tra
k, 
alled \road", 
onsists of a 
ombination of four ex
ited super-binsplus the XFT tra
k parameters. A maximum of 64 roads per event is retained forfurther pro
essing after the �rst stage of pattern mat
hing. The se
ond stage of tra
k55
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Figure 2.20: Impa
t parameter resolution as measured by SVT. The distributionin
ludes the e�e
t of the beam size. The SVT measures impa
t parameters with ar.m.s. width of 35 �m.re
onstru
tion 
onsists of a linearized �t. No exa
t linear relation holds between thetransverse parameters d0, C and '0 of a tra
k in a solenoidal �eld and the 
oordinatesof hits on a radial set of 
at dete
tor planes. It is shown in Referen
e [53℄ that forpT > 2 GeV=
, jd0j < 1 mm and �'0 < 15Æ, a linearized �t biases the re
onstru
tedd0 by at most a few per
ent. The SVT exploits this feature by expanding the non-linear 
onstraints and the parameters of the real tra
k to �rst order with respe
t tothe referen
e tra
k asso
iated to ea
h road. The 
onstants whi
h de�ne the linear ex-pansion are determined by the geometry of the dete
tor and the beamline alignment.They are 
al
ulated in advan
e and stored in the internal memory of the SVT. The�t for the tra
k is then redu
ed to the evaluation of a set of s
alar produ
ts, whi
his performed within 250 ns per tra
k. The distribution of SVT-measured impa
t pa-rameters of prompt tra
ks, i.e., those tra
ks asso
iated to parti
les produ
ed in thehard p�p intera
tion, is shown in Figure 2.20. The r.m.s. width of the distribution,� � 47 �m, in
ludes the 
ontribution of the transverse beam-spot size, while the SVTresolution is �SV T � 35 �m. The SVT eÆ
ien
y is higher than 85%. This eÆ
ien
yis de�ned as the ratio between the number of tra
ks re
onstru
ted by the SVT andall the o�ine tra
ks of physi
s analysis quality whi
h 
ontain sili
on hits and aremat
hed to an XFT tra
k.Tra
king information is 
olle
ted by the L2TRACKING module, whi
h re
eivesthe XFT tra
ks from the XTRP and the Level-2 tra
ks from the SVT, whi
h in
ludeimpa
t parameter information. The data from the SVT arrives later than the datafrom the other systems, be
ause it takes on average 10 �s to pro
ess the SVXII,whi
h is the total time allo
ated to 
olle
t Level-2 data. The L2TRACKING module56



| and the other Level-2 pro
essors | starts analyzing the event before SVT datais 
omplete. The impa
t parameter information is utilized only if it is required tomake the Level-2 de
ision, while it is not tested if all the triggers whi
h require SVTinformation are reje
ted by other 
uts.The system works as a two-stage pipeline with a design laten
y of 20 �s for anevent. During the �rst stage, whi
h takes 10 �s, events are loaded in the memory ofthe Level-2 pro
essors. At the same time, L2CAL pro
esses the 
alorimeter data andthe SVT 
olle
ts data from the SVXII. The last 10 �s are utilized by the Global Level2 system to make the �nal Level-2 trigger de
ision. During the latter phase, the nextevent is loaded and analyzed. The Level-2 system uses four bu�ers to maintain thefra
tion of deadtime below a few per
ent. The output rate of the Level-2 trigger islimited to the input 
apa
ity of the trigger of the third level, whi
h is about 300 Hz.Level-3 TriggerThe third level of the trigger (Level-3) is formed by a farm of 
ommer
ial 
omputers,running the LINUX operating system. The maximum input rate, whi
h is identi
alto the output rate of the Level-2 trigger, is 300 Hz, and the Level-3 output rate islimited by a maximum mass storage rate of 20 Mbyte=s at whi
h data are re
ordedto disk, and roughly 
orresponds to 75 Hz.Upon Level-2 a

ept, the data from the whole dete
tor are sent to the Level-3farm by the EVent Builder (EVB [54℄) system, as opposed to the Level-1 and Level-2 triggers, whi
h only re
eive data from some subdete
tors. The EVB assemblesevent fragments from the front-end 
rates of the CDF subdete
tors in a unique eventre
ord, a blo
k of data 
orresponding to a bun
h 
rossing. As shown in Figure 2.21,data are �rst re
eived by the VME Readout Boards (VRB), ea
h of whi
h is linkedto a group of front-end 
rates. The VRB are grouped in 15 EVB 
rates, ea
h ofwhi
h is 
ontrolled by a single board pro
essing unit, the S
anner CPU (SCPU). AnAsyn
hronous Transfer Mode (ATM) network swit
h provides the 
onne
tion betweenthe EVB 
rates and the 
onverter nodes (CV) of the Level-3 farm3. Converter nodestransfer event fragments from the EVB 
rates to the pro
essing units of the Level-3farm, as it will be explained in detail in the next paragraph. Data 
ow betweenSCPU's and the Level-3 farm is 
ontrolled by the S
anner Manager (SM), a pro
essrunning in an additional EVB 
rate whi
h 
onstitutes the interfa
e between the EVBsystem and the Trigger System Interfa
e (TSI). The TSI is responsible for re
eivingthe trigger de
isions from Level-1 and Level-2, and supervising data 
ow until theEVB. When the TSI passes a Level-2 a

ept message to the SM, the SM instru
tsthe SCPU's to read and 
ombine the event fragments in their lo
al 
rate, sele
ts a
onverter node in the Level-3 farm among those whi
h reported themselves available,and then dire
ts the SCPU's to send the event fragments to the sele
ted 
onverternode.At the time that the data utilized in the mixing analysis had been 
olle
ted, the292 nodes of the Level-3 farm were divided in sixteen subfarms working in parallel4.3The ATM network has been substituted by a Gigabit ethernet network in August 2005.4The 
on�guration of the Level-3 farm, as of June 2007, in
ludes 384 nodes subdivided in 1857
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Figure 2.21: S
heme of the Level-3 farm. Data 
ow from top to bottom: from thefront-end 
rates to the Event Builder 
rates, where data fragments are assembled, thento the Level-3 farm, through 
onverter nodes (CV). Pro
essor nodes (PR) produ
ethe Level-3 trigger de
ision. Events whi
h satisfy the Level-3 trigger requirements aresent to the data-storage system via output nodes (OU).A s
heme of the Level-3 farm is shown in Figure 2.21. Ea
h of the sixteen subfarms
ontains a 
onverter node whi
h is in dire
t 
onta
t with the EVB, as mentionedbefore. The 
onverter node is pla
ed at the head of a set of pro
essor nodes (PR).Subfarms 
ontain between 16 and 18 pro
essor nodes. The 
onverter has the rôleof assembling the event fragments from the VRB's in a unique event re
ord, whi
h
onstitutes the single and only pie
e of information about a parti
ular event. It thensele
ts the �rst available pro
essor node in its subfarm, and sends the event re
ord toit. The event re
onstru
tion and the formation of trigger de
isions are performed bypro
essor nodes. At the stage of Level-3, the event re
onstru
tion bene�ts from fulldete
tor information and improved resolution with respe
t to the pre
eding triggerlevels. In parti
ular, three-dimensional re
onstru
tion of tra
ks with 
ode derivedfrom o�ine and more pre
ise mat
hes between tra
ks and 
alorimeter or muon dataare available. The events whi
h pass the Level-3 trigger are sent by the pro
essornodes to output nodes (OU). The output nodes serve two subfarms ea
h and host thesoftware needed for the transmission of the re
onstru
ted events from the pro
essornodes to the data-storage system.This 
hapter presented the a

elerator 
omplex at Fermilab and the CDF II dete
tor.After the des
ription of how real p�p intera
tions are produ
ed in this 
hapter, thesubfarms with 21 to 22 nodes ea
h. 58



next 
hapter will introdu
e the strategy for the online sele
tion of B0s 
andidates, andpresent the re
onstru
tion and sele
tion of the B0s 
andidates utilized for this analysisof B0s os
illations.
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Chapter 3B0s data samplesThis 
hapter presents the samples of data utilized for this analysis. The strategyadopted for the online sele
tion of events enri
hed in B0s mesons is introdu
ed in the�rst part of this 
hapter. The se
ond part des
ribes the re
onstru
tion and o�inesele
tion of B0s 
andidates.3.1 Triggers for the B0s analysisThe set of the trigger pres
riptions for the �rst, se
ond and third level 
onstitutesa trigger path. Trigger paths provide a logi
al, though not ex
lusive, 
lassi�
ationamong samples of events. The not-ex
lusiveness of the 
lassi�
ation is present dueto the possibility that events satisfy the requirements of multiple paths. The triggersutilized in this analysis are variations of paths belonging to two main 
ategories:two-tra
k triggers and lepton + displa
ed-tra
k triggers.3.1.1 Two-tra
k triggersThe �rst 
lass of triggers is 
hara
terized by the use of impa
t parameter 
uts whi
henhan
e the long-lived parti
le 
ontent, and in parti
ular the b-hadron 
ontent. Theimpa
t parameter of a tra
k is 
orrelated with the lifetime of the parti
le whi
hprodu
ed it. B mesons 
y, on average, 0:5 mm before de
aying. This distan
e issigni�
antly larger than the intrinsi
 beam size. B events are thus 
hara
terized bythe presen
e of displa
ed tra
ks and verti
es.At Level-1, the trigger requires a pair of XFT tra
ks with a lower 
ut on the pT ofthe tra
ks, on the s
alar sum of the pT of the tra
ksP pT , and an upper 
ut on �'6,the opening angle between the two tra
ks. The pT 
uts exploit the fa
t that the pTspe
trum of the parti
les produ
ed in p�p intera
tions follows p�8T , while the spe
trumof the parti
les 
oming from a B de
ay is signi�
antly harder. The 
ut on the angularseparation eliminates the 
ontribution from tra
ks inside ba
k-to-ba
k jets.The Level-2 trigger pres
ribes the presen
e of two SVT tra
ks whi
h 
on�rm theLevel-1 requirements. The angular 
ut, this time on �'0, is tightened, with theappli
ation of a lower limit. Pairs of quasi-
ollinear tra
ks are found, for example, in61



hadroni
 jets, due to light quark fragmentation, while the opening angle between theprodu
ts of a B de
ay is more evenly distributed between 0Æ and 180Æ. The triggeradditionally in
ludes the already mentioned 
ut on the impa
t parameter, d0, and alower 
ut on rxy �PpT, where rxy is the distan
e, in the transverse plane, betweenthe beam position and the displa
ed vertex formed by the two trigger tra
ks, andPpT is the ve
tor sum of the transverse momenta of the two tra
ks. This quantityis symmetri
ally distributed around zero in the 
ase of randomly 
hosen tra
ks andskewed toward positive values when the two tra
ks 
ome from a B de
ay.Level-3 applies the requirements of Level-2 utilizing the �ts performed using thefull dete
tor information. Three-dimensional �ts of the trigger tra
ks are availableand, in parti
ular, the points of 
losest approa
h to the z axis of the two tra
ks arerequired to be within 5 
m from ea
h other.Three trigger s
enarios, denoted BCHARM, LOWPT, and HIGHPT, are identi�ed by thedi�erent values of the 
uts applied. The list of their requirements are summarizedin Table 3.1. A variation of the LOWPT trigger adds the requirement of a muonwith pT > 1:5, or 2 GeV=
, depending on whether it is found in the CMU or CMXsubdete
tors, respe
tively. This muon is required to form an angle of at least 90Æfrom the dire
tion of ea
h of the SVT tra
ks. This 
ut, whi
h uses XFT tra
ks, andthus '6, was not imposed for some part of the data 
olle
ted by this trigger path,leading to the 
olle
tion of large semi-muoni
 B0s de
ays with this trigger.The various B triggers permit the full exploitation of the available trigger band-width. At high instantaneous luminosity in the Tevatron, higher purity sele
tions,i.e., the HIGHPT s
enario, are given priority, where purity is a measure of the signal-to-ba
kground ratio. As the instantaneous luminosity de
reases during a store, triggerbandwidth be
omes available and low purity triggers are utilized to maximize the Byield written to tape. Se
tion 3.2 presents a summary of the trigger 
omposition ofthe B0s data sample utilized for this analysis of B0s � B0s os
illations.3.1.2 Lepton-plus-displa
ed-tra
k triggersThe se
ond 
lass of triggers, the lepton-plus-displa
ed-tra
k triggers, 
ombines therequest of a lepton in the �nal state and a tra
k with impa
t parameter greaterthan a threshold. The type of lepton, either an ele
tron or a muon, and the type of
hambers whi
h identi�ed the lepton (in the 
ase of muons, CMP, or CMU) label thetrigger paths whi
h fall in this 
ategory. Lepton identi�
ation is thoroughly explainedin Referen
es [55℄ (muon identi�
ation) and [56℄ (ele
tron identi�
ation).Level-1 requires a muon or an ele
tron obje
t with pT > 4:0 GeV=
 and an XFTtra
k with pT > 2:0 GeV=
. The muon obje
t is de�ned as an XFT tra
k mat
hedto a muon stub in both the CMU and the CMP 
hambers. The ele
tron obje
t is
hara
terized by an XFT tra
k mat
hed to a 
alorimeter trigger tower with ET >4 GeV. In addition, the ratio between the fra
tion of energy deposited in the HAse
tion and in the EM one (EHA=EEM) is required to be smaller than a �xed threshold.An upper 
ut on the angular separation between the lepton obje
t and the XFTtrigger tra
k is applied.At Level-2, a Level-2 lepton and an SVT tra
k must satisfy the Level-1 
uts. The62



Level-1 Level-2 Level-3XFT tra
ks SVT tra
ks COT+SVX tra
ksHIGHPT pT > 2:46 GeV=
 pT > 2:5 GeV=
 pT > 2:5 GeV=
opposite 
harge opposite 
harge opposite 
harge�'6 < 135Æ 2Æ < �'0 < 90Æ 2Æ < �'0 < 90ÆP pT > 6:5 GeV=
 P pT > 6:5 GeV=
 P pT > 6:5 GeV=
120 �m < d0 < 1 mm 120 �m < d0 < 1 mmLxy > 200 �m Lxy > 200 �mj�z0j < 5 
mBCHARM pT > 2:04 GeV=
 pT > 2:0 GeV=
 pT > 2:0 GeV=
opposite 
harge opposite 
harge opposite 
harge�'6 < 135Æ 2Æ < �'0 < 90Æ 2Æ < �'0 < 90ÆP pT > 5:5 GeV=
 P pT > 5:5 GeV=
 P pT > 5:5 GeV=
120 �m < d0 < 1 mm 120 �m < d0 < 1 mmLxy > 200 �m Lxy > 200 �mj�z0j < 5 
mLOWPT pT > 2:04 GeV=
 pT > 2:0 GeV=
 pT > 2:0 GeV=
�'6 < 90Æ �'0 < 90Æ 2Æ < �'0 < 90ÆP pT > 4:0 GeV=
120 �m < d0 < 1 mm 120 �m < d0 < 1 mmLxy > 200 �m Lxy > 200 �mj�z0j < 5 
my CMU or CMP muonpT (�CMU) > 1:5 GeV=
 �'6(�; trk) > 90Æor pT (�CMP ) > 2:0 GeV=
Table 3.1: Displa
ed two-tra
k trigger requirements. The variable Lxy representsrxy�PpT, de�ned in the text. The requirement for the tra
ks to be oppositely-
hargedin the two s
enarios with higher purity optimizes the sele
tion for B0d;s ! h+h� de
ays,without majorly a�e
ting the 
olle
tion of B multi-body de
ays.y The additional request of a muon obje
t 
hara
terizes the �+LOWPT path.ele
tron is additionally required to have at least 2 GeV energy measured by the CES.The SVT tra
k is also required to have 120 �m < d0 < 1 mm and, for ele
tron triggersonly, to be within an angle between 2Æ and 90Æ from the lepton tra
k.The pro
essors of the Level-3 farm have a

ess to better tra
k �ts and mu
hmore information whi
h is used to de�ne triggers. The opening angle between thelepton and SVT tra
k is required to be in the (2Æ; 90Æ) range for both ele
trons andmuons. The lepton identi�
ation 
riteria are also tightened. In the ele
tron 
ase,the transverse (�x) and longitudinal (�z) distan
es between the shower 
entroidmeasured by CES and the extrapolated tra
k position are required to be within apresele
ted upper value. The transverse and longitudinal pro�les of the showers inthe CES are also 
ompared to default shapes produ
ed by test beam ele
trons, and an63



Level-1 Level-2 Level-3ele
tron pT > 4:0 GeV=
 pT > 4:0 GeV=
 pT > 4:0 GeV=
ET > 4 GeV ECES > 2 GeV �xCES < 5 
m�zCES < 3 
mEHA=EEM < 0:125 �2x < 10, �2 < 15Lshr < 0:22Æ < �'0(e; trk) < 90Æmuon pT > 4:0 GeV=
 pT > 4:0 GeV=
 pT > 4:0 GeV=
CMU and CMP stubs �xCMU < 15 
m�xCMP < 20 
mtra
k pT > 2:0 GeV=
 pT > 2:0 GeV=
 pT > 2:0 GeV=
120 �m < d0 < 1 mm 120 �m < d0 < 1 mmm(`; trk) < 5 GeV=
22Æ < �'0(`; trk) < 90ÆTable 3.2: Lepton-plus-displa
ed-tra
k trigger requirements.appropriate �2 is de�ned by 
omparing the two sets. Level-3 is also able to enfor
e a
ut on the re
onstru
ted mass of the lepton-tra
k pair, by using three-dimensionally{re
onstru
ted tra
ks. Another quantity that is used for ele
tron identi�
ation is thelateral shower sharing Lshr [57℄ whi
h measures the di�eren
e between the observedsharing of energy deposition between towers in the CEM and the deposition expe
tedfrom real ele
tromagneti
 showers. In the muon 
ase, a 
ut is applied to the distan
e�x between the CMU and CMP stubs and the extrapolated tra
k. The requirementsof the lepton-plus-displa
ed-tra
k trigger are listed in Table 3.2.A brief summary of the 
ontribution of lepton-plus-displa
ed-tra
k triggers to ourdata sample is presented in the next se
tion.3.2 Data samples for the analysis of B0s os
illationsThe data samples utilized in the analysis presented in this do
ument were re
ordedin the period from Mar
h 2002 to January 2006. They 
orrespond to an integratedluminosity of about 1 fb�1, after imposing the requirement that the full dete
torsystems were properly fun
tioning. As a side note, one of the biggest sour
es of datalosses is the request that the SVXII is on. Stable beam 
onditions are ne
essary toredu
e the possibility that the sili
on dete
tors are damaged by beam losses.Three periods of data-taking, usually referred to as 0d, 0h, and 0i, are identi�ed.The separation 
omes from the name of the �les whi
h 
ontain the data 
orrespondingto the Mar
h 2002 { September 2004 (355 pb�1), De
ember 2004 { November 2005(410 pb�1), and November 2005 { January 2006 (230 pb�1) periods.The integrated luminosity of the sample whi
h passed the BCHARM trigger path is64



De�nition Fra
tion(BCHARM) / (TTT) 60%(LOWPT and not HIGHPT and not BCHARM) / (TTT) 30%(HIGHPT and not BCHARM and not LOWPT) / (TTT) 10%(`+SVT and TTT) / (`+SVT) 60%(`+SVT and not TTT) / (`+SVT or TTT) 10%Table 3.3: Summary of overlaps among trigger paths and 
lasses. In the table,trigger names indi
ate the number of events whi
h passed the respe
tive trigger:`+SVT indi
ates the number of events whi
h passed any of the lepton-plus-displa
ed-tra
k triggers; TTT indi
ates the number of events whi
h passed any of the threetwo-tra
k triggers: BCHARM, HIGHPT, or LOWPT. The LOWPT tag in
ludes the
ontribution of �+LOWPT paths. The number of events whi
h belong to the `+SVT
lass is about 57 and 67 millions, for the muon and ele
tron triggers, respe
tively. TheTTT 
lass 
ontains about 560 million events.about 642 pb�1, while the HIGHPT and LOWPT paths 
olle
ted 504 pb�1 and 418 pb�1,respe
tively. These numbers in
lude the e�e
t of trigger pres
aling. The three samplesobviously overlap, be
ause events may have been triggered by more than one triggerpath. The fra
tion of the events, in the whole sample of two-tra
k triggers, thatpassed the BCHARM trigger path is 60%. The HIGHPT trigger path ex
lusively sele
ts10% of the sample, and LOWPT the remaining 30%. In the sample sele
ted withlepton-plus-displa
ed-tra
k triggers, 60% of events are also sele
ted by at least oneof the two-tra
k triggers, BCHARM, HIGHPT, or LOWPT. The fra
tion of events whi
hex
lusively passed a lepton-plus-displa
ed-tra
k trigger is 10% of the union of thesamples sele
ted by a lepton-plus-displa
ed-tra
k trigger and those sele
ted by a two-tra
k trigger. Table 3.3 presents a summary of overlaps among trigger paths and
lasses des
ribed in this paragraph.3.3 Data format and analysis softwareA framework, referred to as the BStntuple [58℄, has been implemented for eÆ
ientlystoring and a

essing the pie
es of information whi
h form the B0s 
andidates. Itshares the basi
 stru
ture of the standard stntuple [59℄, whi
h itself 
onstitutes amore sophisti
ated ROOT ntuple [60℄ together with a set of 
onvenient tools.This framework 
ontains stru
tures to hold the re
onstru
ted 
andidates infor-mation (stable and de
aying obje
ts) as well as tagging information, and parti
leidenti�
ation information (TOF, dE=dx, muon and ele
tron quantities). The a
tualdata blo
ks 
orrespond to instan
es of these 
lasses for spe
i�
 de
ay modes, whi
hare implemented by 
loning prototype modules whi
h are appropriate for the de
aytopology.This has revealed to be an eÆ
ient and uniforming framework, in terms of bothCPU usage time and pro
edure sharing, whi
h has fa
ilitated 
andidate re
onstru
tion65



and the pro
ess of produ
ing ntuples for the various de
ays and data samples employedin the analysis.3.4 B0s data sampleThe data sample 
onsists of 1 fb�1 of data 
olle
ted with the CDF II dete
tor, betweenMar
h 2002 and January 2006. A

ording to the type of parti
les whi
h take part inthe de
ay 
hain, the sample of B0s de
ays is naturally divided in two 
lasses, whi
hare usually referred to as \semileptoni
" and \hadroni
" modes,For both hadroni
 and semileptoni
 modes, B0s 
andidates are re
onstru
ted fromthe �nal de
ay produ
ts. For example, B0s ! D�s �+���+, D�s ! K�0K�, K�0 !K+�� 
andidates are re
onstru
ted starting from a pair of oppositely 
harged tra
kswhi
h are assigned the mass of a kaon (the positively 
harged tra
k) and of a pion (thenegatively 
harged one), produ
ing a K�0 
andidate. A D�s vertex is �t using another
harged tra
k, with kaon mass assigned, and the proje
ted traje
tory of the K�0.Finally, the D�s 
andidate is asso
iated with three pion tra
ks whi
h are 
onsistentwith 
oming from the same vertex. The three pions are 
onstrained to 
ome from asingle vertex, and 
onsisten
y with this hypothesis is enfor
ed by applying a 
ut onthe �2 of the vertex �t. All �ts of verti
es are performed by the CTVMFT pa
kage [61℄.The mass of the D�s 
andidate is �xed to its world average [62℄ in the �nal �t for thehadroni
 B0s 
andidate. This is not the 
ase for the semileptoni
 B0s de
ays, where themass values of D�s 
andidates are not 
onstrained in the �t of the `D�s 
ombination,be
ause the un
onstrained D�s mass serves as a dis
riminant in reje
ting ba
kground.3.4.1 Semileptoni
 B0s de
aysThe sample of semileptoni
 de
ays 
onsists of in
lusively re
onstru
ted B0s ! D�s `+X
andidates, where ` = e; �, whi
h are sear
hed for in the sample 
olle
ted with thetwo-displa
ed-tra
k trigger and the lepton-plus-displa
ed-tra
k trigger. The de�nitionof these triggers are reported in Se
tion 3.1. While not spe
i�
ally re
onstru
ted, theB0s ! D�s �+X mode is part of the semileptoni
 signal sample. The D�s meson isre
onstru
ted in the �nal states �0��, K�0K� and ���+��, where �0 ! K+K�, andK�0 ! K+��. The sample is enri
hed in B0s 
andidates by applying a 
ut-basedsele
tion.The main advantage of these de
ays is the large bran
hing ratio for semileptoni
de
ays of B0s mesons, whi
h the Review of Parti
le Physi
s [7℄ reports to be equal to7:9�2:4 %, and the presen
e of a lepton whi
h provides a 
lear signature. Conversely,the in
ompleteness of the re
onstru
tion, whi
h is 
aused, at least, by the parti
ipa-tion of a neutrino, the energy and momentum of whi
h are undete
ted, 
onstitutesa 
hallenge. In this 
ase, it is 
ustomary to analyze both the `D�s mass distributionand the D�s one, whi
h provides additional dis
riminating power between signal andba
kground.Lepton identi�
ation exploits the algorithms prepared for the study of lepton
avor taggers [55, 56℄. Ele
trons and muons are separated from hadrons by means of66



a lower 
ut on a likelihood whi
h is de�ned as follows:Li = PSiPSi + PBi ; i = e or � ; (3.4.1)where PSe;� and PBe;� are, respe
tively, the likelihoods of the lepton 
andidate being areal lepton or a false one. These fun
tions are simply the produ
t of the probabilitydensity fun
tions of the variables 
hosen to maximize the separating power betweenleptons and hadrons.The distributions of the dis
riminating variables obtained in samples of puremuons, 
olle
ted by re
onstru
ting J= ! �+��, and ele
trons, from 
 ! e+e�
onversions in the dete
tor material, are �t to empiri
al fun
tions. These param-eterizations are treated as probability density fun
tions of a real lepton 
andidate,and their produ
t de�nes PSe;�. Ele
trons from 
onversions are identi�ed by sear
hing,around an ele
tron 
andidate, as de�ned by the trigger 
ut in Table 3.2, for oppositely
harged tra
ks whi
h have a small opening angle with the 
andidate, and requiringthe traje
tories of the two tra
ks to be parallel to one another at their distan
e of
losest approa
h.The ba
kground likelihoods PB� and PBe are produ
ed analogously to the signallikelihoods. The distributions of the dis
riminating variables, the parameterizationsof whi
h provide the ba
kground probability density fun
tions, are 
onstru
ted usingsamples of pions from K0s ! �+�� and, in the 
ase of P�B , also kaons and protonsfrom D0 ! K��+ and �0 ! p��, respe
tively.The plots in Figure 3.1 show the ele
tron and muon likelihood distributions Leand L� in the signal and ba
kground samples des
ribed above. The values for theselikelihoods are bound between zero and one, with real ele
trons and muons populat-ing the high likelihood region 
lose to unity, while ba
kgrounds preferentially o

upythe low likelihood region 
lose to zero. The requirement that Le is smaller than 0.9is about 90% eÆ
ient for 
onversion ele
trons with pT > 2:0 GeV=
, while reje
tingaround 98% of the pions originating from K0s de
ays and ful�lling the ele
tron 
andi-date requirements. Di�erent values for 
uts on L� are utilized for 
andidate muonsfound in the various subdete
tors of the CDF muon system. The 
ut values and eÆ-
ien
ies, for real and false muons, for the di�erent dete
tor 
omponents are reportedin Table 3.4.Various sour
es 
ontribute to the ba
kground of a B0s 
andidate re
onstru
tedsolely by mat
hing a D�s 
andidate to a lepton 
andidate. Three sour
es are identi�ed:\false lepton", \physi
s" and \
ombinatorial" ba
kgrounds. Contributions to theba
kground may 
ontain a true, and 
orre
tly re
onstru
ted, D�s meson. That is the
ase for B0 and B+ de
ays with a D�s in the �nal state, su
h as B0=B+ ! DsD; D!`��X, and B0s 
andidates 
omposed by a true D�s and a false lepton tra
k. Anothersour
e of this type of ba
kground is 
onstituted by B0s ! D+(�)s D�(�)s X; D(�)s ! `+Yde
ays. These B0s modes 
onstitute a ba
kground, rather than a signal, be
ausethey are not self-tagging �nal states. These ba
kgrounds, whi
h are 
alled \physi
s"ba
kgrounds, are indistinguishable from signal 
andidates in the D�s mass plot, whilethe `D�s mass distribution provides some separation. Samples of simulated events are67



Muon System L� > E�. for real muons [%℄ E�. for false muons [%℄CMU 0.50 92.0 13.5CMP 0.50 88.2 27.1CMUP 0.05 98.8 55.0CMX 0.50 91.8 22.2IMU 0.70 78.8 9.6Table 3.4: EÆ
ien
y of muon likelihood requirements for real and false muons mat
h-ing the muon 
andidate requirements, 
ompiled for di�erent muon dete
tor systems.The quantity L� represents the likelihood that the parti
le is a real muon, and isde�ned in Equation 3.4.1. The eÆ
ien
ies are 
al
ulated utilizing a sample of muonsfrom J= ! �+�� (real muons), and pions, kaons, and protons from K0s ! �+��,D0 ! K��+ and �0 ! p��, respe
tively (false muons) [55℄.

Electron Likelihood
0.0 0.2 0.4 0.6 0.8 1.0

F
ra

ct
io

n 
pe

r 
0.

01

-310

-210

-110

1
Electrons

Pions

Muon Likelihood
0.0 0.2 0.4 0.6 0.8 1.0

F
ra

ct
io

n 
pe

r 
0.

01

-310

-210

-110

1
Real Muons

Fake Muons

Figure 3.1: Ele
tron likelihood distributions Le for ele
trons and pions with pT >2:0 GeV=
 (left), and muon likelihood distributions L� for real and false muons.utilized to derive `D�s mass templates. Other ba
kgrounds, whi
h do not 
ontain atrue D�s , su
h as 
ombinatorial ba
kground, are instead very well dis
riminated inall mass distributions. The mass distribution of D�s 
andidates provides an e�e
tivehandle in separating 
ombinatorial ba
kground from signal, as shown by the plotsin Figure 3.3. In the `D�s mass distributions, the shape of the \false lepton" and\physi
s" 
omponent are obtained from Monte Carlo samples of B ! D`X mesons,where ` is either a muon or an ele
tron. The shape of the 
ombinatorial ba
kground
omponent is a template derived from the `D�s mass distribution of 
andidates whi
hfall in the sideband regions of the D�s mass distribution.The sele
tion of B0s 
andidates is based on the 
uts reported in Table 3.5. Ea
h 
utvalue has been optimized in order to maximize S=pS + B. For the optimization, asample of simulated semileptoni
 B0s 
andidates was utilized to estimate the eÆ
ien
y68



of a set of 
uts on the signal fra
tion. The distribution of D�s 
andidates in the sampleof simulated events is �t with a Gaussian fun
tion. The mean �G and width �G of theGaussian are used to de�ne the signal region, [�G� 3�G; �G+3�G℄. The ba
kgroundfra
tion in the signal region is estimated by �tting the lower and upper sidebands inthe D�s mass distribution in data. The sidebands are de�ned by ex
luding the signalregion, as de�ned above, from the [1:92; 2:02℄ GeV=
2 mass range in whi
h the �t ofthe ba
kground 
omponent is performed. Sele
tion 
uts are individually optimized.The 
uts are divided in three 
lasses:� �t qualityThe quality of the vertex �ts whi
h 
omposed the 
andidate is ensured byapplying a lower 
ut on the �t probability of the B0s vertex �t, P(B0s), andthe two-dimensional �2r� of the D�s vertex �t, �2r�(D�s ). The vertex positionis obtained by 
onstraining the D�s and the lepton 
andidate to a 
ommonvertex, in the three-dimensional spa
e. The two-dimensional �2r� of a vertex �tis 
al
ulated by removing the z 
omponent from the error matrix of the vertex�t.� kinemati
sA 
ut on the transverse length signi�
an
e Lxy=�Lxy of the B0s and D�s 
andi-dates exploits the large lifetime of B0s mesons to dis
riminate between signal andthose ba
kgrounds whi
h are mostly prompt. The transverse lengths Lxy(B0s)and Lxy(D�s ), whi
h are de�ned in Equation 4.3.1, are both 
al
ulated withrespe
t to the p�p intera
tion vertex.The 
uts on the proper de
ay-lengths 
t�(B0s), 
t(D�s ) and proper-de
ay-lengthresolution �
t�(B0s) are meant to eliminate poorly re
onstru
ted 
andidates.These quantities are de�ned in Equations 5.2.1 and 5.2.2. The � indi
ates thatonly the `D�s part of the 
andidate enters the 
al
ulation. The same reasoningjusti�es the minimum pT required of the tra
ks that 
ompose the B0s 
andidate.The request for a minimum value of j 
os H j, the 
osine of the heli
ity an-gle of the D�s in ve
tor{s
alar de
ays, su
h as �0�� or K�0K�, reje
ts more
at-distributed ba
kground than signal, whi
h peaks at large (absolute) val-ues of 
os H . It is de�ned as the angle, in the referen
e frame in whi
h theD�s 
andidate is at rest, between the transverse momenta of the B0s and ofthe ��, or K�, 
andidates, for D�s ! �0�� and D�s ! K�0K� de
ays, re-spe
tively. Figure 3.2 presents the graphi
al de�nition of 
os H(K�0), in theD�s ! K�0K�; K�0 ! K+�� de
ay 
hain.� parti
le identi�
ationLeptons are identi�ed utilizing the likelihood fun
tions whi
h were developedfor the soft lepton taggers. The likelihoods for lepton identi�
ation are brie
yintrodu
ed at the beginning of this se
tion.The work on the same-side tagger provides a 
ombined likelihood ratio whi
hallows for the separation of kaons from pions. This work is des
ribed in Se
-tion 6.5. The purity of the de
ay modes with kaons in the �nal state is enhan
edby requiring the tra
ks whi
h are assigned the mass of a kaon to pass a higher69
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Figure 3.2: De�nition of the heli
ity angle  H (indi
ated by 	 in the �gure) and thede
ay angle �� (��, in the �gure), in the D�s ! K�0K�; K�0 ! K+�� de
ay 
hain.The momenta are drawn in the referen
e frame in whi
h the K�0 is at rest.Cut D�s ! �0�� D�s ! K�0K� D�s ! ���+��P(B0s) > 10�7 10�5 10�5�2r�(D�s ) < 20 20 20Lxy=�Lxy(D�s ) > 5 8 11Lxy=�Lxy(B0s) > | 2 2
t�(B0s) [
m℄ > 0.01 0.01 0.01�
t�(B0s) [
m℄ < 0.04 0.04 0.04
t(D�s ) [
m℄ 2 [-0.01,0.10℄ [-0.01,0.10℄ [-0.01,0.10℄pT (trk) [GeV=
℄ > 0.4 0.4 0.7j 
os H j > 0.3 0.3 |m(`D�s ) [GeV=
2℄ 2 [2.0,5.5℄ [2.0,5.5℄ [2.0,5.5℄CLL(K1) > -2.5 -2.25 |CLL(K2) > -2.5 -1.1 |Table 3.5: Sele
tion 
riteria for B0s ! D�s `+X 
andidates. K1 and K2 indi
ate, inthe D�s ! K�0K� de
ay, the kaon from the D�s de
ay and the kaon from the K�0de
ay, respe
tively.
ut on the 
ombined likelihood ratio, CLL (Equation 6.5.3). In addition, therequirement on parti
le-identi�
ation information allows for looser kinemati
sele
tion. The purity of the sample thus in
reases without a loss in eÆ
ien
y.As mentioned above, Table 3.5 
ontains the value of the 
uts utilized in this analysis.Finally, Table 3.6 summarizes the yields of B0s 
andidates in the three re
onstru
tedde
ay modes: B0s ! D�s `+X with D�s ! �0��, K�0K�, and ���+��. The 
orre-sponding `D�s and D�s mass distributions are shown in Figure 3.3.70



De
ay Sequen
e YieldD�s ! �0�� 29,600 � 800D�s ! K�0K� 22,000 � 800D�s ! ���+�� 9,900 � 700Total 61,500 � 1,300Table 3.6: B0s signal yields for the semileptoni
 modes in the various de
ay sequen
es.The quoted numbers 
orresponds to an integrated luminosity of � 1:0 fb�1.
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3.4.2 Fully hadroni
 B0s de
aysFully hadroni
 modes in
lude B0s ! D�s �+(���+), with the same three D�s �nalstates re
onstru
ted as in the 
ase of semileptoni
 de
ays. In addition, B0s ! D�s �+and D��s �+, with D�s ! �0��, are in
luded to the signal sample. Candidates in thesemodes are looked for in the set of events whi
h satisfy the two displa
ed tra
k trigger.The samples of hadroni
 B0s de
ays su�er for the smallness of the bran
hing ratiosof the re
onstru
ted de
ays, whi
h are roughly an order of magnitude smaller than thesemileptoni
 ones with whi
h they share the same D�s �nal state. However, be
auseB0s 
andidates are fully, or almost fully re
onstru
ted1, these samples really dominatethe B0s � B0s os
illations analysis.The sele
tion of fully hadroni
 B0s 
andidates is performed by an Adaptive Neu-ral Network (ANN). A 
on
ise presentation of the ANN framework utilized for the
andidate sele
tion is des
ribed in Referen
e [63℄. On a side note, the appli
ation ofan ANN-based sele
tion of B0s ! D�s `+X 
andidates has been studied too, but be-
ause the observed improvement over the utilized 
ut-based sele
tion was marginal, ithas been de
ided to maintain the already implemented pro
edure for the sele
tion ofsemileptoni
 B0s 
andidates. The ANN utilized in the hadroni
 B0s 
andidates assignsa single 
oating-point number to ea
h 
andidate. The sele
tion is based on a lower
ut on the network output, whi
h optimizes S=pS + B, where S is the total amountof signal in the [5:31; 5:42℄ GeV=
2 region, estimated from simulated events, and B isthe total amount of the ba
kground in the same region estimated by extrapolatingthe mass �t of the upper mass sideband in data. The neural network pa
kage, and itsuse for the sele
tion of a sample of B0 de
ays, is des
ribed in detail in Referen
e [63℄.The input to the ANN in
ludes some of the variables traditionally used in 
ut-based sele
tions. The kinemati
 of the B0s and D�s 
andidates and the quality of theirvertex �ts are represented by �2r�, the two-dimensional �2 of a �t for a 
andidate,transverse momentum pT , impa
t parameter d0, transverse de
ay length with respe
tto the primary vertex of the intera
tion Lxy and transverse de
ay length signi�
an
eLxy=�Lxy . In the 
ase of D�s 
andidates, the mass m, the transverse de
ay length withrespe
t to the B0s de
ay vertex Lxy(D�s ! B0s), the de
ay angle 
os �� and the heli
ityangle 
os H are also available. The mass of a D�s 
andidate is 
onstrained to theworld average of D�s mass measurements in the �t of B0s 
andidates, as des
ribed inthe beginning of this se
tion, but the result of its un
onstrained mass �t is utilizedas input to the ANN whi
h performs the 
andidate sele
tion. When subresonan
es(�0 or K�0) are part of the de
ay 
hain, their �tted masses, transverse momenta andde
ay angles are utilized. The de
ay angle �� of a parti
le is de�ned as the angle, inthe referen
e frame in whi
h the de
aying parti
le is at rest, between the momentumof a de
ay produ
t (the pion in B0s ! D�s �+, the D�s 
andidate in B0s ! D�s �+���+)and the momentum of the de
aying parti
le, in the laboratory referen
e frame. In aB0s ! D�s ! �0�� (K�0K�) de
ay, the heli
ity angle  H is the angle, in the referen
eframe in whi
h the D�s 
andidate is at rest, between the B0s 
andidate and one of theD�s de
ay produ
ts. Analogously,  H(�0;K�0) is the angle, in the referen
e frame in1In the 
ase of partially re
onstru
ted hadroni
 de
ays, 96% of the momentum of a 
andidate isre
onstru
ted on average. 72



whi
h the �0 (K�0) 
andidate is at rest, between the dire
tion of the D�s 
andidateand one of the �0 (K�0) de
ay produ
ts. The de�nitions of heli
ity and de
ay anglesin the D�s ! K�0K�; K�0 ! K+�� de
ay 
hain are shown in Figure 3.2.The three re
onstru
ted B0s ! D�s �+���+ modes o�er additional useful quanti-ties: the mass of the ���+�� system, the �2r� of the �t of the vertex de�ned by thethree tra
ks and the minimum and maximum masses of opposite-
harged tra
k pairs.The last two variables are also available when the D�s 
andidate de
ays to ���+��.The transverse-momentum imbalan
e between K+ and K� is used when the de
ay
hain in
ludes a �0 as intermediate state. Transverse momenta are, as usual, mea-sured in the laboratory frame. Other variables 
hara
terize the set of tra
ks whi
hre
onstru
t the B0s 
andidate: transverse momentum pT of the tra
ks, minimum andmaximum transverse momentum, sum of the tra
k impa
t parameter signi�
an
esd0=�d0 , maximum separation along the nominal beam dire
tion max j�z0j.The CLL quantity de�ned in Equation 6.5.3 provides parti
le-identi�
ation in-formation to the network in the last four input variables: CLL of sele
ted tra
ks,minimum and maximum CLL and the sum of CLL on all tra
ks, P(CLL). Ta-ble 3.7 summarizes whi
h variables have been used in the sele
tion of ea
h B0s de
aymode.The mass distributions of B0s 
andidates re
onstru
ted in the fully hadroni
 de
ay
hains are shown in Figure 3.4. The mass distribution of B0s ! D�s �+; D�s ! �0��and partially re
onstru
ted B0s 
andidates is presented separately from the 
ontribu-tion of the other �ve de
ay modes: B0s ! D�s �+; D�s ! K�0K� and D�s ! ���+��,and B0s ! D�s �+���+; D�s ! �0��, D�s ! K�0K� and D�s ! ���+��. In thesedistributions, the shape and normalization, with respe
t to the number of B0s signal
andidates, of the ba
kground 
ontributions from B0 and �0b de
ays are obtained fromB0 and �0b simulated events, as des
ribed in Se
tion 4.2. The pro
edure adopted to
al
ulate the normalization of these 
ontributions is presented in Se
tion 7.2.1.The yields of B0s 
andidates re
onstru
ted in fully-hadroni
 de
ay 
hains are re-ported in Table 3.8. The ratios of signal-over-ba
kground in the [5:32; 5:42℄ GeV=
2mass range is also indi
ated. This sample is by far the largest sample of fully hadroni
B0s in the world, whi
h proves the impa
t of SVT in CDF B physi
s program.The sele
tion and re
onstru
tion of B0s 
andidates in data are presented in this 
hap-ter. The next one will fo
us on the tools whi
h provide simulated intera
tions, and onthe e�orts made to perfe
t the agreement between simulated events and real data.
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B0s ! D�s �+ modes B0s ! D�s �+���+ modesVariable �0�� K�0K� ���+�� �0�� K�0K� ���+���2r�(B0s) p p p p p pd0(B0s) p p p p p pLxy(B0s) p p p p p pLxy=�Lxy(B0s) p p p p p ppT (B0s) p p p p p pLxy(D�s ! B0s) p p p p p p�2r�(D�s ) p p p p p pd0(D�s ) p p p p p pLxy(D�s ) p p p p p pLxy=�Lxy(D�s ) p p p p p pm(D�s ) p p p p p ppT (D�s ) p p p p p ppT all all all all 1; 2; 3; 6y all
os ��(B0s) p p p p p pm(�0 orK�0) p p { p p {pT (�0 orK�0) p p { p p {min(d0=�d0) p p p p p pmax(d0=�d0) p p p p p pmin(pT ) p p p p p pmax(pT ) p p p p p pm(3�) { { { p p p�2r�(3�) { { { p p pmhigh3�!���+��(���+) { { { p p pmlow3�!���+��(���+) { { { p p pmhighD�s !���+��(���+) { { p { { pmlowD�s !���+��(���+) { { p { { p
os H(D�s ) p p { p p {
os H(�0 orK�0) p p { p p {d0=�d0 all all all all all allmax j�z0j p p p p p pmax(CLL) p p p p p {min(CLL) p p p p p pP(CLL) p p p p p {CLL { { { { { 1; 4yyjpT (K+)� pT (K�)j p { { p { {Table 3.7: ANN input variables for the sele
tion of B0s ! D�s �+(���+) 
andidates.y 1,2,3, and 6 indi
ate the three pions from the dire
t de
ay of the B0s 
andidate, and thekaon with the lower momentum between the two kaons produ
ed by the de
ay of the D�s
andidate.yy 1 and 4 indi
ate the pions with the highest transverse momentum among the two sets ofthree pions produ
ed in the de
ay of the B0s and of the D�s 
andidates.74
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De
ay Sequen
e Yield S=BB0s ! D�s �+;D�s ! �0�� 1,900 11.3B0s ! D�s �+;D�s ! K�0K� 1,400 2.0B0s ! D�s �+;D�s ! ���+�� 700 2.1B0s ! D�s �+���+;D�s ! �0�� 700 2.7B0s ! D�s �+���+;D�s ! K�0K� 600 1.1B0s ! D�s �+���+;D�s ! ���+�� 200 2.6Partially Re
onstru
ted B0s De
ays 3,300 3.4Total 8,800 |Table 3.8: Signal yields for the hadroni
 modes and signal to ba
kground ratio inthe various de
ay sequen
es. The partially re
onstru
ted B0s de
ays are B0s ! D�s �+and D��s �+, with D�s ! �0��. The �0 from the �+ ! �+�0 de
ay, and the photonfrom the D��s ! D�s 
 de
ay are not re
onstru
ted. The S=B ratio is evaluated in the[5:32; 5:42℄ GeV=
2 range of mass of fully re
onstru
ted B0s 
andidates. In the 
ase ofpartially re
onstru
ted B0s de
ays, the sele
ted mass range is [5:0; 5:2℄ GeV=
2. Thequoted numbers 
orresponds to an integrated luminosity of � 1:0 fb�1.75



76



Chapter 4Monte Carlo simulationThis 
hapter des
ribes the pro
edure adopted to produ
e simulated data and de�nesthe di�erent sets of simulated data utilized in this analysis. Then, the additional stepsperformed to 
orre
t for di�eren
es between the simulation and the 
olle
ted data arepresented, and �nally the 
omparison of data-simulation agreement is shown. Samplesof simulated data whi
h a

urately reprodu
e the a
tual data 
olle
ted by the dete
torare extremely important in many steps of the analysis presented. Most importantly,the 
alibration of the algorithm of same-side-kaon tagging that 
onstitutes the 
entralpoint of this dissertation, whi
h is presented in Chapter 6, is shown, in the same
hapter, not to be solely obtainable from dete
tor data.4.1 Overview of simulation pro
edureThe pro
edure adopted to simulate data tries to reprodu
e as 
losely as possiblethe various steps that lead from the p�p intera
tion to the registration of data. The�rst step is the simulation of the produ
tion of primary parti
les, su
h as b-hadrons,whi
h follow the p�p hard 
ollision. Then, the propagation of the produ
ed parti
les,their de
ays, and intera
tions with the matter of the CDF dete
tor are simulated.Se
ondary parti
les, i.e., not produ
ed by the de
ay of the parti
les originated fromthe primary intera
tion, 
an be produ
ed during these intera
tions with the dete
tor.Finally, the dete
tor simulation attempts to reprodu
e the response of the variousparts of the CDF dete
tor to the passage of the simulated parti
les These steps aredivided in two broad 
ategories, whi
h are presented in the next se
tions.4.1.1 Event generationThe analysis of B0s os
illations presented in this do
ument utilizes samples of simulatedB-hadron samples for di�erent purposes, listed in Se
tion 4.2.The �rst step in the Monte Carlo (MC) simulation is the produ
tion of primaryparti
les, whi
h are the ones that the simulation indi
ates as produ
ed at the p�p inter-a
tion point. The physi
al pro
ess of the p�p hard intera
tion and b-hadron produ
tionis simulated by a so-
alled generator, the output of whi
h is a set of parti
les with77



a de�ned identity (i.e., a b quark, a B+ meson, a pion, a kaon, . . . ) and kinemati

hara
teristi
s (the momentum ve
tor is suÆ
ient to fully des
ribe the parti
le). Thetwo generators of 
hoi
e are BGenerator [64℄ and Pythia [65℄. The former dire
tlyprodu
es single b hadrons. The latter also in
ludes the parti
les produ
ed in asso
i-ation with the b hadrons in the simulated events, by reprodu
ing the fragmentationpro
ess, starting from quark strings.BGenerator produ
es events with one b hadron, a

ording to the distributionsof kinemati
 variables as measured in data. The symmetries in the geometry ofthe p�p intera
tion and, 
onsequentially, of b hadron produ
tion make the � and pTdistributions of the primary parti
le suÆ
ient to 
ompletely des
ribe the pro
ess.These distributions 
onstitute the input to BGenerator for fast event generation.The input distributions utilized to generate MC samples of B mesons and �0b baryonsare taken from Referen
es [24℄ and [66℄. Samples of the di�erent spe
ies of B meson,B0, B+, and B0s, are all generated with the same �{pT distribution. The single-hadronMC samples produ
ed with BGenerator are employed whenever the details of a p�pintera
tion are not needed and it is only ne
essary to understand how the des
riptionof an ideal 
andidate is modi�ed by dete
tor e�e
ts and the trigger sele
tion. Theadvantage of BGenerator over Pythia is the speed of event generation, whi
h isabout an order of magnitude faster.Pythia aims at simulating the full range of parti
les produ
ed in a p�p inter-a
tion as faithfully as possible, and trying to reprodu
e experimental observations,su
h as the multipli
ity distribution and type of 
harged parti
les within the leading(i.e., highest transverse momentum) 
harged jet in an event, within the limits of the
urrent understanding of the underlying physi
s. The physi
al model adopted to de-s
ribe the fragmentation pro
ess is the string fragmentation one [67, 68℄, as opposedto independent fragmentation [69, 70℄ and 
luster fragmentation [71℄ models. TheMC model for QCD hard s
attering provided by Pythia in its default 
on�gurationdes
ribes fairly well the properties of the leading 
harged jet in an event. Theseproperties in
lude the multipli
ity distribution and the pT distribution of 
hargedparti
les within leading 
harged jets, the size of leading 
harged jets, and the radialdistribution of 
harged parti
les and transverse momentum around the dire
tion ofthe leading 
harged jet. However, all the properties of the underlying event, whi
h
onsists of the beam remnants after a p�p intera
tion and possible additional 
ontri-butions from multiple parton s
atterings, are not 
orre
tly des
ribed. For example,the pT dependen
e of the beam-beam remnant 
ontribution to the underlying eventis not 
orre
tly reprodu
ed. The default 
on�guration of Pythia is thus modi�edfollowing the tuning des
ribed in Referen
es [72℄ and [73℄, in order to address thedata-simulation disagreement in the des
ription of the underlying event properties.The tuned 
on�guration is de�ned in Appendix A. The additional modi�
ations mostrelevant for the presented analysis are reported in Se
tion 4.3.The framework for the implementation of the de
ay pro
ess of the produ
ed Bmesons is provided by the EvtGen [74℄ pa
kage. In the simulation of a de
ay 
hain,su
h as B! D�[D�℄`�, the module uses de
ay amplitudes at ea
h node of the 
hain,instead of probabilities, whi
h allow for the 
orre
t simulation of all de
ay distribu-78



tions. The physi
al properties of parti
les, su
h as the mass m and, for unstableparti
les, the lifetime � and the bran
hing ratios in possible de
aying modes, are in-put to EvtGen. In order to fo
us on parti
ular de
ay 
hannels of interest, the usertypi
ally overrides the bran
hing ratio settings of parti
les to for
e their de
ay.4.1.2 Dete
tor simulationThe GEometry ANd Tra
king (GEANT [75℄) framework allows for the simulation ofthe intera
tion of parti
les with the materials 
omposing the dete
tor. The responseof the dete
tor to the in
ident parti
les is des
ribed in terms of sets of hits and energydepositions in the various subdete
tors. The pa
kage repli
ates the response of theCDF dete
tor, and produ
es an output in the same format as obtained from thedete
tor readout.The simulation is very 
omputing-power intensive. As a rule of thumb, the BGen-erator produ
tion of 60 million events with a single B0s being the primary parti
le,generated with pT > 0 and j�j < 10 and the GEANT simulation of their intera
tionwith the CDF dete
tor require about 4 to 5 thousand hours on an individual CPU.This step yields, in the 
ase of B0s ! D�s �+; D�s ! �0��, only 950 thousand eventsafter the trigger sele
tion. This sample is subsequently redu
ed to 60 thousand afterB0s 
andidates are re
onstru
ted and analysis 
uts applied.All the MC samples used in many steps of the analysis presented in this do
umentutilize the full-
edged dete
tor GEANT simulation. The lists of the types of MCsamples produ
ed and of the aspe
ts of the mixing analysis in whi
h they have beenne
essary are presented in Se
tion 4.2.4.2 Monte Carlo samplesThe MC samples utilized in the mixing analysis are organized in three separate 
at-egories. These 
lasses and the rôle of the MC simulation in the mixing analysis arereviewed in this se
tion. The MC 
ategories are distinguished by the de�nition of theinitial state:� Single-hadronBGenerator is used to produ
e a single B meson or �0b baryon. The de
ayis simulated by EvtGen and the 
hain of de
ay produ
ts is 
ompletely de�nedby adequately setting the bran
hing ratios for the de
ays of the parti
les in the
hain.� Semi-generi
For the samples in this 
lass, BGenerator produ
es a single hadron, the de
ay
hain of whi
h is not tightly de�ned as in the previous 
ase. Ea
h event stillfeatures a single hadron as parent parti
le, but all types of B mesons and �0bbaryons are produ
ed, a

ording to the produ
tion fra
tions [62℄: fu : fd : fs :fbaryon = 0:397 : 0:397 : 0:107 : 0:099. A �lter based on parti
le 
ontent is79



applied, with the unique requirement that a D meson, the de
ay of whi
h isfor
ed to a spe
i�
 mode, is produ
ed in the de
ay of the primary b hadron.� b�bPythia is the generator of 
hoi
e for the samples whi
h fall in the last 
ategory.The produ
tion 
onsists of two steps. Firstly, sets of q�q events are generatedsimulating three di�erent produ
tion pro
esses: 
avor 
reation, 
avor ex
itationand gluon splitting [76℄. The simulated pro
esses are qq0 ! qq0, q�q ! q0�q0,q�q ! gg, qg ! qg, gg ! q0�q0, and gg ! gg, where q and q0 are fermions,and g gluons. Then, events whi
h 
ontain b�b pairs with at least one b quarkwith pT (b) > 4 GeV=
2 and j�j < 3 are sele
ted. The output after this �rststep is a set of events 
ontaining b hadrons and the other parti
les produ
edduring the fragmentation. The se
ond and �nal step 
onsists in the simulationof the time-evolution of the parti
les up to their de
ay, whi
h is performed bythe EvtGen pa
kage. Di�erent 
on�gurations of the de
ay pa
kage are utilized,tailored to the diverse studies performed, starting from the same initial sampleof parti
les obtained after the �rst step of the simulation.The �rst 
lass of MC samples allows the study of how the distributions of inter-esting quantities are modi�ed by dete
tor and sele
tion e�e
ts for very spe
i�
 de
ay
hains. The B0s �nal states in
luded in the analysis have been simulated to studythe mass and proper-de
ay-time distributions of ba
kground-free signal 
andidates.The 
ase of proper de
ay-length 
t is parti
ularly important be
ause the trigger andanalysis sele
tions pe
uliarly s
ulpt the 
t distribution. The availability of an a
-
urate dete
tor simulation allows for the pre
ise modeling of su
h s
ulpting e�e
ts,thus restoring the dire
t relation between the observed distribution of re
onstru
ted
t and the expe
ted 
t distribution of a de
aying parti
le with lifetime � . A detaileddes
ription of the pro
edure adopted to 
orre
t for these s
ulpting e�e
ts is reportedin Se
tion 7.1.Spe
i�
 de
ays of B0 and �0b , namely B0 ! D��+(���+); D� ! K+���� and�0b ! ��
 �+; ��
 ! �pK+��, mimi
 the signature of the B0s de
ays of interest. Thesemodes 
ontribute to ba
kgrounds in the distributions of mass and proper de
ay-lengthof re
onstru
ted B0s 
andidates. Their 
ontributions are modeled by template fun
-tions, the shape and normalization of whi
h are de�ned by analyzing BGenerator-MC samples of B0 and �0b , whi
h are for
ed to de
ay via the modes listed above.The more generi
 samples in the se
ond 
ategory play a major rôle in the 
har-a
terization of the physi
s ba
kgrounds arising from partially re
onstru
ted de
aysof B mesons. The samples are 
onstru
ted with the requirement that a D meson,whi
h de
ays as a signal, is present in the �nal state. This requirement stems fromthe 
on�den
e that the largest fra
tion of the ba
kgrounds whi
h populate the lowmass sideband in the re
onstru
ted B-mass distributions is 
onstituted by partiallyre
onstru
ted B 
andidates, and that a real D meson is 
orre
tly �tted as part of theB 
andidate. The pres
ription adopted to produ
e MC samples in this 
ategory isgeneri
 enough to enable one to 
hara
terize and subsequently quantify the sour
esof ba
kground to a B de
ay mode. For example, a MC sample produ
ed with the80



pres
ription that ea
h event 
ontains a D�s ! �0�� meson allows one to study thephysi
s ba
kgrounds of the B0s ! D�s �+ and B0s ! D�s �+���+, with D�s ! �0��,de
ay modes. The �rst implementation of this method for the study of ba
kgroundsin low mass sidebands is presented in Referen
es [77℄ and [78℄.The Pythia-generated MC set 
ontains the most 
omplete simulation of a b�bevent and is thus the only resour
e for studies whi
h require a des
ription of the tra
kenvironment in whi
h B0s 
andidate are sear
hed for. This is parti
ularly importantfor the study of the same-side tagger. In fa
t, this algorithm, whi
h is utilized todetermine the 
avor, B0s vs. B0s, at produ
tion of a 
andidate, relies on the simulationof the other intera
tion produ
ts.4.3 Monte Carlo tuningThe MC simulation produ
es results in good agreement with the available data, aswill be shown in Se
tion 4.4. The de
ay me
hanism of the hadrons whi
h take part tothe re
onstru
ted B0s de
ay 
hains is well understood and the software does a fairlya

urate job in reprodu
ing the response of the dete
tor to the passage of parti
les.However, some additional e�orts were needed to tune some aspe
ts of the MCsimulation that have dire
t e�e
ts on the analysis. Parti
ularly 
riti
al is the part ofthe simulation whi
h in
uen
es the 
alibration of the algorithm for same-side 
avortagging presented in Chapter 6, whi
h is derived via MC events.The various aspe
ts whi
h required tuning are separately dis
ussed below. In Se
-tion 4.4, the su

ess of the tuning is demonstrated by 
omparing data and simulation.4.3.1 Trigger pres
alingThe dete
tor simulation framework does not reprodu
e the pres
aling me
hanismsutilized by the CDF trigger systems . Two alternative approa
hes have been adoptedto a

ount for the e�e
ts of pres
aling in the simulation. The BGenerator-MCsimulation implements pres
aling by sele
ting events with a probability equal to theinverse of the pres
aling fa
tor. Su
h a pres
aling fa
tor is applied on a run-by-runbasis to the sample and represents the e�e
tive pres
ale whi
h a

ounts for di�erenttrigger paths with di�erent pres
aling methods. In the 
ase of the Pythia-MC one,the need to maximize the statisti
al power by not throwing events away pres
ribesa di�erent method. A statisti
al weight is asso
iated to ea
h event whi
h dependson the trigger path (BCHARM, HIGHPT, or LOWPT, as de�ned in Se
tion 3.1) to whi
hit belongs and the period of data taking during whi
h it was sele
ted (0d, 0h, or 0i,Se
tion 3.2). The weights utilized for the B0s ! D�s �+;D�s ! �0�� de
ay mode arereported in Table 4.1.4.3.2 Vertex position and resolutionThe reprodu
tion of the 
orre
t distribution of the positions of verti
es and the res-olutions of the position measurements enters the analysis at di�erent levels. The81



0d 0h 0iHIGHPT 1.431 1.268 1.416BCHARM 1.037 1.050 1.158LOWPT 0.477 0.625 0.578Table 4.1: Statisti
al weights utilized to reprodu
e e�e
tive trigger pres
ales. Thevalues in the table are applied to B0s ! D�s �+;D�s ! �0�� MC events.variables whi
h are mostly in
uen
ed by these quantities are impa
t parameters ofre
onstru
ted parti
les (in this analysis, B and D mesons) d0, transverse de
ay lengthsLxy and transverse de
ay length resolutions �Lxy . The transverse de
ay length Lxy ofa B 
andidate is de�ned as follows:Lxy(B) = pT � (rxy(SV )� rxy(PV ))pT ; (4.3.1)and indi
ates the proje
tion on the transverse momentum of the parti
le of the dis-tan
e between the primary vertex (PV, the vertex at whi
h the p�p intera
tion o
-
urred) and the se
ondary vertex (SV, the vertex where the re
onstru
ted parti
lede
ayed). In the 
ase of a D meson produ
ed in the de
ay of a B, the quantityLxy(D! B), whi
h is de�ned as the distan
e, in the transverse plane, between the Dde
ay vertex and the B de
ay vertex proje
ted along the dire
tion of the D transversemomentum, more properly de�nes a \de
ay" length. However, the notation Lxy(D),throughout this do
ument, de�nes the proje
tion of the distan
e between the PV andthe D de
ay vertex. The B impa
t parameter is utilized in the 
andidate sele
tion,while �Lxy 
ontributes to the proper-de
ay-time error of B 
andidates, whi
h is animportant part of this analysis of B0s os
illations (Se
tions 5.2 and 7.1).The algorithm for PV re
onstru
tion 
hosen for the mixing analysis utilizes someof the tra
ks whi
h are believed to 
ome from the same intera
tion point where theB0s 
andidate was produ
ed, and �ts them to a 
ommon vertex using the beamlineshape [79℄ as a �t 
onstraint. This 
onstraint 
on
eptually represents an a prioriprobability for the position of primary verti
es. The shape of the beamline aroundthe intera
tion point at CDF is des
ribed as an hourglass, �x ' �y ' 2 mm forjzj ' 30 
m, and �x ' �y ' 35 �m for z ' 0 
m. The �tted vertex is referredto as the event-by-event PV [80℄. This approa
h is not dire
tly reprodu
ible in theBGenerator-MC sets, be
ause bare B0s parti
les are generated. Therefore, no othertra
ks beside the ones whi
h are produ
ed by the B0s de
ay are present in the event,and the algorithm utilized in data 
annot be applied. Additional pro
edures have tobe implemented to reprodu
e the distributions observed in data.By default, BGenerator primary verti
es are distributed a

ording to the beam-line shape. In the 
ase of data, the distribution of primary verti
es is di
tated by theresults of the event-by-event PV �nding algorithm.Residuals between the 
oordinates of the MC generated vertex and the re
on-stru
ted one of a B0s 
andidate are distributed a

ording to the the beam line 
ovari-an
e matrix CPV evaluated at the z position of the B0s 
andidate. This 
onstitutes82



another dis
repan
y with respe
t to data. While in MC events the un
ertainty withwhi
h ea
h PV is determined depends only on its z 
oordinate, in data it dependsalso on the properties of the underlying event (i.e., the additional tra
ks produ
ed atthe intera
tion point).It is thus ne
essary to tune MC 
andidates in order to 
orre
t for the di�eren
esintrodu
ed by using a di�erent algorithm for PV �nding in data and in MC simu-lation, i.e., event-by-event verti
es vs. beamline verti
es. The tuning of MC eventsis obtained by applying s
ale fa
tors to CPV and CSV (i.e., the error matrix returnedby the �t of a B se
ondary vertex). The values of the s
ale fa
tors are obtained bys
anning the spa
e of their possible values while 
omparing distributions of quantitiesin data and in MC samples. The distributions of the quantities whi
h are more di-re
tly a�e
ted by the s
aling, su
h as impa
t parameters and transverse de
ay lengthresolutions, are utilized to tune the s
ale fa
tors. The �nal values for the s
ale fa
torsare 
hosen by minimizing the disagreement (indi
ated by a �2 test) between data andMC simulation. The result of the s
aling is the modi�
ation of both the distributionsof PV positions and of the 
ovarian
e matri
es of primary and se
ondary verti
es.The �rst type of s
ale fa
tor, S1, is meant to 
orre
t the PV distribution. There
onstru
ted position of the PV in the transverse plane is repla
ed with the transverse
oordinates: xnewre
 = xtrue + S1Æ ; (4.3.2)where Æ is a 2D ve
tor drawn from a 2D Gaussian distribution of varian
e CxyPV ,
entered at (0; 0). Two di�erent s
ale fa
tors are de�ned, S1(B) and S1(D), to be usedin the re
al
ulation of quantities 
hara
terizing B and D 
andidates, respe
tively. Thevalue of S1(B) is obtained by minimizing the �2 between the distributions of d0(B) indata and MC samples. The PV re
onstru
tion method utilized to 
al
ulate quantitiesrelative to D 
andidates does not use the other tra
ks present in the event, and isthus equally appli
able to data and BGenerator-MC simulation. Therefore, thes
aling fa
tor S1(D) is equal to unity.The se
ond and third type of s
ale fa
tors, S2 and S3, address the data{MC-simulation dis
repan
y in �Lxy , the resolution on the proje
tion of the parti
le de
aylength on the transverse plane. This quantity is a�e
ted by the disagreement in the
ovarian
e matrix of both the primary (PV) and the se
ondary (SV, of the B or Dde
ay) verti
es. The error on Lxy is 
al
ulated as follows:�Lxy = � pTT �pTT �M� pT�pT � ; M� � S3CSV 00 S2CPV � : (4.3.3)The quantities appearing in the above formula are de�ned as follows:pT = � pxpy � ; C = � Cxx CxyCyx Cyy � : (4.3.4)The tuning of S2(B), S2(D), and S3 is performed in parallel by minimizing the dis-agreement between data and MC distributions of �Lxy(B) and �Lxy(D).The B0 ! D��+; D� ! K+���� sample was used to derive the tuning parame-83



S
ale fa
tor Des
ription ValueS1(B) re-smearing of the PV for B quantities 0:780S1(D) re-smearing of the PV for D quantities 1S2(B) un
ertainty s
ale fa
tor for B quantities 0:560S2(D) un
ertainty s
ale fa
tor for D quantities 0:900S3 se
ondary vertex un
ertainty s
ale fa
tor 1:145Table 4.2: S
aling fa
tors for tuning of BGenerator-MC events, to address theevent-by-event{PV algorithm used in data. The tuning has been performed usingsamples of B0 ! D��+; D� ! K+����.ters. The tuning was then veri�ed on other de
ay modes su
h as B0 ! D��+���+; D� !K+���� and B0s ! D�s �+(���+); D�s ! �0��. Table 4.2 summarizes the numeri
alvalues of the tuning parameters.4.3.3 Sili
on hit resolutionThe MC eÆ
ien
y to �nd hits in L00 and mat
h them to tra
ks is signi�
antly largerthan in data. In addition, the hit resolution in SVX layers is better in MC simulationthan in data, while ISL hits present the same resolution. However, the hit resolutionsin L00 and in the �rst layer of SVX, L0, dominate the error on the measurementof impa
t parameters and transverse de
ay lengths, be
ause the information of theother layers is smeared by multiple s
attering and transport un
ertainties.The pro
edure adopted to 
orre
t these dis
repan
ies was developed utilizing dataand MC samples of B0 ! J= K�0; J= ! �+��; K�0 ! K+��. The tra
ks in theseevents whi
h are not part of the re
onstru
ted B0 
andidate and satisfy some minimalquality requirements (pT > 450 MeV=
, d0=�d0 < 10, and at least 10 hits in the axiallayers of the COT and 10 in the stereo layers) parti
ipate in the study [81℄.The disagreement between the number of L00 hits assigned to tra
ks in data andin MC events is 
orre
ted for by randomly dis
arding 33% of the hits found in theinnermost sili
on layer. In fa
t, the fra
tion of tra
ks, in the sample des
ribed above,with a hit in L00 is 52% in MC events and only 35% in data. Be
ause all tra
ks,both in data and in the MC sample, are re�t after the addition of L00 hits at theanalysis level, the operation of hit removal does not introdu
e any di�eren
e betweenthe treatment of data and of MC events.The single hit resolutions are modi�ed by smearing hit positions a

ording toGaussian distributions. The widths of these distributions depend on the number ofstrips whi
h 
onstitute the hit signal, Nstrip, and whether the hit is in L00 or in the�rst layer of SVXII, L0:�(Nstrip) = �L00 or L0q�2data(Nstrip)� �2MC(Nstrip) ;�L00 = 1:2 ;�L0 = 1:5 ; (4.3.5)84
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Figure 4.1: Data-simulation 
omparison before/after tuning. From top to bottom,the distributions of d0(B0), �Lxy(B0) and �Lxy(D�), in B0 ! D��+;D� ! K+����,before (left) and after (right) the tuning des
ribed in Se
tion 4.3.2.
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[10�4 
m℄ Data MC simulationNstrip 1 2 3 > 3 1 2 3 > 3L00 17.3 15.0 18.5 30.3 13.5 9.4 11.6 29.8L0 13.6 9.5 13.4 19.0 10.1 10.1 14.7 23.1Table 4.3: Resolution of r' hits in data and MC simulation.where �data;MC , reported in Table 4.3, are provided by the CDF tra
king group [82℄and the use of MC truth information (the interse
tion in the sili
on layer found byGEANT is 
ompared to the re
onstru
ted hit position). The �L00 and �L0 fa
tors areadded to 
ompensate for a residual disagreement between the distributions of Lxy(B+)and �Lxy(B+) in the data and Pythia-MC samples of B0 ! J= K�0, where Lxy is thequantity de�ned in Equation 4.3.1. The presen
e of a residual in
onsisten
y was notsurprising as only single-Gaussian �ts were performed to obtain the hit resolutions inthe MC sample.The tuning of the hit eÆ
ien
y and the �L00 and �L0 fa
tors has been 
ross-
he
kedin an alternative B-meson de
ay mode, B0 ! D��+���+; D� ! K+����. Thedata and BGenerator-MC samples of B0 ! D��+���+ are 
ompared before andafter the appli
ation of the tuning, whi
h provides an improvement in the agreementbetween the two samples [83℄. The 
orre
tion derived in the tuning is applied to allMC samples.4.3.4 Parti
le identi�
ationParti
le identi�
ation is based on spe
i�
 ionization dE=dx in the COT and informa-tion from the TOF system. Both subdete
tors have been 
alibrated and the proba-bility density fun
tions of their response to di�erent parti
les pre
isely modeled withdata [40℄.One ne
essary ingredient to simulate the parti
le identi�
ation in MC events isto know the truth information of the parti
les asso
iated to the re
onstru
ted tra
ks.It is possible to mat
h > 99:9% of the tra
ks that satisfy the requirements for beinga tagging tra
k 
andidate to Monte Carlo truth information, using standard CDFmat
hing tools [84℄. However, only 98:5% of these tra
ks are a
tually asso
iatedto generator level parti
les1, while the remaining 1:5% of tra
ks are asso
iated toparti
les whi
h have been produ
ed inside the sili
on dete
tor. Be
ause those parti
lesentirely transverse the COT, their COT dE=dx response is 
orre
tly simulated. Thesituation is di�erent for the TOF simulation. Although the spe
ies of those parti
lesare known, their produ
tion time is not, and thus their TOF response 
annot besimulated properly. The default simulation 
al
ulates their response assuming theseparti
les have the same produ
tion time as the main intera
tion, regardless of thefa
t that they are se
ondaries. (Se
tion 6.8.5).1generator level parti
les are those generated at the simulated p�p intera
tion point, or part of thede
ay 
hain of parti
les produ
ed at the intera
tion point.86
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Figure 4.2: Number of COT hits (left) and COT hits utilized for the 
al
ulation ofdE=dx information (
enter) per tra
k in data and simulation. The right plot showsthe data-simulation 
omparison of the number of COT hits used to 
al
ulate a tra
k'sdE=dx after 
orre
tion. A fra
tion equal to 80% of the COT hits asso
iated to a tra
kis utilized to 
al
ulate dE=dx of the tra
k. The trun
ation of the number of COThits produ
es the spikes in the distributions of data and MC events in the 
entral andrightmost plots.Energy loss in the COTThe simulation of the COT response is done in two steps. The number of COT hitsis res
aled to mat
h the distribution in data, 
orre
ting for the algorithm utilized inMC re
onstru
tion whi
h is more eÆ
ient in assigning hits. The eÆ
ien
y with whi
hCOT dE=dx information is made available to a tra
k is 
orre
ted by a fun
tion of thetransverse momentum pT : f(pT ) = a� e�bpT : (4.3.6)The fun
tional form has been 
hosen by inspe
ting the distribution, as a fun
tion ofthe tra
k transverse momentum, of the ratios of the number of COT hits with dE=dxinformation in data and in MC samples. The parameters a and b are obtained by�tting the same distribution with the fun
tion in Equation 4.3.6. The distributionsof COT hits with dE=dx information in data and in MC events, before and after the
orre
tion des
ribed above, are shown in Figure 4.2.Se
ondly, the MC tra
k needs to be assigned a value of (dE=dx)raw, whi
h in-di
ates the value of dE=dx before 
alibration. The formulae whi
h implement the
alibration of the measured dE=dx of a tra
k (the label \raw" indi
ates un
alibratedmeasurements) are reported here:(dE=dx)
or = � + �(dE=dx)raw 0d data;(dE=dx)
or = e
(dE=dx)raw 0h and 0i data; (4.3.7)where the �, �, and 
 
oeÆ
ients are provided by 
alibrations and depend on mass,momentum, '0, �, 
harge, number of COT hits with dE=dx information, and runnumber of the tra
ks utilized in the 
alibration.The (dE=dx)raw value of the tra
k is 
omputed in the following steps:87



� the re
onstru
ted tra
k is mat
hed to a generated parti
le, thus permitting theassignment of the true parti
le type (i.e., a pion, a kaon, or a proton) to thetra
k.� the parti
le-type information is used to sele
t the 
orresponding Z distribution,de�ned as: Z � log �(dE=dx)
or(dE=dx)pre� ; (4.3.8)where (dE=dx)
or and (dE=dx)pre are the 
alibrated and expe
ted dE=dx of atra
k, with a spe
i�
 parti
le-type hypothesis. The parti
le-type informationis utilized to 
al
ulate the 
orre
t (dE=dx)pre, whi
h depends on the parti
le'svelo
ity. The variable Z is parameterized by a single Gaussian distribution,when (dE=dx)pre is 
al
ulated with the 
orre
t parti
le-type hypothesis. The(dE=dx)pre quantity is 
al
ulated using a variant of the Bethe-Blo
h [85℄ 
urve,with the parti
le speed as input (� and 
):(dE=dx)pre = 1�2 �
1 log� �
b + �
� + 
0�+ a1(�� 1)+ a2(�� 1)2+C ; (4.3.9)with ai, b, 
i, and C parameters extra
ted from data, utilizing samples of kaons,protons, and pions obtained by re
onstru
ting the D�(2010)+ ! D0[K��+℄�+and �0 ! p�� de
ay modes.� a random number ÆZ for the Z variable is generated, following a Gaussian dis-tribution with width �Z obtained from the same D�(2010)+ and �0 
alibrationfrom above of the parti
le under study. This random number is de�ned asfollows: Æz = random [G(Z; �Z)℄ : (4.3.10)Thus, the 
orresponding (dE=dx)
or assigned to the tra
k is(dE=dx)
or = eÆZ (dE=dx)pre ; (4.3.11)where the parti
le identity, whi
h the MC truth information revealed, is ne
es-sary to 
al
ulate (dE=dx)pre.� utilizing the inverse of the fun
tions in Equation 4.3.7, a new value of (dE=dx)rawis 
omputed and assigned to the tra
k, with the (dE=dx)
or obtained in theprevious step used as input.The last step, whi
h may appear as a useless 
al
ulation, is required to be able topass the MC sample through the same analysis 
ode utilized for data events, whi
hperforms the dE=dx 
alibration in Equation 4.3.7.Time-of-
ightThe MC simulation of the TOF dete
tor was still preliminary at the time of thisanalysis. Therefore, it was de
ided to develop a method for the generation of TOF88



information for MC tra
ks whi
h provides a representative simulation of the TOFbehavior and performan
e.The available TOF simulation provides a good model for e�e
ts related to o

u-pan
y. It was de
ided to pro�t from that part of the simulation by re
al
ulating thet
ight simulated by the MC exe
utables for the tra
ks whi
h are mat
hed to a TOFpulse. Studies of the use of the TOF system for parti
le identi�
ation, su
h as inReferen
e [86℄, provide a parameterization of the t
ight residual de�ned as follows:�t
ight � tmeas
ight � tpre
ight ; (4.3.12)where the predi
ted t
ight is a fun
tion of the parti
le mass m, its momentum p, andthe path-length L traveled before rea
hing the TOF dete
tor:tpre
ight = Lp
pp2 +m2
2 : (4.3.13)The distributions of t
ight residuals for di�erent types of parti
les are produ
ed utiliz-ing the D�(2010)+ and �0 samples already utilized for the study of parti
le-identi�
ationwith dE=dx information. The fun
tional form adopted to �t the �t
ight distributionis a sum of six Gaussian fun
tions. The resolutions of the Gaussian used for the 0hand 0i data are multiplied by a fa
tor 1.15 with respe
t to the 0d data sample toa

ount for the 15% worsening of the t
ight resolution observed in the more re
entdata samples [87℄.The t
ight that is assigned to MC tra
ks is 
omputed as the sum of a randomnumber generated with a p.d.f. whi
h reprodu
es the �t
ight distribution from dataplus the expe
ted t
ight for the spe
i�
 parti
le. The expe
ted t
ight in
ludes the puretheoreti
al value obtained from kinemati
 properties of the tra
k and a 
orre
tion,derived from data, whi
h is dependent upon the parti
le spe
ies. This last 
orre
tionis derived from the samples of kaons, pions, and protons whi
h are used in many as-pe
ts of the studies of parti
le identi�
ation. Its introdu
tion allows one to redu
e thedependen
e on the parti
le type of the distributions of �t
ight. Independen
e of theparti
le type is important be
ause the 
ombination of COT and TOF parti
le identi-�
ation, introdu
ed in Se
tion 6.5, assumes that �t
ight is distributed independentlyof the parti
le spe
ies.Finally, the eÆ
ien
y with whi
h TOF information is mat
hed to tra
ks is largerin simulated than in real data. The ratio of the eÆ
ien
ies in data and simulation,R�, has a pT -dependen
e whi
h is modeled by a se
ond order polynomial:R�(pT ) = a+ bpT + 
p2T : (4.3.14)Three sets of values for the a, b, and 
 parameters have been �t, one for ea
h of thethree periods of data-taking 0d, 0h, and 0i. The �tted sets of values are summarizedin Table 4.4. Figure 4.3 shows the t
ight eÆ
ien
ies in MC simulation and in data,and the distribution of R�, for all tagging tra
k 
andidates in a sample of B ! D�modes, in the 0d, 0h, and 0i data and MC samples. The distributions of R� are �twith the fun
tion of Equation 4.3.14. The plots show the result of the �t and the89



Parameter 0d 0h 0ia 0:901� 0:049 0:743� 0:043 0:789� 0:056b [(GeV=
)�1℄ 0:010� 0:007 0:026� 0:007 0:026y
 [(GeV=
)�2℄ 0:025� 0:022 0:008� 0:019 0:008yTable 4.4: Values of parameters for t
ight eÆ
ien
y 
orre
tion.y The b and 
 parameters were �xed to the value obtained in the �t of 0h data.
urves utilized for the evaluation of systemati
 errors, whi
h 
orrespond to a �8%(�10%) variation of the eÆ
ien
y ratio for the 0d (0h and 0i) period of data-taking.After the 
orre
tion of the pT dependen
e, no residual � dependen
e is seen. Ithas also been 
he
ked that R� is not dependent on the 
harge of the tra
ks, by sepa-rately 
omparing the distributions of the eÆ
ien
y ratios for positively and negatively
harged tagging tra
k 
andidates. Moreover, be
ause the performan
e of the TOFsystem is 
orrelated to the o

upan
y, data-simulation eÆ
ien
ies are 
ompared for\early" and \late" runs in the 0d period (run number < 169000, or > 169000, 
orre-sponding to September 2003), and for \low" and \high" luminosity (lower or higherthan 25 � 1030 
m�2s�1). The observed di�eren
es in the eÆ
ien
y ratios are well
overed by the band of variation 
hosen for systemati
s studies.4.3.5 Additional tunings for Same-side taggingThis se
tion 
ontains the additional tunings that are needed to reprodu
e those fea-tures of data whi
h are important for the same-side-kaon 
avor tagging algorithm,whi
h will be presented in Chapter 6.Multiple intera
tionsThe average number of p�p intera
tions per bun
h 
rossing is 2.3 for an instantaneousluminosity of 1032 
m�2s�1. The simulation 
ontains only single b�b events and thusla
ks, by default, the possibility that the event a
tually 
ontains additional tra
ksfrom another intera
tion, whi
h is referred to as a pile-up event. Among these tra
ks,the algorithm for same-side 
avor tagging des
ribed in Chapter 6, may sele
t a tag
andidate if the tra
k satis�es the requirements in Se
tion 6.3. Su
h sele
tion providesa random tagging de
ision, be
ause the 
avor of the B meson produ
ed in one p�pintera
tion is un
orrelated with the 
harge of the parti
les produ
ed in another p�pintera
tion. To a

ount for this e�e
t, whi
h redu
es the performan
e of the same-side 
avor tagger and be
omes more important for in
reasing luminosity, a sample of
andidate tagging tra
ks has been extra
ted from the data sample of re
onstru
tedB0s ! D�s �+; D�s ! �0�� de
ays and added to the Pythia-MC sample utilized tostudy the performan
e of same-side tagging algorithms.Firstly, the number of additional potential tra
ks needs to be estimated. Thenumber of tra
ks to be added to the N th event is determined by 
ounting the numberof tra
ks in the (N+1)th event in the MC sample whi
h are within �1:2 
m, the widthof the B0s signal region, of the B0s vertex in the N th event, and satisfy the sele
tion90
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Figure 4.3: TOF eÆ
ien
ies in simulation (left) and in data (
enter), and the data-simulation ratio R� (right), for D� modes as a fun
tion of pT . From top to bottom,the plots for the 0d, 0h, and 0i periods of data-taking are shown. The red 
urve(middle) in the R� distributions is the derived 
orre
tion fun
tion, the bla
k 
urvesrepresent the un
ertainties used for later systemati
 analysis.
uts de�ned in Se
tion 6.3, where all the quantities are 
al
ulated with respe
t to theB0s 
andidate of the N th event. If the B0s signal regions in events N and N+1 overlap,then event N +2 is utilized. This method allows to preserve the z distribution of theB0s signal. By this method, a single additional tagging tra
k 
andidate from pile-upevents is 
ounted in 0:22% of the events in 0d, 0:65% in 0h, and 0:72% in 0i data.Then, a sample of potential tra
ks from pile-up events is retrieved from data, andis 
omposed by all tra
ks whi
h satisfy the 
ondition j�z0(B0s; trk)j > 4 
m, andthe 
uts in Se
tion 6.3 (with the obvious ex
eption of the j�z0(B0s; trk)j < 1:2 
mrequirement). Tra
ks from this sample are then mixed with the MC sample, a

ordingto the fra
tions determined with the method des
ribed above.91



B��(B�J) produ
tion rate and 
hara
teristi
sPythia does not produ
e any ex
ited B mesons in the simulation of the b-quarkfragmentation in its default 
on�guration, i.e., a b�q (and 
harge-
onjugate) state withangular momentum L equal to one. The absen
e of B�� states raises 
on
erns on theability of the MC simulation to a

urately reprodu
e the performan
e of same-sidetagging algorithms as found in data.In fa
t, same-side tagging algorithms rely on the 
orrelation between the 
avorof the B meson and the 
harge of the parti
les generated in the fragmentation of ab quark [88℄. The de
ay of a B�� meson predominantly produ
es a B0 or B+ mesonand a 
harged pion. Due to the kinemati
 of the de
ay, the pion 
an be preferentially
hosen as the tagging tra
k 
andidate be
ause it is often found in the proximity ofthe B 
andidate. Moreover, the 
harge-
avor 
orrelation is the same as expe
tedby same-side tagging algorithms for B0 and B+ mesons. Thus, any 
hange in theprodu
tion ratio of ex
ited B mesons in
uen
es the measured performan
e in MCevents of same-side tagging algorithms. However, when the tagging algorithm missesthe de
ay pion and sele
ts a fragmentation tra
k produ
ed with the B��, the B 
avorand the pion 
harge are anti-
orrelated. These two e�e
ts partially 
an
el, redu
ingthe a
tual in
uen
e of B�� produ
tion ratios on the tagging properties as measuredin MC samples.In the 
ase of B�� de
ays with a B0s meson in the �nal state, the dominant de
ayis, due to the limited available phase-spa
e, B0s
. No 
harged parti
les are produ
ed,thus the e�e
ts of the B�� tuning on the performan
e of same-side tagging algorithmsare more subtle, and 
overed by statisti
al 
u
tuations of the available MC sample.This study is important be
ause it is possibile to 
he
k the e�e
ts of this tuningon B+ and B0 samples, where they are more signi�
ant, on data and simulated events.It thus 
ontributes to building the 
on�den
e that simulated events 
an be used to
alibrate a same-side tagger.The default setup of Pythia has been modi�ed by setting the produ
tion ratio ofex
ited B mesons, equivalently, the fra
tion of B mesons originating from the de
ayof an L = 1 state, to 20%, whi
h is aligned with experimental measurements (Refer-en
e [89℄, among others). Besides, the masses and widths of the states with u or dquarks (thus ex
luding the B�sJ ones) were repla
ed by the measurements publishedin Referen
e [62℄. Table 4.5 
ontains the modi�ed parameters of the Pythia 
on�g-uration, whi
h are also dire
tly listed in Appendix A.Fragmentation fra
tionsThe Pythia-MC events are generated a

ording to the Lund string fragmentationmodel, whi
h requires a fragmentation fun
tion as input. The fragmentation des
ribesthe formation of hadrons out of the initial string. It thus a�e
ts the tra
k multipli
ityaround the B meson, the momentum of the B meson, and the 
avor and momentumof the tra
ks around the B. Two fragmentation fun
tions are utilized: the Lund [90℄and the Peterson [91℄ parameterizations. Their fun
tional forms are reprodu
ed in92



Parti
le (+
:
:) LSJ Ratio [%℄ Mass [GeV=
2℄ Width [GeV=
2℄B�00 , B�+0 110 20 5.70 0.20B001 , B0+1 101 6.67 5.73 0.20B01 , B+1 111 6.67 5.73 0.02B�02 , B�+2 112 6.67 5.74 0.02Table 4.5: Produ
tion ratio, mass and width of the B�� states whi
h were modi�edin Pythia-MC simulation. The states, all of whi
h have angular momentum L equalto one, are identi�ed by their spin S and total angular momentum J . Produ
tionratios depend upon spin and total angular momentum of the B�� states, but not ontheir 
harge.
the equation below, where L indi
ates the Lund fun
tion and P the Peterson one:fL(zja; B) / 1z (1� z)ae�BzfP (zj�b) / 1z �1� 1z � �b1� z��2z � EB + pBLEb + pb ; (4.3.15)where a, B and �b are the free parameters of the models. The variable z is de�nedas the ratio of the sum of the energy E and the longitudinal momentum pL of the Bmeson, and the sum of energy and momentum p of the b-quark. Figure 4.4 shows anexample of typi
al Lund and Peterson fragmentation fun
tions.MC events are produ
ed using the Peterson fragmentation fun
tion with �b = 0:006for the strings with heavy quarks b and 
, and the Lund fun
tion with a = 0:3 andB = 0:58 GeV�2 for the light strings u, d, and s.The Peterson fragmentation fun
tion is known not to be the best 
hoi
e for re-produ
ing B data, as shown in Referen
e [93℄. However, it has been de
ided toutilize the Peterson fragmentation fun
tion for the strings with heavy quarks. Thereason for not dire
tly utilizing the Lund fun
tion is that the Peterson one has along tail toward low z values. This allows one to perform studies of systemati
errors by reweighing the generated events a

ording to di�erent fragmentation fun
-tions, as shown in Se
tion 6.8.2, with weights reasonably 
lose to unity, thus redu
-ing statisti
al 
u
tuations. The events 
ontaining a B meson, whi
h are produ
eda

ording to the Peterson fun
tion fP with �b = 0:006, are then reweighed withw(z) = fL(zja = 1:68; B = 15:60)=fP (zj�b = 0:006), where the parameters 
hosen forthe Lund fun
tion fL follow from the pres
ription of Referen
e [93℄, whi
h presents atuning of a and B utilizing e+e� ! b�b events registered at the Z0 pole at LEP.93
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Figure 4.4: Fragmentation fun
tions utilized for the produ
tion and reweighing ofthe MC events. The parameters of the Lund fun
tion 
orrespond to the tuning whi
hreprodu
es the measurement in ALEPH data [92℄.4.4 Comparison with dataMC simulation is useful only if it a

urately reprodu
es the 
hara
teristi
s of thedata 
olle
ted by the dete
tor. This se
tion presents 
omparisons between data andMC distributions whi
h are relevant to various aspe
ts of this analysis. These studiesassess the a

ura
y of the simulation utilized and insure the appli
ability of the MCstudies to data. Two main 
ategories are identi�ed:� B kinemati
s: the most dire
t uses of the kinemati
 
hara
teristi
s of B 
an-didates are the 
andidate sele
tion and its optimization, and the study of ba
k-grounds from spe
i�
 de
ays des
ribed in Se
tion 4.2. The data{MC-simulationagreement is ne
essary to validate these studies.� Global event 
hara
teristi
s: the data{MC-simulation 
omparisons in this
lass utilize the Pythia-MC set, whi
h is a di�erent type of samples in thatit 
ontains other primary parti
les beside the B meson of interest. The sear
hfor the best same-side 
avor tagging algorithm and its 
alibration on B0s MC94



simulated data is a fundamental part of the analysis presented in this do
ument,and relies on the simulation to provide a good representation of the data.The distributions in the �gures in the next se
tions 
ontain some examples ofthe 
omparisons produ
ed. The B0 ! D��+;D� ! K+���� data sample is oftenutilized to validate the MC simulation, be
ause the large sample size allows for amore pre
ise 
omparison.In all the plots, the distributions indi
ated by the \data" label are obtained ap-plying the following algorithm for sideband-subtra
tion:� two mass ranges are sele
ted to de�ne the \signal" and \sideband" regions. Typ-i
al values for the B0s ! D�s �+;D�s ! �0�� de
ay mode are [5:306; 5:425℄ GeV=
2and [5:6; 5:9℄ GeV=
2, for signal and sideband, respe
tively.� the distribution of the mass of B 
andidates is �t with a fun
tion representingthe signal (typi
ally, a Gaussian fun
tion) and ba
kground (a linear or expo-nentially de
aying fun
tion) 
omponents, and the ratio of the integrals of theba
kground 
omponent in the signal and in the sideband regions de�nes thes
ale fa
tor to use in the subtra
tion.� �nally, the \data" distribution, whi
h the MC simulation is 
ompared to, isobtained by s
aling the distribution of the quantity of interest (i.e., pT , �, . . . )when the B mass is in the \sideband" region by the s
ale fa
tor 
al
ulated in theprevious step, and then subtra
ting the s
aled distribution from the distributionin the \signal" region.This algorithm relies on the assumption that the properties of the events in thesideband are similar to the ba
kground events in the signal region.4.4.1 Data{Pythia-MC-simulation 
omparisonThe �gures in this se
tion show the agreement with data a
hieved in the Pythia-MC simulation. The attention is turned to the quantities that will be utilized, aspresented in Chapter 6, to sele
t tagging tra
k 
andidates and as an input to thetagging algorithm This se
tion is meant to build the 
on�den
e that the 
on
lusionsof the next 
hapter, derived from MC studies, are robust.The �rst set, in Figure 4.5, presents the 
omparison of the tra
k quantities usedto sele
t tag 
andidates. These quantities in
lude the impa
t parameter signi�
an
ed0=�d0 , the separation in �{� spa
e2 �R and the longitudinal separation �z0 betweenthe tagging tra
k 
andidate and the re
onstru
ted B0s meson, the pseudorapidity �,and the number of hits in the sili
on dete
tor. The \N-1 
uts" label indi
ates thatthe set of tag 
andidates whi
h enter the distribution is sele
ted by applying all 
utsex
ept the one on the quantity whi
h is being tested.An analysis of the kinemati
 properties of the B0s 
andidate 
ompletes the MCstudy. The distributions, in data and Pythia-MC, of transverse momentum, impa
t2Distan
e in �{� spa
e is measured by �R �p��20 +��2, as de�ned in Equation 2.2.3.95
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Figure 4.5: Data{Pythia-MC-simulation 
omparison of tra
k variables. Thesetra
k variables will be utilized to presele
t tagging tra
k 
andidates. From left to right,and top to bottom, are plotted the distributions for: impa
t parameter signi�
an
ed0=�d0 , angular separation �R(B; trk), �z0(B; trk), pseudorapidity �, and number ofhits in the sili
on dete
tors (L00, SVX or ISL). Ea
h plotted distribution is produ
edutilizing the sample of tra
ks whi
h satisfy the requirements for being a tag 
andidateex
ept for the 
ut on the variable shown. These distributions utilized the B0s !D�s �+; D�s ! �0�� data and MC samples.parameter, transverse de
ay length and transverse de
ay length resolution are shownin Figure 4.6.The degree of the data{MC-simulation agreement is quanti�ed by a �2 test. Inthe 
al
ulation of the �2, bins with fewer than 20 entries are added to their nextneighboring bins until the total number of entries is greater or equal to 20. Ea
h ofthese bin 
lusters provides one degree of freedom. The results of the tests, whi
h arepresented in the title of ea
h plot, show that, within the available statisti
s of MCevents, the MC simulation adequately reprodu
es the distribution of variables as seenin data.4.4.2 Data{BGenerator-MC-simulation 
omparisonThe single-hadron BGenerator-MC simulation is utilized in many steps of theanalysis, mainly 
on
erning sele
tion eÆ
ien
ies and distributions of fundamentalproperties su
h as mass and proper de
ay-time for signal and ba
kground 
omponents.The distributions presented in this se
tion are obtained from the sample of B0s96
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Figure 4.6: Comparison of distributions of the B0s ! D�s �+; D�s ! �0�� 
andidatesbetween data (bla
k markers) and Pythia-MC simulation (solid gray histogram).From left to right, and top to bottom, are plotted the distributions for: transversemomentum, impa
t parameter, 
ight distan
e in the transverse plane Lxy and errorin Lxy.
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mesons re
onstru
ted in the B0s ! D�s �+;D�s ! �0�� de
ay mode, in data and in theMC simulation, and 
omprise the variables whi
h are most 
ru
ial to the analysis.Figure 4.7 
ontain the distributions of variables su
h as the �2 of the �t of the Bde
ay vertex, and the impa
t parameter d0, the pseudorapidity �, the transverse de
aylength Lxy, the transverse de
ay length resolution �Lxy and signi�
an
e Lxy=�Lxy ofthe re
onstru
ted B 
andidate, and the impa
t parameter signi�
an
e d0=�d0 of thepion produ
ed in the B0s ! D�s �+ de
ay.The se
ond set of 
omparisons, in Figure 4.8, presents the data{MC-simulationsimulation agreement of quantities relative to the D�s 
andidate: transverse de
aylength, transverse de
ay length resolution and signi�
an
e, transverse momentum pT ,and mass m of the D�s 
andidate, and the impa
t parameter signi�
an
e d0=�d0 of thetwo kaons whi
h form the �0 meson in whi
h the D�s 
andidate is re
onstru
ted to havede
ayed. In the 
ase of the D�s 
andidate, the quantity Lxy(D�s ) is rather improperlyindi
ated, in the above list, as \transverse de
ay length" be
ause it represents thedistan
e, proje
ted along the transverse momentum, between the primary vertex andthe D�s de
ay vertex. The transverse de
ay length of a D�s 
andidate more properlyindi
ates the proje
tion along the D�s transverse momentum of the distan
e betweenthe D�s produ
tion and de
ay verti
es, i.e., the B0s and D�s de
ay verti
es, respe
tively.In ea
h plot, the distribution obtained by utilizing ba
kground (i.e., sele
ting a B massregion far from the expe
ted signal region) is also shown, whi
h enables one to qui
klyidentify the variables that provide signal{ba
kground separating power.The plots in this se
tion show a good level of agreement between data and MCsimulation, whi
h allows us to state that the sele
tion optimized with MC data is truly
lose to the best possible one. As in the previous se
tion, the data{MC-simulationagreement is expressed in terms of the probability returned by a �2 test.The 
hapter presented the work devoted to produ
e an adequate simulation of thedata sample 
olle
ted with the CDF dete
tor. The quality of the MC simulation istesti�ed by the distribution 
omparisons shown in this last part. The 
on�den
e thatthe results obtained with simulated events are trustworthy is established here. Inparti
ular, the predi
tion of the performan
e of same-side 
avor-tagging algorithmsin samples of B0s mesons, as the one whi
h is the subje
t of this thesis entirely relieson the MC simulation.
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Figure 4.7: Comparison of distributions of the B0s ! D�s �+; D�s ! �0�� 
andidatesbetween dete
tor (bla
k markers) andBGenerator-MC data (solid gray histogram).From left to right, and top to bottom, are plotted the distributions for: the �2 of the �tof the B0s de
ay vertex, the impa
t parameter, the pseudorapidity, the transverse de
aylength, the transverse de
ay length resolution and signi�
an
e of the B0s 
andidate,and the impa
t parameter signi�
an
e of the pion whi
h 
omes from the B0s de
ayvertex.
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Figure 4.8: Comparison of distributions of the D�s ! �0�� 
andidates from B0s !D�s �+ de
ays between dete
tor (bla
k markers) and BGenerator-MC data (solidgray histogram). From left to right, and top to bottom, are plotted the distributionsfor: transverse de
ay length, transverse de
ay length resolution and signi�
an
e, massand transverse momentum of the D�s 
andidate, and impa
t parameter signi�
an
eof the kaons whi
h form the �0 meson in the D�s �nal state.
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Chapter 5Elements of the B0s mixing analysisThis 
hapter presents the des
ription of the method and the ingredients for the anal-ysis whi
h resulted in the �rst observation of B0s � B0s os
illations.5.1 Time-dependent study of os
illationsThe equations whi
h des
ribe the time evolution of B0s mesons and relate their prob-ability of de
aying with the same (\unmixed" 
ase) or the opposite (\mixed" 
ase)
avor with respe
t to their produ
tion 
avor are presented in Se
tion 1.2. The prob-ability density fun
tions for a B0s meson produ
ed at time t = 0 to de
ay at time t asa B0s or a B0s are drawn in Figure 5.1. An interesting quantity is represented by theasymmetry A: A(t) = Punmixed(t)� Pmixed(t)Punmixed(t) + Pmixed(t) ; (5.1.1)where Punmixed and Pmixed are the probabilities that a B0s meson de
ays a time t afterprodu
tion with the same, or opposite, 
avor with whi
h it was produ
ed. Thesetwo probability density fun
tions are de�ned in Equations 1.2.9 and 1.2.8. Utilizingthe expressions provided for Punmixed and Pmixed, the asymmetry A results in anexpression whi
h is dire
tly proportional to 
os�mst.A dire
t approa
h to the measurement of a mixing frequen
y, whi
h is the aim ofan analysis of os
illations, 
onsists in the �t of the asymmetry, obtained by re
on-stru
ting parti
le 
andidates and 
ounting how many of them de
ay with the same,or the opposite, 
avor as at produ
tion, and as a fun
tion of time. In the 
ase of ananalysis of B0s mixing, however, a di�erent method is required be
ause, a priori, itis not known whether the available data are suÆ
iently sensitive to dis
riminate anos
illatory signal. The main obsta
les are the ability to dis
ern the 
andidate 
avorat produ
tion, and the measurement of the proper de
ay-time, the resolution of whi
hneeds to be suÆ
iently pre
ise to resolve the time-dependen
e of B0s�B0s os
illations.Be
ause the analysis presented in this do
ument aims at measuring a frequen
y,it is natural to 
onsider performing a sear
h in the frequen
y domain. The method isdes
ribed in Referen
e [94℄ and is usually referred to as the amplitude s
an method.101
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Figure 5.1: Probability density fun
tions for a B0s meson produ
ed at time t = 0 tode
ay at time t as a B0s (\unmixed", the probability density is 1=�B0s at t = 0), or aB0s (\mixed", the probability density is zero at t = 0). The fun
tions assume �msequal to 15 ps�1.Equations 1.2.8 and 1.2.9 are modi�ed by introdu
ing the amplitude A:Punmixed=mixed(t) / [1�AD 
os (�mst)℄ ; (5.1.2)where D is the dilution of the tagger utilized to determine the 
avor of parti
les.The amplitude s
an 
onsists of a spe
trum of the amplitude as a fun
tion of theos
illation frequen
y, obtained by performing a series of �ts for A from the yields ofB0s 
andidates whi
h are tagged as mixed/unmixed, as a fun
tion of proper time, while�xing �ms to a probe value. The signature of a mixing signal is represented by aregion in the s
an where the amplitude is 
onsistent with unity and in
onsistent withzero. An example of an amplitude s
an, produ
ed with a toy Monte Carlo samplegenerated with �ms = 15 ps�1, is shown in Figure 5.2. Equation 5.1.2 also showsthat the �t 
annot distinguish between the amplitude A and the tagger dilution D,whi
h is the reason why the 
alibration of taggers is ne
essary.The error on the amplitude, �A, a
quires a spe
ial interest, be
ause the qualityof an analysis is measured in terms of the ability to separate unity from zero in thes
an. The following formula provides an estimator of �A [95, 94℄:1�A ' SpS + Be��m2s�2
t2 r�D22 ; (5.1.3)whi
h has been grouped into three terms.The �rst term expresses the 
ontribution of statisti
s, S and B being the numberof B0s 
andidates re
onstru
ted as signal and ba
kground, respe
tively. The larger the102
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Figure 5.2: Amplitude s
an in a toy Monte Carlo sample. The 
urve shown des
ribesthe expe
ted A as a fun
tion of �ms, when the true value of �ms is equal to 15 ps�1.signal yield and the signal purity, the smaller the error on the amplitude.The se
ond fa
tor represents the dependen
e of the amplitude error on the resolu-tion with whi
h proper de
ay-length and time are measured, �
t. The sensitivity formeasuring �ms degrades exponentially with �
t, as shown in Equation 5.1.3. The B0smixing analysis is mu
h more 
hallenging than the study of B0 os
illations be
ausethe SM expe
tation is �ms=�md � 40 and most of the SM extensions foresee evenhigher values.The last term 
ontains the �gure of merit of the 
avor tagging algorithm utilized.The eÆ
ien
y � and dilution D are the traditional parameters with whi
h the qualityof a tagger is des
ribed. The eÆ
ien
y � of a tagging algorithm 
orresponds tothe fra
tion of events to whi
h the algorithm assignes a non-null tag de
ision. Thedilution D is de�ned as 1 � 2Pw, where Pw is the probability that the assigned tagis in
orre
t. A perfe
t tagger (Pw = 0) will have a dilution equal to unity, while onewhi
h randomly assigns 
avor tags (Pw = 0:5) will have a dilution equal to zero.5.2 Proper de
ay-time and 
alibration of proper-de
ay-time resolutionThe de
ay time in the B0s rest frame is obtained as follows:
t = Lxy(Bs) mBspT (Bs) ; Lxy � r � pTpT ; (5.2.1)where the 2D ve
tor r is the displa
ement of the B0s de
ay point with respe
t to theprodu
tion vertex, in the transverse plane. The quantity Lxy is referred to as the103



B0s transverse de
ay length (Equation 4.3.1). In the 
ase of partially re
onstru
tedhadroni
 and semileptoni
 B0s de
ays, where the B0s 
andidate is not fully re
on-stru
ted, a 
orre
tion fa
tor k has to be in
luded to a

ount for the missing momen-tum. The expression be
omes:
t = 
t� k; 
t� = L`Dsxy MBsp`DsT ; k � Lxy(Bs)L`Dsxy p`DsTpT (Bs) ; (5.2.2)where L`Dsxy and p`DsT are the proje
ted displa
ement and the transverse momentum ofthe re
onstru
ted de
ay produ
ts, and MBs is the world average of Bs mass measure-ments. The quantity 
t� is traditionally 
alled pseudo-proper de
ay-length and is 
on-stru
ted with only the information from the re
onstru
ted lepton and D�s 
andidates.An average distribution, F (k), for the k-fa
tor is obtained from BGenerator-MCsimulation, and 
onstitutes an important ingredient for the �t of proper de
ay length.The determination of the proper-de
ay-time resolution is a 
riti
al part of theanalysis, be
ause it dramati
ally a�e
ts the sensitivity for observing an os
illationsignal. From the de�nition of the proper de
ay-time in Equation 5.2.1, the followingexpression is obtained: �
t = �Lxy � MpT � 
t � �pT ; (5.2.3)where the 
omponent due to the un
ertainty onM is omitted, be
ause it is negligible.The resolution of a proper-de
ay-time measurement thus 
ontains two 
omponents,the �rst of whi
h is independent of the proper time, while the se
ond 
omponent isdire
tly proportional to the de
ay time of re
onstru
ted B0s 
andidates.The �rst term 
ontains the 
ontribution of the measurement of the transverse
ight distan
e of the B0s meson. It depends on the a

ura
y with whi
h the PV,where the p�p intera
tion o

urred and the B0s was produ
ed, and the SV, the de
aypoint of the B0s meson, are measured. The position of the PV is determined for ea
hevent by �tting part of the tra
ks in the underlying event to a 
ommon origin, asdes
ribed in Referen
e [80℄, and presented in Se
tion 4.3.2.The measurement of the error on the SV is more 
ompli
ated, be
ause it wouldrequire an ensemble of B0s mesons de
aying at known positions. Therefore, a 
alibra-tion sample of pseudo-B0s 
andidates was 
onstru
ted by asso
iating a tra
k, whi
his prompt in most of the 
ases, to a D 
andidate that is sele
ted by applying 
utswhi
h enhan
e the fra
tion of prompt D 
andidates. This method allows one to ob-tain topologies similar to B0s de
ays, a large amount of whi
h originates from thePV, and thus have Lxy � 0 by 
onstru
tion. The 
alibration sample is obtained byutilizing D 
andidates re
onstru
ted in the two-displa
ed-tra
k triggers, the require-ments of whi
h are presented in Table 3.1. Ea
h D 
andidate is required to have beenre
onstru
ted using the two trigger tra
ks, its impa
t parameter must be less than100 �m, and its re
onstru
ted mass needs to be within 8 MeV=
2 of the PDG value [7℄.The additional 
uts whi
h are applied to the de
ay verti
es of pseudo-B0s 
andidates,in the D{single-tra
k and D{three-tra
ks topologies, are reported in Table 5.1. Thelisted requirements allow for the sele
tion of samples of pseudo-B0s 
andidates whi
h104



Cut D� D���Mass [GeV=
2℄ [5.4,6.0℄ [5.4,5.8℄pT [GeV=
℄ > 5; 5 > 6:0�2r� < 15 < 15pT (�) [GeV=
℄ > 1:2 |Mass(���)[GeV=
2℄ | < 1:75Table 5.1: Sele
tion 
uts for D� and D��� vertex 
andidates. These 
uts de�ne thesele
tion of the samples of pseudo-B0s 
andidates whi
h are utilized to 
alibrate theproper-de
ay-time resolution. Pseudo-B0s 
andidates are produ
ed by asso
iating oneor three tra
ks to a D 
andidate with jd0j < 100 �m and re
onstru
ted mass within8 MeV=
2 of its PDG value.are enri
hed in 
andidates produ
ed at the p�p intera
tion point, and reprodu
e thetopology of B0s ! D�s �+ and B0s ! D�s �+���+ de
ays.The distribution of the proper de
ay-time measured in the 
alibration sample isshown in Figure 5.3. The small 
omponents whi
h are �t with exponential fun
tions(indi
ated by f+, in the �gure, plus a similar 
ontribution symmetri
al with respe
tto the origin) 
ontain the non-prompt part of the sample of pseudo-B0s 
andidates.The width of the Gaussian fun
tion whi
h �ts the prompt 
omponent of the 
alibra-tion sample is taken as the true resolution of the re
onstru
ted de
ay time. From the
omparison of our estimate of the error with the error resulting from the 
ombina-tion of the PV and SV �ts a s
ale fa
tor is obtained. This s
ale fa
tor is applied tothe �Lxy returned by the �ts of the B0s 
andidates re
onstru
ted in data. The s
alefa
tor is parameterized as a fun
tion of several kinemati
 variables, to a

ount fordi�eren
es between the kinemati
 properties of the 
alibration sample and the B0ssignal sample, and applied on a 
andidate-by-
andidate basis. The parameterizationis obtained by binning the sample of pseudo-B0s 
andidates with respe
t to a kine-mati
 variable, and then measuring the s
ale fa
tor in ea
h of these subsamples. Thes
ale-fa
tor dependen
es are 
orre
ted one variable at a time, whi
h assumes thatthe 
orre
tions fa
torize 
ompletely. After the �nal tuning step is applied, the s
alefa
tor shows a 
at behavior 
entered around 1:0. In a realisti
 s
enario, the fa
tor-ization of the 
orre
tion fa
tor is not 
omplete, and residual deviations are present.An additional global s
ale fa
tor is applied to �
t, and a

ounts for the residual dis-agreement between measured and expe
ted proper-de
ay-length resolution after the
andidate-by-
andidate 
alibration. A di�erent global s
ale fa
tor is utilized for ea
hB0s de
ay mode. These s
ale fa
tors are expe
ted, and measured, to be 
lose to unity.The determination of s
ale fa
tors is detailed in Referen
e [96℄, where the pro
edurewhi
h has been brie
y presented here is des
ribed in full detail.The se
ond fa
tor in Equation 5.2.3 depends on the error in the pT measurement,and in
reases linearly with the proper de
ay-length 
t of a 
andidate. While in the
ase of fully re
onstru
ted de
ays �pT is negligible, for partially re
onstru
ted ones itrepresents an important addition to the global un
ertainty and is 
losely tied to thedistribution of the k-fa
tor de�ned in Equation 5.2.2. The k-fa
tor distribution, F (k),is obtained from MC simulation. The r.m.s. width of F (k), de�ned as phk2i � hki2,105
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Figure 5.3: Proper-de
ay-time distribution of the 
alibration sample of D�+tra
ktopology. The �tted width of the prompt 
omponent is assumed to represent the trueresolution of the re
onstru
ted de
ay time. A toy MC has been generated to test asimpli�ed model for the vertex resolution.strongly in
uen
es the proper-de
ay-time resolution. In fa
t, the e�e
tive proper-de
ay-time resolution for a partially re
onstru
ted B0s 
andidate is taken as the r.m.s.width of the following fun
tion:Z e�(kt�)2=2�t�F (k)dk ; (5.2.4)where t� and �t� are the pseudo-proper de
ay-time and de
ay time resolution of the
andidate. The distributions of k-fa
tors for partially re
onstru
ted fully-hadroni
B0s de
ays, B0s ! D��s �+ and B0s ! D�s �+, peak 
losely to unity and are very nar-row (Figure 5.4), as a 
onsequen
e of the softness of the lost parti
le in the de
ay
hain. In the 
ase of semileptoni
 de
ays, the distributions vary as a fun
tion of there
onstru
ted `D�s mass.The distributions of k-fa
tors in both hadroni
 and semileptoni
 
ases are shownin the left plot of Figure 5.4. The right plot shows the proper-de
ay-length resolution,106
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Figure 5.4: k-fa
tor distribution for several `D�s mass regions (B0s semileptoni
 de-
ays, D�s ! �0��) and for partially re
onstru
ted hadroni
 de
ays [97℄ (left). Theplot on the right shows the mean proper-de
ay-length resolution �
t as a fun
tion ofthe proper de
ay-length 
t, derived from Equation 5.2.3.as a fun
tion of the proper de
ay-length, derived from Equation 5.2.3. These plotsshow that the partially re
onstru
ted hadroni
 samples provide a resolution whi
h is
omparable to the fully re
onstru
ted ones. This is a 
onsequen
e of the fa
t thatthe parti
les whi
h are not re
onstru
ted 
arry a small fra
tion of the momentumof a B0s 
andidate. The proper-de
ay-length resolution of the partially re
onstru
tedsemileptoni
 samples is presented in bins of `D�s mass. The few 
andidates whi
hpopulate the high mass bin are almost as good as fully re
onstru
ted hadroni
 modes.In Figure 5.5 the proper-de
ay-time distribution of B0s ! D�s �+; D�s ! �0��
andidates, both fully and partially re
onstru
ted, is shown. A 
omplete analysis ofB0s lifetime, whi
h would in
lude the evaluation of systemati
 un
ertainties, has notbeen performed. However, a measurement of B0s lifetime has been obtained as a by-produ
t of an analysis of B0s os
illations by performing a �t of proper de
ay-length asthe one presented in Figure 5.5. The result is in agreement with the world average ofB0s lifetime measurements, whi
h 
onstitutes a 
ross-
he
k that the absolute 
t s
aleis 
orre
t. This issue is addressed in more detail in the dis
ussion of the systemati
un
ertainties on �ms, in Se
tion 7.2.2.5.3 Flavor taggers: SST and OSTWhile the 
avor of the B0s 
andidate at the de
ay point is unambiguously de�ned bythe 
harges of its daughter tra
ks, the 
avor at produ
tion is inferred, with a 
ertaindegree of un
ertainty using 
avor tagging algorithms.Two types of 
avor tagging algorithms are utilized at CDF: opposite-side (OS)107
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Figure 5.5: Proper-de
ay-time distribution of B0s ! D�s �+, D�s ! �0�� 
andidates.The �tted value of B0s lifetime is in agreement with the world average of B0s lifetimemeasurements, and thus provides a test for the 
orre
tness of the global 
t s
ale.and same-side (SS) 
avor taggers. The performan
e of a tagger is quanti�ed by itseÆ
ien
y �, the fra
tion of 
andidates to whi
h a tag is assigned, and dilution D,de�ned as 1 � 2Pw, where Pw is the probability that the assigned tag is in
orre
t.The sensitivity for observing an os
illation signal is proportional to p�D2, whi
h thusrepresents the �gure of merit of a tagging algorithm. The de
isions of the OS and SStaggers are 
ombined by treating the two taggers as independent [98℄.5.3.1 Opposite-side Flavor TaggingOpposite-side taggers exploit the fa
t that at hadron 
olliders b quarks are mostlyprodu
ed in b�b pairs. Therefore, the 
avor of the b quark in the opposite-side withrespe
t to the re
onstru
ted 
andidate is 
orrelated to the 
avor at produ
tion of theB0s meson of interest. Limitations in opposite-side tagging algorithms arise be
ausethe se
ond bottom hadron is inside the CDF dete
tor a

eptan
e in less than 40% ofthe events, or, it is also possible that the se
ond B hadron is a neutral B meson thatmixed into its anti-parti
le. 108



Soft-lepton taggers (SLT) are based on b! `�X semileptoni
 de
ays. The 
hargeof the lepton, either a muon or an ele
tron, is 
orrelated to the 
harge of the de
ayingB meson: an `� is produ
ed in the transition b ! 
`���X, while an `+ signals a �b
avor. The semileptoni
 B bran
hing ratio is small, BR(B! `X) ' 20%, in terms ofthe tagger eÆ
ien
y, but the lepton identi�
ation has a high purity. The tagger is thusexpe
ted to have low eÆ
ien
y, but large dilution. A 
omplete des
ription of the soft-muon and soft-ele
tron taggers utilized in this analysis are presented in Referen
es [55℄and [56℄, respe
tively. A brief summary of the method adopted to identify lepton
andidates is des
ribed in Se
tion 3.4.1. Table 5.2 indi
ates the performan
e of thesoft-muon and the soft-ele
tron taggers, evaluated on 0d data samples.The opposite-side-kaon tagger (OSKT) is based on 
as
ade de
ays b! 
! s. The
harge of a kaon from the 
harm de
ay 
! sX is 
orrelated with the B 
avor: a K�results from the de
ay 
hain b! 
! s, a K+ originates from a �b quark. The 
hallenge
onsists in identifying kaons among a vast ba
kground of pions and then �nding thekaon 
andidate from the B hadron de
ay among all other kaons. The identi�
ation ofkaons utilizes pID information from the TOF dete
tor and spe
i�
 ionization dE=dxmeasured in the COT. The probabilities from the t
ight and dE=dx measurements for agiven tra
k P(i) for the parti
le hypotheses i = K; �; p are 
ombined in the likelihoodratio LR: LR(K) = log� P(K)fK P(K) + f� P(�) + fp P(p)� ; (5.3.1)where fK = 0:2, f� = 0:7 and fp = 0:1 are the a priori fra
tions of kaons, pionsand protons in the sample, as measured in Referen
e [99℄. Kaons are identi�ed byapplying a lower 
ut on LR(K). The impa
t parameter signi�
an
e d0=�d0 is utilizedto distinguish the kaons originating from B hadron de
ays. Kaons are separated inthree 
lasses to improve the e�e
tiveness of the tagger. The �rst 
lass 
ontains tagswhere the identi�ed kaon 
andidate is part of a jet produ
ed at a SV. The eventsin the se
ond 
lass do not have a SV identi�ed, but isolated tra
ks. These tra
kssatisfy the requirements to be part of a jet, but no other tra
k 
ould be asso
iatedwith them to form a jet. The third 
lass in
ludes all other tags. On average, tagsof the �rst 
lass are 
hara
terized by higher dilutions. As opposed to the soft leptontaggers, this method is 
hara
terized by a medium eÆ
ien
y and small dilution. Theopposite-side-kaon tagger is detailed in Referen
e [100℄. The performan
e of thistagger on a sample of 0d data is reported in Table 5.2, at the end of this se
tion.The jet-
harge tagger (JQT) utilizes the 
orrelation of the 
harge of a b-jet tothe 
harge of the originating b quark. The 
harge of the b-jet is de�ned to be themomentum-weighed sum of the 
harges of the tra
ks asso
iated with the jet. Tra
k-based jets are �t using a 
one-
lustering algorithm utilized in Run I analyses anddes
ribed, for example, in Referen
e [101℄. Then, two ANN's, trained on b�b PYTHIAMC, are utilized in the identi�
ation of tagging jets asso
iated with B hadrons inthe opposite-side. The �rst ANN, \tra
kNet", assigns ea
h tra
k in a jet the prob-ability Ptrk that it originates from a B hadron de
ay. The se
ond ANN, \bJetNet"utilizes the tra
k probabilities and additional jet related kinemati
 input to evaluatethe probability that a jet is the tagging one. A 
omprehensive des
ription of the109



Flavor tagger �D2[%℄Soft-muon 0.559 � 0.094 � 0.027Soft-ele
tron 0.264 � 0.054 � 0.022Jet-
harge Se
. Vertex 0.230 � 0.068 � 0.017Jet-
harge Tra
k Prob. 0.347 � 0.084 � 0.020Jet-
harge Tra
k pT 0.152 � 0.055 � 0.024Opposite-side kaon 0.229 � 0.016 � 0.001Table 5.2: Performan
e of opposite-side 
avor taggers. The measured values of �D2are followed by their statisti
al and systemati
 un
ertainties. The taggers are appliedto samples of B 
andidates 
orresponding to the 0d period of data-taking, for a totalintegrated luminosity of 355 pb�1. The re
onstru
tion of the fully-hadroni
 B0 andB+ modes to whi
h the soft-lepton and jet-
harge taggers are applied is des
ribedin Referen
e [103℄. The three 
lasses of jet-
harge taggers, des
ribed in the text,are separately presented. The opposite-side-kaon tagger is applied to a sample ofsemileptoni
 B de
ays, as des
ribed in Referen
e [100℄.two ANN's is presented in Referen
e [101℄. The jet with the highest probability, as
al
ulated by bJetNet, is sele
ted as the tagging jet. The jet 
harge Qjet, from whi
hone infers the opposite-side 
avor, is de�ned as follows:Qjet = Pi Qi � piT � (1 + P itrk)Pi piT � (1 + P itrk) ; (5.3.2)where Qi and piT are, respe
tively, the 
harge and transverse momentum of a tra
kin the jet, and P itrk is the probability that the tra
k belongs to a b-jet. Jets aredivided in three mutually ex
lusive 
lasses to better utilize the statisti
al power ofthe tagging algorithm. The �rst 
lass 
ontains jets whi
h are 
onsistent with 
omingfrom a se
ondary vertex that has a de
ay length signi�
an
e, Lxy=�Lxy , greater than3. The se
ond 
lass in
ludes all jets not in the �rst 
lass, with at least one tra
k inthe jet su
h that Ptrk > 50%. The third 
lass 
ontains all the remaining jets. Thetagger purity de
reases from the �rst to the third 
lass. The jet tagger is expe
ted tohave high eÆ
ien
y but lower dilution than the other algorithms. The performan
eof the jet-
harge tagger applied to 0d data samples is summarized in Table 5.2. Thethree 
lasses of jets are separately presented.Finally, an ANN 
ombines the pie
es of information provided by the three tag-gers [102℄. The performan
e of opposite-side taggers is independent of the type of Bmeson produ
ed on the signal side. It is thus possible to exploit high statisti
 B+ andB0 samples to 
alibrate opposite-side taggers.The performan
es of the individual OST algorithms whi
h 
ontribute to the 
om-bined OST utilized in this analysis, evaluated on 0d data samples, are summarized inTable 5.2. The �gure-of-merit of the 
ombined opposite-side tagger, in the hadroni
and semileptoni
 data samples, is reported in Table 5.3, at the end of this se
tion.110



�D2 Semileptoni
 Hadroni
OST 1.8�0.1 % 1.8�0.1 %SST 4.8�1.2 % 3.4�0.9 %Table 5.3: Performan
e of 
avor taggers used at CDF in the hadroni
 and semilep-toni
 samples. Statisti
al and systemati
 un
ertainties are added in quadrature. TheSST performan
e depends on the pT of the B0s 
andidates to whi
h the tagger is ap-plied. Semileptoni
 B0s 
andidates have a harder pT spe
trum, whi
h explains thedi�eren
e in the performan
e of SST in the two samples.5.3.2 Same-side Flavor TaggingThe same-side (kaon) tagger (SST) is based on the 
orrelation between the b 
avorand the 
harge of the parti
les produ
ed in asso
iation with the B0s 
andidate duringthe fragmentation pro
ess of the b quark. When a B0s(B0s) meson is formed, a �s(s)quark is left at the end of the fragmentation 
hain and may form a K+(K�). Thus, ifa 
harged parti
le is found 
lose to the B0s meson and identi�ed as a kaon, it is likelyto be the leading fragmentation tra
k, the 
harge of whi
h is 
orrelated to the 
hargeof the b quark 
ontained in the re
onstru
ted 
andidate, at the time of its produ
tion.The development of the algorithm for same-side 
avor tagging utilized in thisanalysis of B0s os
illations is presented in Chapter 6.Table 5.3 reports a summary of the performan
e of the SST in the hadroni
 andsemileptoni
 data samples, separately. The performan
e of opposite-side taggers isidenti
al in both samples be
ause these taggers utilize information whi
h is inde-pendent of the behavior of the trigger-side B0s 
andidate. On the other hand, theperforman
e of the same-side tagger used in this analysis is dependent on the pT ofB0s 
andidates. The semileptoni
 B0s 
andidates re
onstru
ted for this analysis havea harder pT spe
trum than the hadroni
 B0s 
andidates. It is 
al
ulated using MCevents that the harder the pT spe
trum of B 
andidates in a sample, the higher theperforman
e of SST. This explains the di�eren
e in the performan
e of SST in thetwo samples.The elements of the mixing analysis presented in this do
ument are des
ribed in this
hapter. The dis
ussion on the 
avor tagging algorithms utilized in this analysis is
ompleted in the next 
hapter, whi
h is entirely dedi
ated to same-side 
avor taggingof B0s 
andidates.
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Chapter 6Same-Side Flavor TaggingThe tagging of the 
avor at produ
tion of B0s mesons is an indispensable ingredientfor an analysis of B0s os
illations. This 
hapter des
ribes the development of the same-side-kaon tagger utilized in the analysis presented in this do
ument. This algorithmprovides most of the total 
avor tagging power available to the B0s mixing analysispresented in this do
ument, being 2-3 times more powerful than the other availabletagging algorithms.6.1 General des
ription of taggingFlavor tagging refers to the pro
ess of de
iding whether a B meson at its birth 
ontainsa b or a �b quark. The time-dependent analysis of mixing requires knowledge of the
avor of the meson at the time of its produ
tion and de
ay. The latter is readilyknown by re
onstru
ting de
ay modes whi
h unequivo
ally indi
ate the de
ay 
avorof the B 
andidate, su
h as B0s ! D�s �+, where the 
harges of the pion and of the D�s
andidate reveal the 
avor of the de
ayed meson. Assessing the 
avor at produ
tionis not as straightforward, and di�erent algorithms have been developed. Some ofthese algorithms, among whi
h the ones used in this and in previous CDF analyses,are des
ribed in the following se
tions.As already explained in Se
tion 5.1, the performan
e of a 
avor tagger is tradition-ally measured in terms of its eÆ
ien
y � and dilution D. The eÆ
ien
y 
orrespondsto the fra
tion of events to whi
h a tag 
an be assigned. The dilution is de�ned as1� 2Pw, where Pw is the probability that the assigned tag is in
orre
t.The dilution of a tagger is dependent on 
hara
teristi
s of the event. In an e�ort toextra
t as mu
h information as possible from the available data, ea
h 
andidate witha non-null tag de
ision is assigned a dilution whi
h is parameterized as a fun
tion ofvarious 
hara
teristi
 quantities of the 
andidate. The output of a tagging algorithmis thus a weighed de
ision, where the dilution 
onstitutes the weight. The sample of
andidates for whi
h the tagging algorithm 
annot determine the 
avor at produ
tionis assigned a null de
ision. The 
andidate-by-
andidate dilution is determined byparameterizing the average dilution in bins of 
hara
teristi
 quantities of the event.In ea
h bin, the average dilution is equal to the ratio between the di�eren
e and113



the sum of the numbers of 
andidates, in that bin, whi
h are 
orre
tly and wronglytagged. These numbers are indi
ated by NRS (\right" sign) and NWS (\wrong" sign),respe
tively, in the following formula for the average dilution D:D = NRS �NWSNRS +NWS : (6.1.1)For example, the use of a MC sample allows one to exa
tly know whether tags are
orre
t or not | more on this subje
t in Se
tion 6.7. This pro
edure thereforeprovides the 
orre
t dilution of the 
andidate as a fun
tion of the 
hosen variables.Finally, the 
andidate-by-
andidate dilution provided by a 
avor tagging algo-rithm is �ne-tuned by 
alibrating the 
avor tagger. The pro
edure adopted for 
ali-brating a 
avor tagger 
onsists in the multipli
ation of the dilution whi
h the taggerassigns to a 
andidate by a s
aling fa
tor, uniquely 
hara
terizing a tagging algorithm.This s
ale fa
tor provides a global 
orre
tion for 
andidate-by-
andidate dilutions.In the rest of this do
ument, the parameter SD indi
ates this global s
ale fa
tor.The use of a single s
ale fa
tor per tagging algorithm allows for the quanti�
ationof di�eren
es between the predi
ted and the a
tual dilutions of tagging algorithmswhen applied to the 
olle
ted data sample. If the dilution parameterizations (boththe fun
tional forms and the 
onstants of the parameterizations) are adequate anddire
tly appli
able to the samples to be �tted, the s
ale fa
tors are expe
ted to be
onsistent with unity.The s
aling fa
tor of the same-side algorithms presented in this se
tion, whenapplied to the B0s samples utilized in this analysis, are determined by performing �ts ofMC events. The s
aling fa
tor is a free parameter of the �ts of mass and proper de
ay-time of MC 
andidates, whi
h are known to have been produ
ed with �ms �
titiouslyset to zero. The B0s 
andidates in the MC sample utilized for the tagger 
alibrationare separated a

ording to the tagger de
ision | mixed, unmixed, or untagged | andtheir mass and proper-de
ay-time distributions are �t simultaneously. The followingequation presents a generalization of Equations 1.2.8 and 1.2.9, whi
h assume the useof a perfe
t tagger, to the 
ase in whi
h a 
avor tagger with dilution D is utilized:Punmixed=mixed(t) / [1�D 
os (�mst)℄ : (6.1.2)These equations des
ribe the probability P that a B0s meson produ
ed at time t = 0de
ays at time t with the same (\unmixed"), or the opposite (\mixed") 
avor asat produ
tion. Be
ause it is known that simulated B0s 
andidates do not mix, theexpressions in Equation 6.1.2, with �ms = 0 ps�1 and D ! SDD, allow for themeasurement of SD. The 
alibration of 
avor taggers is extremely important when amixing analysis is expe
ted to set a limit on �ms, as shown in Se
tion 5.1, and whendi�erent 
avor taggers are utilized, be
ause it is ne
essary to know how to weighthem. The need for a 
orre
t s
ale fa
tor for the same-side tagging algorithm 
onsti-tutes one of the main reasons behind the MC-tuning e�orts des
ribed in Chapter 4.The determination of s
ale fa
tors for same-side taggers will be presented again inSe
tion 6.7.As a �nal remark, it is relevant to note that one does not need a perfe
t tagger,114



rather a well-
alibrated one. The dilution provided by a tagging algorithm may notbe optimal, whi
h is the result, for example, of negle
ting to a

ount for any variablewhi
h is 
orrelated with the dilution, thus averaging over it. However, when analgorithm is 
orre
tly 
alibrated, not having the optimum dilution does not underminea mixing analysis any more than it does to not have the optimum event sele
tion.
6.2 Prin
iple of Same-Side TaggingThe Same-Side Taggers (SST) presented in the next se
tions are based on the 
or-relation between the 
avor of the b quark 
ontained in the B meson of interest andthe 
harge of the parti
les that are most likely produ
ed during the hadronizationpro
ess of the B meson itself [88, 104℄.A B0s meson, a b�s bound state in terms of quarks, is produ
ed when an s�s pairis pulled out of the va
uum in proximity to the b quark. This leaves an s quarkwhi
h 
an 
ontribute to the formation of a kaon. The same-side tagger algorithmtries to re
ognize the leading fragmentation parti
le. In the fortunate 
ase in whi
hthis parti
le is a light, 
harged, kaon, its 
harge indi
ates the b quark 
avor: K�'sfollow B0s's, while K+'s are typi
ally 
lose to B0s's, as des
ribed in Figure 6.1.From the point of view of the experimentalist, the tagger is expe
ted to havegood eÆ
ien
y be
ause the tra
k whi
h 
arries the 
avor information is 
lose to the
andidate whi
h triggered the event, and therefore has a high 
han
e of ending up inthe geometri
al a

eptan
e of the dete
tor.Nevertheless, there is a relevant issue in the 
ase of same-side 
avor tagging, whi
his that there is no straightforward way to measure its dilution on data, be
ause thetagging 
hara
teristi
s depend on the parti
ular B meson. That 
ould only be possibleif B0s os
illations are observed, and the dilution is �tted from the data.The study of same-side tagging in the environment of an hadroni
 
ollider presentsmany 
hallenges. It is ne
essary to understand the produ
tion me
hanism of b and�b quarks, their hadronization in B mesons, the type of parti
les that are produ
edduring the hadronization pro
ess. As mentioned above, the strangeness of B0s mesonsindi
ates strange parti
les as the best tagging parti
les. The algorithms for same-side
avor tagging for B0s mesons are thus often referred to as same-side kaon taggers.Among the fa
tors whi
h modify their performan
e, it is worth mentioning the pro-du
tion of resonan
es su
h as ex
ited B mesons, the de
ay of whi
h produ
es the B0smeson under study, and the produ
tion of B0s mesons in asso
iation with resonan
essu
h as K�0, or �0.The following se
tions present the algorithms for same-side tagging whi
h pavethe way to the algorithm utilized in this analysis of B0s os
illations. The problemati
swhi
h derive from the physi
s of the pro
ess of B0s produ
tion and the ne
essity toutilize a MC sample for the 
alibration of a tagging algorithm are treated in these
tion dedi
ated to systemati
 un
ertainties on the 
alibration of same-side taggers.115



of the B hadrons. Approximately 40% of the B0 and B+ decays in this Monte Carlo aregeneric b! c decays with string fragmentation used to dress the charmed quarks to charmedparticles. This does not necessarily reproduce reality, so a full simulation will provide a betterestimate of �D2, but it could still be wrong by a signi�cant amount, and it could be eithertoo optimistic or too pessimistic.3.1.2 Same-side Tagging in B0= �B0 ! J= K0SFigure 7 illustrates the view we have for the fragmentation of a b quark into aB+ orB0 meson.To form a B+, a b quark combines with a u quark from a uu pair, pulled from the vacuum,�
 bug B+uqg ��; K�; K��; p�
 �
 bdg B0ddqg �+; K�0; p�
 �
 bsg B0ssqg K+; K�0;��

Figure 7: A schematic picture of B+, B0, and B0s meson formation in b quark fragmentation.A B+ is produced in association with positively charged hadrons only, while a B0 is producedalong with positive pions, negative kaons (via K�0 ! K��+) and antiprotons. A K+ isproduced in association with a B0s .which leaves a u quark available for the formation of the charged hadrons ��, K� or p. ForB+, all charged hadrons formed in this way have the same charge, which is opposite that ofthe primary b quark charge. However, for a B0 meson, a positive charge correlation occursonly when a �+ is formed. Same-side tagging methods rely on identifying fragmentationtracks produced in association with a B meson and using their charge to tag the production
avor. The e�ectiveness of this method for tagging the production 
avor of a B0 is reduceddue to the opposite charge correlations of associated pions and kaons/antiprotons. Hence,by restricting the sample of tracks selected as tag candidates to those that are consistentwith pions, one can improve the resulting dilution of the 
avor tag.We use the same-side tagging algorithm used in the CDF measurement of B0 $ �B0mixing [3] and in the CDF measurement of sin 2� [4]. This considers all charged particleswith pT > 400 MeV=c within an �-' cone of radius �R�' = 0:7, centered along the directionof the J= K0S momentum vector. Since we are considering only fully reconstructed B decays,we do not apply a cut on the impact parameters to select tracks from the primary vertex.For each track considered, the quantity prelT is calculated, which is de�ned as the transversemomentum of the track with respect to the combined momentum vector of the B and thetrack. If no track can be found in an event that satis�es these criteria, the event is nottagged. If at least one such track is found, the production 
avor is tagged according to thecharge of the track with the minimum prelT .We compare the performance of this algorithm to one that makes use of the particleidenti�cation capabilities that would be provided by time-of-
ight. In this modi�ed same-12

Figure 6.1: S
hemati
 drawing of parti
les produ
ed in asso
iation with di�erent Bmesons.6.3 Sele
tion of tag 
andidatesDi�erent SST algorithms have been studied to sele
t the tra
k that is most likelyto be the leading fragmentation tra
k. The purpose of these studies was to �nd thealgorithm whi
h would have the best performan
e when applied to samples of B0s
andidates. The next se
tions present some of these algorithms, with referen
es totheir �rst introdu
tion.The implementations of these algorithms for their use at CDF II share the sameinitial sele
tion of tra
ks whi
h form the ensemble of tag 
andidates. The sele
tion
uts are divided in three main 
ategories, whi
h are presented in the next paragraphs.The �rst set of 
uts 
onsists of requirements on the quality on the tagging tra
k
andidates, and that tag 
andidates are 
ontained in a �du
ial volume of the CDFdete
tor:� #Si hits � 3;#COT stereo hits � 10 and #COT axial hits � 10The requirement on the number of hits used in the re
onstru
tion of the tra
ksele
ts 
andidates with a reliable tra
k �t. This sele
tion test is widely utilizedin CDF analyses. As a quality 
riterion, it enfor
es tra
ks to pass through the
entral region of the CDF dete
tor. The distributions of the number of hits pertra
k in the sili
on-based dete
tors and in the COT are shown in Figures 4.2and 4.5.� pT � 450 MeV=
The tra
king performan
e is asymmetri
al with respe
t to 
harge for low mo-mentum tra
ks. This is due to the design of the COT. In fa
t, the 
ells of theCOT are tilted, with respe
t to the radius whi
h 
onne
ts a 
ell to the 
enterof the dete
tor, as it is visible in Figure 2.9. The se
tion of a 
ell thus appearsdi�erent to positively and negatively 
harged parti
les, whi
h translates in adi�erent tra
king eÆ
ien
y. This 
ut allows one to avoid this problem, withoutsigni�
antly a�e
ting the performan
e of the tagger. The 
omparison of the pTdistributions in data and in Pythia-MC events of tag 
andidates is shown laterin this 
hapter, in Figure 6.10.� j�j � 1The 
ut on the pseudorapidity of the 
andidate tra
k is strongly 
orrelated to therequirements on �R and the number of hits, whi
h prefer 
andidates in the 
en-tral region. It removes a remaining 10% additional tra
ks above j�j = 1 whi
hhardly have any TOF information. Moreover, the COT dE=dx performan
e is116



well understood in the j�j < 1 range. In short, the 
ut removes preferentiallytra
ks that are of low quality for tagging purposes. The distribution of � ispresented in Figure 4.5.The se
ond set of 
uts is introdu
e to enri
h the pool of tag 
andidates withtra
ks that are 
lose, in phase spa
e, to the B 
andidate, and are likely to have beenprodu
ed at the primary vertex of the p�p intera
tion:� �R(B; trk) � 0:7�R is de�ned as the distan
e in the �{� spa
e between the re
onstru
ted Bmeson and the tag 
andidate tra
k:�R �q[�0(B)� �0(trk)℄2 + [�(B)� �(trk)℄2 : (6.3.1)The 
ut sele
ts the tra
ks whi
h are 
lose to the B 
andidate. As a side note,the opposite-side taggers that will be used in this mixing analysis, des
ribed inSe
tion 5.3.1, apply a 
omplementary request (�R > 0:7). The sets of tra
ksfor opposite-side and same-side taggers are thus separated without overlap. Thedistribution of �R is presented in Figure 4.5.� j�z0(B; trk)j � 1:2 
mThe purpose of this 
ut is to remove tra
ks 
oming from p�p intera
tions di�erentfrom the one whi
h produ
ed the re
onstru
ted B0s 
andidate. The z resolutionof tagging tra
k 
andidates is shown in Figure 4.5, where the distributions of�z0 in data and Pythia-MC simulation are shown. The 
ut 
orresponds toabout 3 standard deviations.� jd0=�d0j � 4This impa
t parameter signi�
an
e 
ut sele
ts the tra
ks whi
h 
ome from theprimary vertex of the intera
tion, where the B 
andidate is produ
ed. Thedistribution of d0=�d0 is shown in Figure 4.5.The last set of 
uts reje
ts tra
ks whi
h are identi�ed as not been possible tag
andidates:� reje
tion of e, � and 
onversionsA likelihood-based 
ut is applied to reje
t tra
ks that are likely to have beenprodu
ed by an ele
tron or a muon. In addition, tra
ks that are 
onsistentwith 
oming from a 
 ! e+e� 
onversion are removed. More details on thelikelihood fun
tions utilized to identify leptons are presented in Se
tion 3.4.1.� reje
tion of B daughter tra
ksThe tra
ks whi
h are used in the �t of the B 
andidate are expli
itely ex
ludedfrom the list of tagging tra
k 
andidates.On
e all the sele
tion 
uts are applied, B 
andidates are left with zero, one ormore tag 
andidates. The number of B 
andidates without any tra
k passing the117



sele
tion de�nes the eÆ
ien
y of the tagging algorithm:� = 1� N0 
andsNTOT : (6.3.2)When one or more tag 
andidates are present, events are naturally divided in two
lasses:� agreeing 
ase: if a single tra
k is sele
ted, or the 
harges of all tag 
andidatesare identi
al;� disagreeing 
ase: if not all of the tag 
andidates have the same 
harge.In the �rst 
ase, the SST de
ision is the same for all SST algorithms, and 
orrespond tothe 
harge of the sele
ted tra
k(s), while for events in the se
ond 
lass ea
h algorithmneeds to provide a method to sele
t the de
ision.The distributions of the number of tagging tra
k 
andidates in data and inPythia-MC events are 
ompared in Figure 6.2. The agreement between the two distributionsrepresents an important 
on�rmation of the goodness of the MC simulation.Various tagging algorithms have been extensively studied, measuring their per-forman
e in di�erent data samples and re
onstru
ted B �nal states. The algorithmsdi�er in the method adopted to sele
t the tag 
andidate among the tra
ks whi
hsatisfy the previous sele
tions. The �rst implementation of a same-side tagging algo-rithm in a CDF analysis is presented in Referen
e [105℄, whi
h pioneered same-sidetagging with an algorithm based on kinemati
s. The status of same-side tagging inCDF II before the introdu
tion of the algorithm des
ribed in Se
tion 6.6, and utilizedin this mixing analysis, is summarized in Referen
e [106℄, whi
h presents a review ofvarious kinemati
-based algorithms and an initial study of the parti
le-identi�
ation{based algorithm whi
h would have been used in the analysis that resulted in the �rstmeasurement of �ms [17℄.The algorithm of same-side tagging utilized in this analysis of B0s os
illationsutilizes a Neural Network to 
ombine kinemati
 and parti
le-identi�
ation informationof tagging 
andidate tra
ks. The next two se
tions present a review of the kinemati
-based (Se
tion 6.4) and parti
le-identi�
ation{based (Se
. 6.5) algorithms whi
h weremore a

urately studied. These algorithms provided an ex
ellent starting-point forthe preparation of an improved tagger whi
h would 
ombine the pie
es of informationthat they use. The 
ombined tagger whi
h is �nally utilized in the analysis presentedin this dissertation is do
umented in Se
tion 6.6, while other attempts to 
ombinekinemati
 and parti
le identi�
ation information, whi
h were later dis
arded, arepresented in Appendix C.6.4 Kinemati
 based taggersThe kinemati
 
hara
teristi
s of the leading fragmentation tra
k are 
orrelated withthose of the B 
andidate, be
ause the tra
k is expe
ted to be found 
lose in phasespa
e to the B meson. It is thus possible to exploit su
h 
orrelations to sele
t a tag118
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Figure 6.2: Distributions of the number of tagging tra
k 
andidates in data andPythia-MC events.
andidate, the 
harge of whi
h will provide the de
ision of the 
orresponding 
avortag algorithm.Di�erent algorithms based on kinemati
 quantities have been studied in re
entyears, and are summarized in Referen
e [106℄. They are 
on
eptually similar. Ea
h ofthem sele
ts a kinemati
 variable whi
h is 
orrelated with the 
loseness in phase spa
ethat is, on average, expe
ted between the B 
andidate and the best tag 
andidate.An SST algorithm thus 
hooses the tag 
andidate su
h that the sele
ted variable ismaximized, or minimized, depending on whether it is 
orrelated, or anti-
orrelated,with its proximity in phase spa
e . The de
ision of the tagging algorithm is given bythe 
harge of the best tag 
andidate. Finally, the 
andidate-by-
andidate dilution isparameterized in terms of a kinemati
 variable.The algorithm whi
h was most thoroughly studied sele
ts the tra
k with the max-imum prelL as the tag 
andidate, and is referred to as max prelL . The variable prelL isgraphi
ally de�ned in Figure 6.3. The performan
e of this algorithm, when appliedto a Pythia-MC sample of B0s ! D�s �+; D�s ! �0��, is expressed in terms of itse�e
tive dilution SDphD2i: SDphD2i = 22:8� 0:7% ;119
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Figure 6.3: De�nition of prelL .where the quoted un
ertainty is statisti
al only. The e�e
tive dilution of a 
avortagging algorithm applied to a sample is de�ned as the square root of the averagesquared 
andidate-by-
andidate dilutions that the algorithm assigns to ea
h 
andidatein the sample, multiplied by the s
ale fa
tor SD obtained by 
alibrating the taggingalgorithm, as des
ribed in Se
tion 6.1. This s
ale fa
tor depends on the 
avor taggingalgorithm whi
h is utilized and on the sample to whi
h the 
avor tagger is applied.The 
andidate-by-
andidate dilution is parameterized as a fun
tion of the transversemomentum pT of the tag 
andidate. Be
ause the pool of tag 
andidates utilized forall the same-side tagging algorithms presented in this 
hapter is sele
ted by applyingthe same 
uts, listed in Se
tion 6.3, the e�e
tive dilution is suÆ
ient to 
lassify thesealgorithms in order of performan
e.The max prelL algorithm for same-side tagging is found to perform worse than theparti
le-identi�
ation{based algorithm whi
h will be des
ribed in the next se
tion.However, the availability of this kinemati
-based algorithm presented the opportunityto study the 
ombination of kinemati
- and parti
le-identi�
ation{based algorithms.The result of this study is the algorithm des
ribed in Se
tion 6.6, whi
h is the one�nally used in this analysis of B0s os
illations.6.5 Parti
le-identi�
ation{based taggerMost of the prompt tra
ks that are produ
ed in a proton{anti-proton 
ollision arepions. As seen in Figure 6.1, kaons are likely to be produ
ed around B0s mesonsduring the hadronization pro
ess. Prompt tra
ks whi
h are identi�ed as kaons thus
arry, on average, important information about the 
avor of the B0s meson with whi
hthey were produ
ed. It is not surprising that a tagging algorithm based on parti
leidenti�
ation a
hieves better performan
e than the ones whi
h do not use this pie
eof information.The identi�
ation of parti
les is based on information provided by the COT and120
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Figure 6.4: Average dE=dx versus parti
le �
 as measured for various parti
le spe
iesin CDF. The plot is produ
ed utilizing only positively 
harged parti
les. From leftto right, it is possible to distinguish the 
ontributions of the 
alibration samples ofprotons, kaons, and pions.TOF dete
tors. The des
riptions of these dete
tors are presented in Se
tions 2.2.4and 2.2.5. The variables utilized to assign parti
le-identi�
ation are introdu
ed inSe
tion 4.3.4, where the tuning of the MC samples is des
ribed, The pro
edure ofparti
le-identi�
ation is summarized in the next paragraphs.Spe
i�
 energy loss per unit length, usually referred to as dE=dx, is 
orrelatedwith the type of parti
le under 
onsideration. The measured dE=dx is 
alibrated,as des
ribed in Referen
e [40℄, and then utilized to evaluate the variable Z, alreadyde�ned in Equation 4.3.8 as follows:Z(i) � log � (dE=dx)
or(dE=dx)pre(i)� ; i = �;K; p ; (6.5.1)where (dE=dx)
or refers to the 
alibrated dE=dx and the predi
ted expe
tation isobtained from the universal 
urve in Figure 6.4, whi
h expresses dE=dx as a fun
tionof the parti
le speed. The probability that a parti
le is a kaon, a pion, or a proton,is evaluated by 
omparing the three ratios Z(i) 
al
ulated for the 
alibrated dE=dxof the parti
le with the distributions of the Z(i) variables obtained in samples ofpure kaons, pions, and protons. The dE=dx information is available for essentiallyall the tra
ks utilized in this analysis and provides a 
onstant 1:4{standard-deviationseparation between kaons and pions with pT > 2 GeV=
.The TOF dete
tor measures t
ight information. The variable utilized to assess theprobability that a parti
le is a kaon, a pion, or a proton, is the t
ight residual, de�nedas follows: �t
ight � tmeas
ight � tpre
ight ; (6.5.2)121



where the predi
ted t
ight is de�ned in Equation 4.3.13. The dis
riminating powerof the CDF TOF system is > 2 standard deviations for kaons and pions with pT <1:5 GeV=
. The eÆ
ien
y with whi
h t
ight is assigned to a parti
le, as shown in Fig-ure 4.3, is dependent on the tra
k transverse momentum and is measured to be about65%. On the other hand, a large fra
tion of tag 
andidate tra
ks have momentuminferior to 1:5 GeV=
 (Figures 6.10 and 6.11), whi
h makes the TOF 
ontribution ofgreat importan
e.The pie
es of parti
le identi�
ation information from the COT and the TOF are
ombined in a single variable, CLL, whi
h is de�ned as follows:CLL = log� L(K)fpL(p) + f�L(�)� ; (6.5.3)where: L(i) = Pt
ight(i) � PdE=dx(i) ; i = �;K; p : (6.5.4)In the previous formula, Pt
ight(dE=dx)(i) is the probability that the measured t
ight(dE=dx) is 
onsistent with the hypothesis that the parti
le type is i, where i = �;K; p.The variable CLL is thus the ratio of the likelihood L for the signal hypothesis dividedby the one 
orresponding to the ba
kground hypothesis, whi
h is 
onstituted mainlyby pions. The a priori fra
tion of ba
kground pions, f�, is equal to 0:9, while protons
onstitute the remaining 10%, fp = 0:1. The likelihood that a parti
le is of a 
ertaintype, L(i), where i is either �, K, or p, is the produ
t of the probabilities P thatthe measured dE=dx and t
ight are 
onsistent with the hypothesized parti
le type, asshown in Equation 6.5.4.The distributions of CLL in data and in Pythia-MC events, where MC truthinformation is utilized to separate the 
ontributions of pions, kaons, and protons, are
ompared in Figure 6.5. The distributions produ
ed by utilizing dE=dx and t
ightea
h separately are shown in Figure 6.6. The de�nition of CLL in Equation 6.5.3implies that the higher the value of CLL, the more probable the parti
le is a kaon. Asexpe
ted, the greater separation provided by TOF, when its pie
e of information isavailable, with respe
t to dE=dx is visible in the �gures, where the CLL distributionof true kaons is more evidently shifted toward higher CLL values.The parti
le-identi�
ation{based tagging algorithm presented in this se
tion se-le
ts the tag from among the 
andidate tra
ks by taking the tra
k whi
h maximizesCLL. The tag de
ision is the 
harge of the sele
ted tra
k and the dilution is parame-terized as a fun
tion of CLL. Two s
enarios are distinguished, ea
h of whi
h adoptsan independent parameterization, a

ording to whether all the tag 
andidates havethe same 
harge or not. In the �rst 
ase, the tagging algorithms does not have tomake a de
ision, while in the latter 
ase the maxCLL algorithm makes a non-trivialde
ision. The fun
tional form of the two D vs: CLL 
urves is identi
al, but they havedi�erent �nal parameters, as visible in Figure 6.7. The details of the parameteriza-tions, and the values of the parameters used, are presented in Se
tion C.3.The parti
le-identi�
ation{based same-side 
avor tagging algorithm was utilizedin the analysis of B0s � B0s os
illations presented in Referen
e [17℄. The performan
e122
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Figure 6.5: Distribution of CLL for tagging tra
k 
andidates in data (bla
k dots)and Pythia-MC events (histogram). The rightmost bin in the plot 
orresponds tothe 
ases where neither dE=dx nor t
ight information are available. The 
ontributionsof kaons, pions, and protons to the Pythia-MC plot are divided on the basis of MCtruth information, and overlaid. The B0s meson 
andidates are re
onstru
ted in theB0s ! D�s �+; D�s ! �0�� de
ay mode.of the algorithm is quoted in terms of the e�e
tive dilution SDphD2i:SDphD2i = 28:5� 0:7% :The e�e
tive dilution is 
al
ulated in a Pythia-MC sample of B0s ! D�s �+; D�s !�0��. The quoted un
ertainty is statisti
al only. This algorithm for same-side tagging
onstitutes the starting point for the algorithm used in the analysis of B0s os
illationspresented in this do
ument.6.6 Neural Network Same-Side TaggerThe previous se
tions presented a sele
tion of tagging algorithms whi
h have beenstudied in detail, and pro�
iently utilized in CDF analyses. It is natural to 
onsider
ombining the parti
le identi�
ation variable with the kinemati
 des
ription of thetag 
andidate. Many di�erent approa
hes, whi
h are detailed in Appendix C, have123
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Figure 6.6: Distribution of CLL with dE=dx only (left) and t
ight only (right) fortagging tra
k 
andidates in data (bla
k dots) and Pythia-MC events (histogram).The rightmost bin in the two plots, 
orresponds to the 
ases where no dE=dx (leftplot) or no t
ight (right plot) information is available. The 
ontributions of kaons,pions, and protons to the Pythia-MC plots are divided on the basis of MC truthinformation, and overlaid. The B0s meson 
andidates are re
onstru
ted in the B0s !D�s �+; D�s ! �0�� de
ay mode.
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Figure 6.7: Parameterization of the dilution of the maxCLL SST algorithm as afun
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ontains the parameterization used when the tagging tra
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harge. The ploton the right 
ontains the parameterization used when the tagging tra
k is 
hosen inan ensemble of tag 
andidates whi
h have di�erent 
harge. The parameterizationsare obtained as des
ribed in Se
tion 6.1.124



been 
onsidered. Finally, an Adaptive Neural Network (ANN) was 
hosen to performthe 
ombination. A brief summary of the prin
iple of an ANN is presented in thenext paragraph. The performan
e of the ANN-based tagger is only slightly superiorto the parti
le-identi�
ation{only one. Nonetheless, the improvement with respe
t tothe previous tagging algorithm is statisti
ally signi�
ant be
ause measured utilizingexa
tly the same events and the same tagging tra
ks. The 
omparison of the taggingperforman
e of these two algorithms in a B0s ! D�s �+; D�s ! �0�� data sample, ispresented at the end of this 
hapter, in Table 6.8.Neural Networks (NN) provide an algorithm for information pro
essing whi
hmimi
s biologi
al neural systems. The physi
al quantities that are used by the ANN todis
riminate signal from ba
kground are passed to the network through input nodes.These pie
es of information are passed to the nodes whi
h 
ompose the hidden layersof the NN. The nodes in the hidden layers represent the neurons of the network, andare 
onne
ted to the output node(s). Ea
h of the j-th nodes in a hidden layer re
eivesa set of inputs xij, and 
al
ulates the weighed sum yj:yj =Xi wijxij + 
j ; (6.6.1)where wij are the weights assigned to the i-th quantity entering the j-th node and 
j isa bias 
hara
terizing the node, and independent of the input variables. The responseof these internal nodes are modeled by an a
tivation fun
tion, whi
h is typi
ally
hosen to be a sigmoid fun
tion g(y):g(y) = 11 + e�y : (6.6.2)Similarly, ea
h of the output nodes �nally returns a value o obtained as follows:o = g �X fjg(yj)� ; (6.6.3)where fj represents the weight applied to the output of the j-th node in the hiddenlayers 
onne
ted to the output node. In the 
ase of the ANN utilized by the same-side tagging algorithm presented in this se
tion, the output node is unique, andreturns a number between zero and unity. The training of a NN 
onsists in thesele
tion of the weights wij, 
j, and fj for the internal and output nodes. The methodadopted to train the ANN used in this analysis for same-side tagging is the ba
kpropagation method [107℄. Neural Networks provide a 
on
eptual advantage overa likelihood ratio, an example of whi
h is in Equation 6.5.3, to dis
riminate signalfrom ba
kground. When more than one input variable are utilized, neural networksare able to exploit 
orrelations between inputs by adjusting their weights, whereaslikelihood ratios 
annot be
ause they are just built from the produ
t of the individualprobability density fun
tions of the input variables.The ANN input is 
onstituted by CLL, the pie
e of information regarding parti
leidenti�
ation (Equation 6.5.3), and various kinemati
 quantities whi
h have beenintrodu
ed in Se
tion 6.4: pT , prelT , prelL , and �R. Experien
e with the CLL-based125



tagger suggests the addition to the list of input variables a boolean value whi
h is truewhen all the tag 
andidates have the same 
harge. The ANN is trained to sele
t kaonswith the 
orre
t 
harge 
orrelation with the 
avor of the B0s 
andidate. The Pythia-MC sample whi
h 
ontains B0s ! D�s �+; D�s ! �0��, and 
harge-
onjugate, de
aysis utilized for the training. The network maximizes its output on the tag 
andidateswhi
h are kaons with the 
orre
t 
harge 
orrelation. In the 
ase of a B0s 
andidate,positively 
harged kaons re
eive a high network output. The subsample 
ontainingtag 
andidates whi
h are pions, protons or kaons with opposite 
harge 
orrelationrepresents ba
kground. The network is trained to minimize its output on these typeof tra
ks. The distribution of the ANN output in signal and ba
kground 
andidatesis shown in Figure 6.8. In the same �gure, the plot of purity versus eÆ
ien
y of theANN and the distribution of 
orrelations among the input variables listed above areshown.The data{MC-simulation 
omparison of the kinemati
 
hara
teristi
s that aredire
tly utilized by the ANN-based tagging algorithm is presented in Figures 6.10and 6.11. The 
omparisons are performed on the set of tra
ks whi
h satisfy therequirements for being a tag 
andidate, and Pythia-MC truth information is ex-ploited to separate the 
ontribution of pions, kaons and protons. These 
omponentsare separately shown to appre
iate their di�erent 
ontribution to the total sample.By applying the 
ut CLL > 1, where CLL is the quantity de�ned in Equation 6.5.3whi
h 
ontains the parti
le-identi�
ation information, it is possible to isolate a samplethat the MC simulation shows to be highly enri
hed in kaons.The 
omparisons of events in data and in MC simulation provide the 
on�den
ethat the training of the ANN obtained with MC events is optimal for data, too. Theplots presented there show the data{Pythia-MC agreement of transverse momen-tum pT , �R, longitudinal and transverse momentum of the tag 
andidate, prelT andprelL (graphi
ally de�ned in Figure 6.3), relative to the B 
andidate, in the 
ompletesample, and after the CLL > 1 
ut.The de
ision of the tagging algorithm is the 
harge of the tag 
andidate whi
hmaximizes the output of the ANN trained as des
ribed in the previous paragraph.The dilution is parameterized as a fun
tion of this ANN output. Similar to the CLLtag 
ase, the parameterization is di�erent in the two 
ases de�ned by the 
harge-agreement among the tag 
andidates, as shown in Figure 6.9.The ANN-based same-side tagging algorithm is the algorithm utilized in the anal-ysis presented in this do
ument. The next se
tions will des
ribe the 
alibration of thistagger and the study of systemati
 un
ertainties on the 
alibration s
ale fa
tor SD.The presentation of the performan
e of this same-side tagging algorithm is postponedto Se
tion 6.10.6.7 Calibration of the Same-Side TaggerIt is important to stress that the 
orre
t 
alibration of a tagger is ne
essary when alimit on �ms is sought, and when the tagger is used together with other taggers, asstated in Se
tion 6.1. 126
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Figure 6.10: Data{Pythia-MC 
omparison of tag 
andidate variables. From leftto right, and top to bottom, are plotted the distributions for: angular separation�R(B; trk), longitudinal and transverse momentum prelT and prelL relative to the B
andidate and transverse momentum of tagging tra
k 
andidates. The 
ontributionsof kaons, pions, and protons to the Pythia-MC plots are divided on the basis of MCtruth information, and overlaid, for the purpose of showing the relative population ofdi�erent spe
ies.The prin
iple upon whi
h the SST algorithms des
ribed in this se
tion are basedupon relates the B meson under study with the type of parti
les produ
ed in asso-
iation with it. It is thus expe
ted that same-side taggers perform di�erently in the
ase of B+, B0 or B0s.It is possible to 
alibrate 
avor taggers for B+ 
andidates dire
tly on B+ data.Be
ause 
harged B mesons do not mix, the 
avor of a 
andidate is dire
tly indi
atedby the 
harges of the tra
ks in the 
andidate's �nal state, and the expressions inEquation 6.1.2 are utilized with the 
osine term set equal to unity. The B+ datasample 
onstitute an extremely valuable sour
e of information for the 
alibration oftaggers be
ause of the fa
t they do not mix and the 
orre
tness of a tagging de
ision128
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Figure 6.11: Data{Pythia-MC 
omparison of tag 
andidate variables with CLL
ut. From left to right, and top to bottom, are plotted the distributions for: angularseparation �R(B; trk), longitudinal and transverse momentum prelT and prelL relativeto the B 
andidate and transverse momentum of tagging tra
k 
andidates. The labelPID indi
ates CLL, de�ned in Equation 6.5.3. The 
ut CLL > 1 enri
hes the samplein kaons, as 
learly shown by the separation of the Pythia-MC sample by parti
lespe
ies.is readily known without un
ertainty.For the 
alibration of 
avor taggers applied to B0 
andidates, B0 data is alsodire
tly usable. In this 
ase, the reason is that the CDF data samples are sensitiveenough to measure the os
illation frequen
y �md, a pre
ise measurement of whi
h isindependently known [7℄. It is thus possible to perform, at the same time, a �t for�md and for the s
ale fa
tor SD of a tagger, and the value of �md resulting from the�t 
an be 
ompared to its world average. The �t utilizes Equation 6.1.2, with thesubstitution of �ms with �md.It is also notable that a same-side kaon tagger is expe
ted to perform well on aB+ sample. In fa
t, Figure 6.1 shows that the 
orrelation between the 
avor of the129



B+ meson and the 
harge of the same-side kaon is the same as with same-side pions,whi
h are the next 
losest parti
les that the tagging algorithm may sele
t. In the 
aseof B0 meson, the 
orrelation between the 
harge of the same-side kaon and the 
avorof the B0 
andidate is 
ontrary to the 
orrelation between the 
harge of the same-sidepion and the 
avor of the B0 
andidate. Same-side kaon taggers are thus expe
ted toperform better on B+ samples than on B0 samples (additional information is providedin Appendix B).In the 
ase of the analysis of B0s os
illations presented in this do
ument, instead,same-side taggers have to be 
alibrated beforehand be
ause, in 
ase a measurementof �ms would not be possible, a limit would be set. Besides, other 
avor taggingalgorithms are utilized in this analysis (Se
tion 5.3), whi
h requires ea
h of them tobe 
alibrated to provide a 
orre
t 
ombination. It is thus not 
orre
t to �t dire
tlyfor �ms be
ause it is not even known a priori if data 
ontain enough information tobe sensitive to that quantity.The 
alibration of the SST for B0s is performed on a MC sample whi
h reprodu
esthe fragmentation pro
ess in whi
h the B0s is generated. Chapter 4 is dedi
ated to thedemonstration that the MC simulation a

urately des
ribes the properties of B0s eventswhi
h are of interest for this analysis. In the simulation the produ
ed B0s does not mixbefore de
aying. The 
avor at produ
tion is thus, by 
onstru
tion, identi
al to the
avor at de
ay, whi
h is indi
ated without error by the 
harge of the de
ay produ
ts,be
ause the re
onstru
ted �nal states are self-tagging. The 
alibration 
onsists, asanti
ipated in Se
tion 6.1, in the simultaneous �t of mass and proper de
ay-time ofthe re
onstru
ted B0s 
andidates in the three subsamples whi
h 
ontains B0s 
andidateswhi
h mixed (i.e., the 
avor tagger indi
ates a produ
tion 
avor di�erent from the
avor as at de
ay), did not mix, or were not tagged. The following equations areutilized: Punmixed(t) / [1 + SDD℄ ; (6.7.1)Pmixed(t) / [1� SDD℄ : (6.7.2)These formulae derive from Equation 6.1.2. The os
illation frequen
y is equal to zeroby 
onstru
tion (B0s 
andidates in the MC simulation do not os
illate), and SD is afree parameter in the �t.The distributions of the ANN input variables in data and of the main 
hara
-teristi
s of B0s 
andidates and B0s events have been thoroughly 
ompared with the
orresponding distributions obtained in simulated events, as shown in the plots inSe
tion 4.4.The most important 
ross-
he
k of the validity of the pro
edure is the 
he
k thatthe results obtained in MC samples and in data are 
onsistent, when using various B0and B+ de
ay modes, where the SST s
ale fa
tors 
an be measured dire
tly in dataand 
al
ulated utilizing MC events. This 
ross-
he
k has been performed utilizing theparti
le-identi�
ation{based algorithm for same-side 
avor tagging des
ribed in Se
-tion 6.5. Due to te
hni
al reasons, su
h 
omprehensive study 
ould not be performedfor the ANN-based SST algorithm. However, the level of agreement between distribu-tions in data and MC simulation rea
hed provides the 
on�den
e that the 
on
lusions130
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Figure 6.12: Data{Pythia-MC 
omparison of dilution of the maxCLL SST algo-rithm applied to B0 and B+ 
ontrol samples. Data points in
lude statisti
al un
er-tainties, while MC entries are drawn with systemati
 and statisti
al un
ertainties.of this 
ross-
he
k are valid. Figure 6.12 shows the 
omparison of dilutions measuredin data, with statisti
al un
ertainty, and in the respe
tive MC sample, with systemati
un
ertainties applied, in four B0 and B+ 
ontrol samples. The SST algorithm utilizedin the 
omparison is the parti
le-identi�
ation{based one des
ribed in Se
tion 6.5.The 
ontrol modes utilized in this analysis are B0 ! D��+(���+); D� ! K+����,B0 ! J= K�0; J= ! �+��; K�0 ! K+��, B+ ! D0�+(���+); D0 ! K+��, andB+ ! J= K+; J= ! �+��. The sele
tion of 
andidates in these 
ontrol modes isdes
ribed in Appendix B. Additional plots of data{MC-simulation 
omparisons arepresented as well.6.8 Systemati
 un
ertaintiesThe 
alibration of the tagger using MC samples introdu
es several possible sour
es ofsystemati
 un
ertainties, most of whi
h are 
onne
ted with the model used to simulatethe B0s produ
tion pro
ess. Ea
h of the next se
tions will present the evaluation of asour
e of systemati
 un
ertainties. All systemati
 un
ertainties have been evaluatedby using the same MC sample, but reweighing MC events in order to simulate the ef-fe
t under study whi
h is suspe
ted to 
ontribute to the total systemati
 un
ertainty.In some 
ases, su
h as the estimation of parti
le-identi�
ation{related systemati
 un-
ertainties, the properties of MC events are reprodu
ed utilizing di�erent algorithms.The s
ale fa
tor SD �tted in the nominal MC 
on�guration is 
ompared to the131



s
ale fa
tor �tted in the reweighed, or modi�ed, MC sample. The dis
repan
y pro-vides an estimate of the systemati
 un
ertainty asso
iate with the e�e
t simulatedby the reweighing, or modi�
ation. For some of the sour
es of systemati
 un
er-tainties, it has been 
hosen to dire
tly utilize the un
ertainty on the s
ale fa
tor ofthe maxCLL algorithm as an estimate of the un
ertainty on the s
ale fa
tor of theANN-based algorithm. These sour
es are the b-produ
tion me
hanism, the 
hoi
e ofa fragmentation fun
tion, the possibility of multiple p�p intera
tions in the same eventre
ord, and parti
le-identi�
ation.A summary of the studies performed, with an estimate of the total systemati
un
ertainty, is presented in the last se
tion. The systemati
 un
ertainty asso
iatedwith ea
h of the e�e
ts analyzed is indi
ated by �SD in the tables at the end of thisse
tion.6.8.1 b-produ
tion me
hanismThree di�erent pro
esses 
ontribute to the produ
tion of b�b pairs [76℄: 
avor 
reation(FC, � 25%), 
avor ex
itation (FE, � 55%) and gluon splitting (GS, � 20%).The 
urrent un
ertainty in the fra
tions of these pro
esses is large enough to havesome in
uen
e in 
avor tagging based on MC simulation. A way of estimating theun
ertainty asso
iated with the produ
tion fra
tions is to 
onstrain the fra
tions fromthe data of this analysis, and then to see how mu
h the MC results are a�e
ted byvariations within the ranges permitted by the data.The most dis
riminating variable for these pro
esses is the angular di�eren
e ��between the signal and opposite-side B dire
tion. While 
avor 
reation and 
avorex
itation mainly produ
e B mesons ba
k-to-ba
k, B mesons from gluon splittingpro
esses are more often dire
ted in the same dire
tion. In the 
ontext of same-sidetagging, opposite-side B daughters and fragmentation tra
ks are more likely to disturbthe tagger for gluon splitting events than for the two other pro
esses. By �tting�� distributions from simulation for the di�erent pro
esses to the �� distributionin data the following ranges for the systemati
 variations have been determined:gluon splitting fra
tion within [�68%;+46%℄, 
avor ex
itation and 
reation within[�50%;+50%℄ relative to their nominal appearan
e.Several s
enarios of the �t of the produ
tion me
hanisms have been 
onsidered.The �ts su�er from the limited statisti
s available, and no pre
ise statement aboutthe GS fra
tion in data 
ould be made. Among the 
onsidered s
enarios, two extreme
ases are utilized to evaluate systemati
 e�e
ts. The two 
ases 
orresponds to �xingthe ratio between FE and FC ratios to 1:1.5 and 1:0.5 relative to the nominal values inMC simulation. With these pres
riptions, the �t results are FC = 0:75� 0:06, FE =FC�1:5, GS = 1:37�0:09 and FC = 1:13�0:08, FE = FC�0:5, GS = 0:81�0:13. Thesystemati
 un
ertainty is estimated by 
al
ulating the maxCLL SST s
ale fa
tor inthe s
enarios labeled \GS1", with FC = 0:75�0:06, FE = FC�1:5, GS = 1:37+0:09,and \GS2", with FC = 1:13 + 0:08, FE = FC�0:5, GS = 0:81 � 0:13, in Table 6.3.The di�eren
e between the results in these two s
enarios and the 
al
ulated s
alefa
tor in the default 
on�guration provides an estimate of the systemati
 un
ertaintyasso
iated with the un
ertainty on the relative fra
tions of the 
ontributions of FC,132



FE, and GS to the produ
tion of b quarks.6.8.2 Fragmentation pro
essThe Lund string fragmentation model provided by the Pythia generator is utilizedto produ
e the default MC sample. The numerous systemati
 studies related to thefragmentation that have been performed are des
ribed in the following paragraphs.In Se
tion 4.3.5 it has been explained that both Peterson and Lund fragmentationfun
tions have been utilized in the generation of the Pythia-MC sample used to
alibrate the ANN-based SST, for strings with heavy and light quarks, respe
tively. Itis also relevant to remind that the use of the Peterson fun
tion, whereas Referen
e [93℄shows that a Lund fun
tion better des
ribes B data, is di
tated by the presen
eof a long tail in the low-z region whi
h 
hara
terizes this fragmentation fun
tion.In the framework utilized for this analysis, the simulation of the use of di�erentfragmentation fun
tions is implemented by reweighing the MC events in the produ
edsample. The tail in the Peterson fragmentation fun
tion allows for the reweighing ofthe produ
ed MC sample with weights 
lose to unity, and thus minimizing the e�e
tof statisti
al 
u
tuations.The allowed parameter spa
e for the parameters of the symmetri
 Lund fun
tionwhi
h has been adopted to des
ribe the fragmentation pro
ess has been determinedfrom a simultaneous �t to several distributions in data and MC simulation whi
hare sensitive to the fragmentation fun
tion, su
h as tra
k multipli
ity, transversemomentum of the B and of the fragmentation tra
ks. The data and MC samples ofB0 ! J= K�0; J= ! �+��; K�0 ! K+��, B+ ! J= K+; J= ! �+��, and B0s !J= �0; J= ! �+��; �0 ! K+K� were utilized for this study, in Referen
e [108℄.Three alternative sets of parameters for a symmetri
 Lund fun
tion have been 
hosento evaluate systemati
 un
ertainties. As an additional 
ross 
he
k, three variationsa

ording to a Peterson fun
tion have been utilized, although not in
luded in the
omputation of the �nal systemati
 un
ertainty. The fragmentation fun
tions whi
hwere utilized are shown in Figure 6.13. The systemati
 un
ertainty on the s
ale fa
torSD asso
iated with the 
hoi
e of a parti
ular fragmentation fun
tion is 
al
ulatedutilizing the maxCLL algorithm for same-side tagging. This un
ertainty is indi
atedby the labels \Peterson" and \Lund", followed by the value of the parameters utilizedfor these fun
tions, in Table 6.3.The fragmentation pro
ess determines the formation of hadrons out of the string.It thus essentially e�e
ts the tra
k multipli
ity around the B meson, the B momentumand the momenta of the fragmentation tra
ks.In order to perform systemati
 variations of the SST s
ale fa
tor, the MC eventshave been reweighed a

ording to modi�
ations of some 
hara
teristi
 distributionswith one entry per (tagged) event. The following distributions have been 
hosen:� transverse momentum of the B 
andidate;� number of tagging tra
k 
andidates;� �R(B; trk of the sele
ted tagging tra
k (Equation 6.3.1);133
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Figure 6.13: Fragmentation fun
tions used to evaluate systemati
 un
ertainties.� CLL of the sele
ted tagging tra
k (Equation 6.5.3);� pT of the sele
ted tagging tra
k;� prelT of the sele
ted tagging tra
k (Figure 6.3);� prelL of the sele
ted tagging tra
k (Figure 6.3).Two variations of the distributions for ea
h of these variables are generated from thedata as follows: the �rst bin of a distribution (bin 1) is modi�ed by +1�1, where �1 isthe un
ertainty on the 
ontent of the �rst bin, and the last bin (bin N) is modi�ed inthe opposite dire
tion, thus �1�N down. The other bins (i = 2, . . . , N-1) are modi�edby (1�2i=N)��i. The se
ond set of distributions is obtained with the same algorithmwith inverted sign, in order to produ
e a variation of the default distribution biasedtoward high mean values. The modi�ed distributions are then normalized, and MCevents are reweighed by the ratio of the MC distribution and the low (high) variationof the same distribution in data. Some examples of the modi�ed distributions arereported in Figure 6.14.By varying the MC sample within the ranges allowed by the statisti
al un
ertain-ties on the 
orresponding distributions in the data, following the pro
edure des
ribed134
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Figure 6.14: Reweighing distributions: prelT (left) and �R (right). The bla
k markerswith error-bars indi
ate the referen
e distribution in data. The red/gray (blue/bla
k)distribution is obtained following the algorithm des
ribed in the text to produ
e alow (high) variation of the distribution in datain the previous paragraph, an estimate of how far the MC simulation 
an be maxi-mally o� is obtained. The quantities 
hosen for this test in
lude some of the kinemati
variables whi
h are utilized as input to the ANN of same-side tagging. This study ofsystemati
 un
ertainties has been performed using the ANN-based same-side taggingalgorithm. The results are reported in Table 6.5.
6.8.3 Parti
le-
ontent around the B mesonThe parti
le spe
ies produ
ed around the B0s meson give us some insight into thefragmentation pro
ess. A measurement of the spe
ies of stable 
harged parti
lesaround B mesons has been performed in a high statisti
s sample of semileptoni
 Bde
ays [99℄.The fra
tion of kaons produ
ed around B0s mesons and sele
ted as tagging tra
ksis found to be somewhat di�erent between data and MC simulation, 20:2� 1:4% and23:6 � 0:2%, respe
tively. The variation of SD, whi
h is 
al
ulated using MC, that
an be 
aused by having a di�erent fra
tion of kaons around B0s 
andidates in theMC simulation with respe
t to the one observed in data, is evaluated by studyingthe e�e
t of redu
ing the kaon fra
tion to 19:5% in the MC sample. This new valuefor the kaon fra
tion represents a �1� variation from the measured fra
tion in data.The 
orresponding weight applied to kaon-tagger MC 
andidates, wK, is 
al
ulated135



as follows:wK = f dataK � � � �datafKfMCK = 20:2� 0:475 � 1:423:6 = 0:828 ;(6.8.1)wp = 1 + fMCK � (f dataK � � � �datafK )f datap = 1 + 23:6� (20:2� 0:475 � 1:4)4:2 = 1:960 ;(6.8.2)where the fa
tor � de�nes the 1� single-sided region in the kaon fra
tion. The weightfor proton-tagged events, wp, has been 
hosen to 
ompensate for the drop in the kaonfra
tion, while pion-tagged events are left untou
hed. In the formula above, fK and fprepresent the fra
tion of kaon-tagged and proton-tagged B0s 
andidates, as measuredin data and in MC events, while �fK is the un
ertainty on the measurement of thefra
tion of kaon-tagged events in data.Two di�erent s
enarios have been 
onsidered, and modi�
ations to the s
ale fa
torof the ANN-based tagging algorithm evaluated. Firstly, all events with a kaon astagging tra
k have been reweighed, thus bringing the total kaon fra
tion in MC eventsto mat
h the one in data, and the performan
e of the tagger measured in the weighedMC sample. This approa
h assumes that the de�
it in kaons whi
h is indi
ated bythe measurement in data is equally distributed among all kaons, independently if theyare potentially good or bad tagging tra
ks.The se
ond s
enario represents an extreme 
ase: only 
andidates tagged by kaonsoriginating from the string 
ontaining the b quark are randomly removed until thetotal kaon fra
tion is redu
ed to mat
h wK in Equation 6.8.2. These kaons 
arry, onaverage, more tagging power (i.e., higher dilution), and thus this s
enario representsthe worst possible 
ase. Half of the deviation in SD 
al
ulated in this s
enario hasbeen added in quadrature to the total systemati
 un
ertainty.In addition to studying the stable 
harged parti
les, the rate of kaons from res-onan
es and ve
tor parti
les su
h as �0, K0s and K�0 has been 
he
ked. The massdistributions of the above resonan
es produ
ed using the Pythia-MC sample are
ompared to the ones obtained with the high statisti
s B0s ! D�s `+X sample (Fig-ure 6.15), in order to get an estimate of possible disagreements in the rates of kaonsfrom su
h resonan
es between data and MC simulation. The statisti
al pre
isionis not suÆ
ient to make a pre
ise statement. Therefore, the fra
tion of MC eventswhere the a
tual tagging tra
k originates from a �0, a K0s, or a K�0 has been variedby a fa
tor of 2 lower and higher than nominal. The largest negative and positivedeviations in the s
ale fa
tor of the ANN-based same-side tagger obtained in thesetests have been assigned as an additional systemati
 un
ertainty.These 
ontribution to the total systemati
 un
ertainty are indi
ated as \kaon fra
-tion", \prompt kaon fra
tion", and \resonan
e/V0 
ontent" in Table 6.5, respe
tively,and represent the largest part of the total systemati
 un
ertainty. The 
ontributionto the systemati
 un
ertainty labeled with \prompt kaon fra
tion" in Table 6.5 isalready 
orre
ted by a fa
tor 0.5, as indi
ated in the des
ription of this study.136
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Figure 6.15: Re
onstru
ted �0, �0, K0s, and K�0 
andidates. Bla
k dots 
orrespondto the B0s ! D�s �+ Pythia-MC sample, red/gray dots to the B0s ! D�s `+X;D�s !�0�� sample in data. Plots are normalized to the number of B0s 
andidates.6.8.4 Multiple intera
tionsThe rate of additional potential tagging tra
ks 
oming from p�p intera
tions otherthan the one whi
h produ
ed the B0s 
andidate, pile-up events, has been measured ondata and a

ordingly added to our MC sample, as des
ribed in Se
tion 4.3.5. Be
ausethis rate depends on luminosity, two s
enarios have been studied: \high" and \low"luminosity, de�ned by the thresholds in Table 6.1. The numbers of events to be addedto the MC sample have been measured in the di�erent luminosity ranges. Table 6.1
ontains the fra
tions of events to whi
h tag 
andidates are added in the three periodsof data taking and in the default, \high", and \low" luminosity s
enarios, and thethreshold in instantaneous luminosity utilized to de�ne \high" and \low" s
enarios.The s
ale fa
tor SD of the parti
le-identi�
ation{based same-side tagger is then
al
ulated in MC samples to whi
h tagging tra
ks have been added, a

ording to the\high" and \low" luminosity s
enarios. The obtained values for the s
ale fa
tor are137



Period L Threshold Default Low High0d 25 � 1030 
m�2s�1 0:22% 0:18% 0:48%0h 35 � 1030 
m�2s�1 0:65% 0:5% 1:2%0i 35 � 1030 
m�2s�1 0:72% 0:5% 1:1%Table 6.1: Fra
tions of events with an additional tag 
andidate from pile-up eventsused for systemati
 un
ertainties. The threshold separates the events whi
h are
ounted in the high-luminosity and low-luminosity s
enarios. \Default" indi
atesthe fra
tion determined in the tuning pro
edure of the MC simulation.�nally 
ompared to a MC simulation with the default rate. Dis
repan
ies between the
al
ulated values provide an estimate of a possible dependen
e of the SST s
ale fa
toron luminosity. As hard 
uts on the impa
t parameter signi�
an
e and the �z0(B; trk)are applied, the e�e
t of multiple intera
tions on the s
ale fa
tor is relatively small.The un
ertainty estimated for the parti
le-identi�
ation{based algorithm has beenutilized as an estimate of the un
ertainty on the ANN-based algorithm for same-sidetagging too.6.8.5 Simulation of parti
le identi�
ationBoth t
ight and dE=dx measurements play a major role in this analysis. Therefore a�ne tuning of the simulation was needed to ensure that the MC samples reprodu
ethe data well, whi
h was des
ribed in Se
tion 4.3.4.The evaluation of the systemati
 un
ertainty related to parti
le identi�
ation hasbeen performed by modifying the distributions whi
h are utilized to simulate parti-
le identi�
ation in MC events. Three sour
es of systemati
 un
ertainty have beenidenti�ed.The �rst sour
e of systemati
 un
ertainty 
omes from the parti
ular 
hoi
e of aparameterization of the TOF resolution fun
tion. The systemati
 un
ertainty asso
i-ated with preferring one parameterization fun
tion over another one is investigated byutilizing a se
ond parameterization. Two di�erent TOF resolution parameterizationswere developed. The parameterization whi
h has been sele
ted as default methodis des
ribed in Referen
e [99℄, while the other one is des
ribed in Referen
e [109℄.The main di�eren
e between the two methods is that the prin
ipal motivation forthe te
hnique developed in the latter referen
e is separating pions and kaons on atra
k-by-tra
k basis, and the parameterization for the TOF resolution whi
h is de-rived assumes pT -independen
e of the TOF resolution fun
tion. The parameterizationwhi
h is here utilized as default method, instead, was developed for the study of thespe
ies of 
harged parti
les produ
ed in asso
iation with B mesons in ranges of tra
kpT . This required to fo
us on obtaining the 
orre
t statisti
al separation betweenparti
le spe
ies, whi
h is attainable by simulating the tails in the TOF resolutionfun
tion 
orre
tly. Moreover, a pT -dependent resolution fun
tion allowed for the re-moval of systemati
 e�e
ts that would appear if all the pT ranges investigated weretreated uniformly. As systemati
 study, the �rst method is utilized to re
onstru
t theidentity of parti
les, but the TOF response is simulated using the se
ond method.138



A se
ond sour
e of systemati
 un
ertainty, whi
h is still related with TOF, is dueto the un
ertainty on the eÆ
ien
y fun
tion versus tra
k pT that des
ribes the ratiobetween the data and the simulation. The eÆ
ien
y ratio has been varied by �8%for MC events whi
h simulate 0d data, and �10% for MC events simulating 0h and0i data, as shown in Figure 4.3.The systemati
 un
ertainties on the dE=dx measurement is estimated followingthe suggestions given by Referen
e [110℄. While using the default distributions of Z,whi
h is de�ned in Equation 4.3.8, to assess the identity of a parti
le, the distribu-tions utilized in the simulation have been 
hanged by varying their mean within therange [�0:007;+0:002℄ (0d MC events), or [�0:002;+0:004℄ (0h and 0i MC events),and in
reasing their width by 3%. Finally, the number of COT hits with dE=dxinformation has been varied, in the simulation, by �5.Three di�erent s
enarios have been 
onsidered for 0d MC events, 
hara
terizedby the variations of TOF eÆ
ien
y, parameterizations of TOF resolution, number ofCOT hits with dE=dx information and distribution of the Z variable des
ribed inthe previous paragraphs. The �rst two s
enarios are 
hara
terized by a worsening ofthe performan
e of parti
le-identi�
ation, while the third s
enario 
orresponds to anoptimisti
 
ase. The pres
riptions for the three s
enarios are summarized below:A di�erent TOF p.d.f. used for simulation and re
onstru
tion, �8% TOF eÆ-
ien
y, �5 COT dE=dx hits, �Z � 1:03 and hZi = �0:007;B di�erent TOF p.d.f. used for simulation and re
onstru
tion, �8% TOF eÆ-
ien
y, �5 COT dE=dx hits, �Z � 1:03 and hZi = +0:002;C +8% TOF eÆ
ien
y, +5 COT dE=dx hits.The di�eren
es between the s
ale fa
tor SD of the parti
le-identi�
ation{based tagger
al
ulated in the MC sample with the default simulation of parti
le identi�
ation andthe ones 
al
ulated with ea
h of the modi�ed s
enarios for the parti
le-identi�
ationsimulation are reported in Table 6.3. The di�eren
es 
orresponding to the threes
enarios des
ribed in the list above are labeled t
ight+dE=dx A, B, and C, respe
tively.One additional e�e
t has to be taken into a

ount for the TOF simulation. It is
al
ulated in the MC simulation that 1:5% of the tra
ks in the TOF do not originatefrom the primary vertex, and thus their t0 (i.e., the produ
tion time) is not known.One systemati
 study is to simulate them as if they were kaons from the primaryintera
tion (OBSP K). The other systemati
 study is to simulate them as if theywere pions from the primary intera
tion (OBSP �). The di�eren
e between thenominal SD and the ones 
al
ulated with the two above assumptions are indi
ated bythe labels OBSP K and OBSP � in Table 6.3.In the 
ase of 0h and 0i MC events, it has instead been suggested to separatethe variations in TOF and COT performan
e. Fourteen di�erent 
on�gurations havethus been de�ned:� optimisti
 parti
le-identi�
ation: TOF resolution s
ale fa
tor 1:05 (default 1:15)),+10% TOF eÆ
ien
y, +5 COT dE=dx hits, +1� dE=dx eÆ
ien
y;139



� 
onservative parti
le-identi�
ation: TOF resolution s
ale fa
tor 1:25 (default1:15)), �10% TOF eÆ
ien
y, �5 COT dE=dx hits, �1� dE=dx eÆ
ien
y;� hZi = �0:002;� hZi = +0:004;� �Z � 1:03 or 0:97 for pions with pT � 1 GeV=
;� �Z � 1:03 or 0:97 for kaons with pT � 1 GeV=
;� �Z � 1:03 or 0:97 for protons with pT � 1 GeV=
;� shift in TOF o�set of �15 ps for kaons only;� shift in TOF o�set of �15 ps for protons only.The last four 
on�gurations, whi
h introdu
e a shift in the TOF o�set, are meant to
over the additional e�e
t des
ribed in the previous paragraph. The systemati
 shiftsof the s
ale fa
tor of the parti
le-identi�
ation{based tagging algorithm are reportedin Table 6.4.6.8.6 B0 and B+ Data{MC agreementAs explained in Se
tion 6.7, it has been 
he
ked that the s
ale fa
tors SD of theparti
le-identi�
ation{based same-side tagger, des
ribed in Se
tion 6.5, obtained fromPythia-MC and data samples of B0 and B+ mesons agree within their statisti
al andsystemati
 un
ertainties. However, this statement 
annot be made more pre
ise thanthe un
ertainties on the data and MC sample. Therefore, the weighed mean of theun
ertainties from the B0 and B+ 
ontrol modes has been utilized as an estimate of thesystemati
 un
ertainty asso
iated with a residual data{MC-simulation disagreementfor the SST s
ale fa
tor applied to B0s de
ay modes. The following equation des
ribesthe evaluation of this 
omponent of the systemati
 un
ertainty of SD:ÆSD = Pi(Sdata;i � SMC;i) �wiPiwi ;wi = 1�2Sdata;i + �2SMC;i ;�ÆSD = 1pPiwi ; (6.8.3)where S is the SST s
ale fa
tor and the index i runs on the four B0 and B+ re
on-stru
ted modes, whi
h are listed in Se
tion 6.7. The weighed mean of the un
ertaintiesÆSD and the \e�e
tive" varian
e �ÆSD are utilized as estimates of the un
ertainty as-so
iated with residual data{MC-simulation disagreement. In the 
ase of data, �Sdata;irepresents the pure statisti
al un
ertainty. In the 
ase of MC simulation, �SMC;i isthe sum in quadrature of statisti
al and the other systemati
 un
ertainties, where140



algorithm [%℄ Æ �Æ Æ=�ÆD, max prelL -2.1 1.4 1.5D, maxCLL -0.7 1.6 0.4SD, max prelL -4.8 5.5 0.9SD, maxCLL -7.6 4.7 1.6Table 6.2: Systemati
 un
ertainty from B+ and B0 data{MC simulation agreement.In the table, Æ represents either ÆD or ÆSD. This study addresses the possibilitythat disagreements between the SST s
ale fa
tors measured in data and 
al
ulatedin the MC samples are 
overed by their statisti
al and systemati
 un
ertainties. Thesigni�
an
es of the dis
repan
ies, indi
ated by Æ=�Æ, are 
onsistent with the variationsÆ being statisti
al 
u
tuations.positive systemati
 un
ertainty is taken when the s
ale fa
tor in data is higher thanthe one from MC simulation, while the negative un
ertainty is taken when the s
alefa
tor in data is lower.The formulae in Equation 6.8.3 have been used to estimate the residual data{MC-simulation disagreement for the s
ale fa
tor and average dilution of the maxCLL SSTalgorithm. The average dilution of a same-side tagging algorithm is 
al
ulated in a MCsample and measured in B+ and B0 data utilizing Equation 6.1.1. As a 
ross-
he
k,the same 
al
ulation has been performed for the s
ale fa
tor and average dilution ofthe the max prelL algorithm presented in Se
tion 6.4. The results of the 
omparison arepresented in Table 6.2. The signi�
an
e of the deviations, ÆSD(D)=�ÆSD(D), are be-tween 0:5 and 1:5, 
ompletely 
onsistent with a statisti
al 
u
tuation. Therefore, themaximum value between ÆSD and �ÆSD for the parti
le-identi�
ation{based taggingalgorithm is 
hosen as estimate of the un
ertainty and added to both the negativeand positive total systemati
 un
ertainty of the ANN-based tagging algorithm.The 
omponent of the total systemati
 un
ertainty evaluated in this se
tion, whi
his a rather important one, 
onservatively estimates the possibility that large statis-ti
al and systemati
 un
ertainties in the SST s
ale fa
tors, as measured in data and
al
ulated in the MC samples, 
over residual disagreements between the s
ale fa
torsmeasured in data and 
al
ulated using MC simulated events. As su
h, this systemati
un
ertainty is expe
ted to de
rease when larger MC samples will be available.6.8.7 Total systemati
 un
ertaintyThe 
omplete list of the analyzed sour
es of systemati
 un
ertainties whi
h a�e
t thes
ale fa
tor of the ANN-based same-side tagging algorithm applied to B0s samples isdetailed in Tables 6.3, 6.4, and 6.5. The �rst two tables 
ontain systemati
 un
er-tainties whi
h were 
al
ulated adopting the parti
le-identi�
ation{based same-sidetagging algorithm. These un
ertainties have been transferred, unmodi�ed, to theANN-based algorithm.The total systemati
 un
ertainty is indi
ated by �� in Table 6.6. It is 
al
ulatedby pi
king the largest positive and the largest negative deviations for ea
h e�e
t,and adding them in quadrature separately for positive and negative deviations. The141



Sour
e �SD [%℄GS1 �1:5GS2 +0:6Peterson (0.004) �3:1Peterson (0.006) +1:0Peterson (0.008) �0:5Lund (1,10) +0:5Lund (3,22) +1:8Lund (9,55) +4:4- pile-up +0:2+ pile-up �0:2t
ight+dE=dx A �4:0t
ight+dE=dx B �3:0t
ight+dE=dx C +3:6OBSP K �2:6OBSP � �0:3Table 6.3: Systemati
 un
ertainties �SD on the s
ale fa
tor of the maxCLL algo-rithm for same-side tagging. These estimates are utilized, unmodi�ed, as un
ertain-ties on the s
ale fa
tor of the ANN-based algorithm. The systemati
 un
ertaintiesasso
iated with pile-up events and with the TOF and COT dE=dx simulation referto MC events whi
h simulate 0d data only. The details of the evaluation of thesesystemati
 un
ertainties are reported in Se
tions 6.8.1, 6.8.2, 6.8.4, and 6.8.5. All theun
ertainties are referred to the s
ale fa
tor 
al
ulated in a Pythia-MC sample ofB0s ! D�s �+; D�s ! �0�� 
andidates.unique ex
eption is the systemati
 un
ertainty related with fragmentation fun
tions,where the variations of the Peterson fun
tion, whi
h were required as a 
ross-
he
k,are reported for referen
e only.The largest 
omponent of systemati
 un
ertainty is the one whi
h estimates thepossibility that a residual disagreement between s
ale fa
tors measured in B0 and B+data and 
al
ulated in MC simulation is 
overed by their un
ertainties. As mentionedbefore, this 
omponent is expe
ted to de
rease if larger MC samples are utilized.Besides that, the dominant sour
e of systemati
 un
ertainties is the kaon fra
tionaround B mesons, followed by the variation of the tagging related distributions withinthe statisti
al un
ertainties from data. All other systemati
 un
ertainties are small
ompared to those two sour
es. Adding ea
h variation separately from the othersystemati
 un
ertainties is a very 
onservative approa
h.6.9 Transfer Between SamplesThe only di�eren
e between the performan
e of a SST on di�erent B0s de
ay modesis their di�erent momentum spe
tra due to di�erent trigger and re
onstru
tion 
uts.The s
ale fa
tor SD of the ANN-based same-side tagger has been 
al
ulated using a142



Sour
e �SD [%℄- pile-up +0:1+ pile-up �0:6optimisti
 parti
le-identi�
ation +3.9
onservative parti
le-identi�
ation -4.1hZi = �0:002 < 0.1hZi = +0:004 < 0.1�Z � 1:03, kaons with pT � 1 GeV=
 < 0.1�Z � 0:97, kaons with pT � 1 GeV=
 -0.2�Z � 1:03, pions with pT � 1 GeV=
 -0.6�Z � 0:97, pions with pT � 1 GeV=
 +0.5�Z � 1:03, protons with pT � 1 GeV=
 < 0.1�Z � 0:97, protons with pT � 1 GeV=
 < 0.1TOF response +15 ps, protons +0.1TOF response �15 ps, protons < 0.1TOF response +15 ps, kaons < 0.1TOF response �15 ps, kaons -0.3Table 6.4: Systemati
 un
ertainties �SD in the 0h and 0i data samples on the s
alefa
tor of the maxCLL algorithm for same-side tagging. These estimates are utilized,unmodi�ed, as un
ertainties on the s
ale fa
tor of the ANN-based algorithm. Thetotal un
ertainty asso
iated with parti
le identi�
ation is +3:9�4:2, while the parti
le-identi�
ation{related un
ertainty in the 0d data sample, from Table 6.3, is +3:6�4:0. Thedetails of the evaluation of these systemati
 un
ertainties are reported in Se
tions 6.8.4and 6.8.5. All the un
ertainties are referred to the s
ale fa
tor 
al
ulated in a Pythia-MC sample of B0s ! D�s �+; D�s ! �0�� 
andidates.MC sample of B0s ! D�s �+; D�s ! �0�� 
andidates. It may thus be ne
essary toapply a 
orre
tion to this s
ale fa
tor when the tagger is applied to a di�erent B0sde
ay mode. In order to estimate the 
orre
tion fa
tor to utilize when analyzing theadditional modes that will be used in this analysis, whi
h are listed in Se
tion 1.5, thepT (B) distribution of the B0s ! D�s �+; D�s ! �0�� MC sample utilized to 
al
ulatethe default value of SD has been reweighed to mat
h the distribution observed indata from the additional modes. The 
al
ulated 
orre
tion fa
tors are reported inTable 6.7.6.10 Final s
ale fa
torsThe performan
e of a tagging algorithm is summarized by its eÆ
ien
y and dilution.Se
tion 6.7 des
ribed the 
alibration of 
andidate-by-
andidate dilution of same-sidetagging algorithms, whi
h requires the use of a MC sample when the tagger is appliedto B0s 
andidates. The 
alibration 
onsists in the 
al
ulation of a s
ale fa
tor for thedilution provided by the algorithm for 
avor tagging. The systemati
 un
ertaintieswhi
h a�e
t the value of this s
ale fa
tor are analyzed in Se
tion 6.8. This �nal143



Sour
e �SD [%℄var. �N +0:3var. +N �0:7var. �pT (B) �0:3var. +pT (B) +0:4var. �prelL �0:3var. +prelL +0:1var. �CLL +1:6var. +CLL �0:3var. �pT +0:3var. +pT �0:1var. �prelT +0:6var. +prelT +0:2var. ��R �0:8var. +�R +0:2kaon fra
tion �6:6prompt kaon fra
tion �5:3resonan
e/V0 
ontent +4:3�3:8Table 6.5: Systemati
 un
ertainties �SD on the s
ale fa
tor of the ANN-based al-gorithm for same-side tagging. The details of the evaluation of these systemati
 un-
ertainties are reported in Se
tions 6.8.2 and 6.8.3. All the un
ertainties are referredto the s
ale fa
tor 
al
ulated in a Pythia-MC sample of B0s ! D�s �+; D�s ! �0��
andidates.
Data sample �SD [%℄0d �� 10:7+� 14:30h �� 10:8+� 14:40i �� 10:8+� 14:4Table 6.6: Total systemati
 un
ertainty �SD on the s
ale fa
tor of the ANN-basedalgorithm for same-side tagging. This un
ertainty is referred to the s
ale fa
tor 
al-
ulated in a Pythia-MC sample of B0s ! D�s �+; D�s ! �0�� 
andidates.
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De
ay mode Corre
tion [%℄B0s ! D�s �+; D�s ! �0�� 0B0s ! D�s �+; D�s ! K�0K� +1.3B0s ! D�s �+; D�s ! ���+�� +1.1B0s ! D�s �+���+; D�s ! K�0K� +6.1B0s ! D�s �+���+; D�s ! �0�� +5.4B0s ! D�s �+���+; D�s ! ���+�� +0.0B0s ! D�s `+X +6.3Table 6.7: pT (B) transfer 
orre
tions for di�erent B0s de
ay modes.se
tion presents the value of the s
ale fa
tors whi
h are utilized in the analysis of B0sos
illations presented in this dissertation.The s
ale fa
tors for the ANN-based SST algorithm 
al
ulated in a Pythia-MCsample of B0s ! D�s �+, D�s ! �0�� 
andidates, for the three di�erent periods ofdata-taking, with their total un
ertainties, are reported here:SD(0d; B0s ! D�s �+) = 99:2 +10:7�14:3% ;SD(0h; B0s ! D�s �+) = 95:9 +10:8�14:4% ;SD(0i; B0s ! D�s �+) = 95:0 +10:8�14:4% : (6.10.1)These s
ale fa
tors are obtained as a result of the �t des
ribed in Se
tion 6.7. Theknowledge of the true 
avor of the B0s 
andidates in the MC sample allows one to �t forSD. These s
ale fa
tors are used as an input to the �t for B0s�B0s os
illations presentedin the last 
hapters of this do
ument. The small di�eren
e in the un
ertainty for the0h and 0i data samples, with respe
t to the 0d un
ertainty, is due to the di�erent
ontribution to the total systemati
 un
ertainty of parti
le identi�
ation ( +3:9�4:2 vs.+3:6�4:0) and pile-up events ( +0:2�0:2 vs. +0:1�0:6).The e�e
tive dilution, 
al
ulated in a Pythia-MC sample of B0s ! D�s �+; D�s !�0�� is: SDphD2i = 30:2� 0:7% : (6.10.2)The quoted un
ertainty is statisti
al only. The �gure-of-merit for a tagger is �D2, asit will be 
learly shown in Se
tion 5.1. The �gure-of-merit of the ANN-based SSTalgorithm presented in Se
tion 6.6 is reported in Tables 6.8. EÆ
ien
y is evaluatedon data only, while the the s
ale fa
tor SD is 
al
ulated in simulated events. Themeasured performan
e of the ANN-based SST algorithm is presented separately inthe three periods of data-taking 0d, 0h, and 0i.The MC sample utilized to train the ANN whi
h performs 
avor-tagging is tunedto simulate the 0d period of data-taking. The same improvement over the parti
le-identi�
ation{based SST algorithm (Se
tion 6.5) is observed in the 0i period of data-taking, while the redu
ed performan
e in 0h data is expe
ted to be due to a statisti
al
u
tuation.This 
hapter presented, in Se
tion 6.6, the same-side algorithm utilized in this anal-145



[%℄ maxCLL algorithm ANN-based algorithm0d �S2DhD2i 3.9 � 0.7 4.2 � 0.70h �S2DhD2i 3.1 � 0.5 2.9 � 0.50i �S2DhD2i 3.3 � 0.7 3.5 � 0.7Table 6.8: Performan
e of parti
le-identi�
ation and ANN Same-Side Taggers. Ef-�
ien
y � and average dilutionphD2i are measured in the B0s ! D�s �+; D�s ! �0��data sample utilized in this mixing analysis. The s
ale fa
tor SD is 
al
ulated byapplying the SST algorithm in a Pythia-MC sample of B0s ! D�s �+; D�s ! �0��
andidates. The numbers in the table are 
orrelated be
ause the two algorithms areapplied to the same data samples. A se
ond sour
e of 
orrelation is the use of thesame Pythia-MC sample utilized to 
al
ulate the s
ale fa
tors for the two algo-rithms. Thirdly, part of the systemati
 un
ertainties estimated for the s
ale fa
torof the parti
le-identi�
ation{based algorithm have been assigned, un
hanged, to thes
ale fa
tor of the ANN-based algorithm.ysis of B0s �B0s os
illations. The algorithm provides a 
andidate-by-
andidate weightfor the 
orre
tness of its de
ision. The 
alibration of the tagging algorithm, a 
ru
ialaspe
t of mixing analyses whi
h may be in the situation of setting a lower limit for�ms, instead of making a measurement, 
onsists in 
al
ulating a s
ale fa
tor for theweights returned by the tagger. The 
al
ulation of the SST s
ale fa
tor to be usedin this analysis is presented, and the evaluation of systemati
 un
ertainties reported.The 
al
ulated s
ale fa
tor is utilized as an input to the analysis for B0s � B0s os
il-lations. The next 
hapter introdu
es the maximum likelihood �tter whi
h 
ombinesmass, proper de
ay-time, and tagging information. The �nal result of this analysis,the observation of B0s � B0s os
illations and a pre
ise measurement of �ms, is pre-sented, with its impli
ations on the Standard Model, and 
onstraints on parameterswhi
h des
ribe new physi
s beyond the SM.
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Chapter 7Analysis framework andobservation of B0s � B0s os
illationsIn this 
hapter, the �t framework utilized for amplitude s
ans and the measurementof �ms are des
ribed in this 
hapter. The study of systemati
 un
ertainties on themeasured value of �ms and the impa
t of its measurement on the Standard Modelpi
ture of 
avor intera
tions are presented, too.7.1 Maximum Likelihood frameworkA �tting framework based on the unbinned maximum likelihood estimation method1has been developed for this analysis, and used to extra
t the parameters of interestfrom data. It allows for the straightforward 
ombination of various pie
es of informa-tion 
oming from di�erent de
ay modes and their simultaneous �t, maximizing thestatisti
al power of the samples. In its most generi
 formulation, the 
ontribution tothe global likelihood of a 
andidate i is written as follows:Li =Xj fj Pji (mi; 
ti; �
ti;Di; Ti) ; (7.1.1)where the index j indi
ates the various signal and ba
kground 
omponents that arepresent in the samples, fj is the fra
tions of the j-th 
omponent and Pji is the prob-ability that a 
andidate has mass mi, de
ay time 
ti, de
ay time un
ertainty �
ti andpredi
ted dilution Di, under the assumption that it belongs to the j-th 
omponent.By 
onstru
tion, Pj fj = 1. The global likelihood L is naturally de�ned as themultipli
ation of all the single-
andidate likelihoods Li:L =Yi Li : (7.1.2)1The maximum likelihood estimation method is des
ribed in Ref. [111℄, among others147



The minimum of � logL indi
ates the best �t values for the parameters of the likeli-hood. For ea
h 
ontribution j, Pji is fa
torized as:Pji (mi; 
ti; �
ti ;Di; Ti) = Pjm(mi)Pj
t(
tij�
ti;Di; Ti)Pj�
t(�
ti)PjD(Di) : (7.1.3)For ba
kground 
omponents of the data sample, empiri
al des
riptions of the fa
torsin Equation 7.1.3 are suÆ
ient, while a physi
s model is used to des
ribe signal
ontributions. Ea
h 
omponent will be des
ribed in detail in the next paragraphs.The mass 
omponent is simply the probability density fun
tion for the mass ofea
h 
andidate. It is 
ompletely separated from the rest of the likelihood and dependsex
lusively on the re
onstru
ted mass of the B0s 
andidate. For the semileptoni
 like-lihood, Pjm(mi) 
ontains terms for both the D�s 
andidate mass and the `D�s massdistribution. In the hadroni
 samples, fully re
onstru
ted B0s ! D�s �+(���+) sig-nal 
andidates are modeled with a double Gaussian peak 
entered at the B0s mass.Combinatorial ba
kground, generally due to the pairing of a real D�s meson to ran-dom tra
ks from the underlying event, is modeled as the sum of de
aying exponentialand 
at linear 
omponents. Templates derived from BGenerator-MC events de-s
ribe other ba
kground 
omponents, su
h as B0 or �0b 
ontributions. In the 
ase ofsemileptoni
 de
ays, signal 
andidates are �t with a Gaussian peak and 
ombinatorialba
kground with a linear fun
tion in the D�s mass distribution, while the shape ofthe other ba
kground 
omponents is extra
ted from a study of simulated events. The`D�s mass distributions of all signal and ba
kground 
omponents are obtained fromthe study of BGenerator-MC events.Temporarily disregarding the 
avor tagging part, the proper-de
ay-time 
ompo-nent depends on 
t and �
t. When a B0s 
andidate is 
ompletely re
onstru
ted, it ispossible to write:P
t(
t; �
t; �) = � 1
� e� 
t0
� 
 G(
t� 
t0; �
t)� � �(
t) : (7.1.4)The exponentially de
aying fun
tion, whi
h des
ribes the probability that a parti
lewith lifetime � de
ays after t from the produ
tion time, is 
onvoluted with a Gaussianresolution fun
tion to a

ount for the un
ertainty on the measured proper de
ay-time.The 
alibration of the proper-de
ay-time resolution is dis
ussed in Se
tion 5.2. Thelast term is an eÆ
ien
y fun
tion whi
h 
orre
ts for the bias in the proper-de
ay-timedistribution introdu
ed by the displa
ed tra
k trigger and the 
andidate sele
tion, asshown in Referen
e [106℄. It depends only on the kinemati
s of the de
ay under studyand is de�ned as follows:�(
t) = 
t after re
onstru
tion and �nal sele
tionPNi=1 1� e�t0=� 
G(t� t0; �i) : (7.1.5)The distribution in the numerator is obtained from all the 
andidates in a signal-onlyMC sample whi
h pass all the analysis sele
tion 
uts. For ea
h a

epted event i, theexpe
ted 
t distribution without any bias is an exponential smeared by a Gaussian res-olution fun
tion, where the width is the 
t error (�
ti) of that event. The denominator148
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Figure 7.1: A representative example of the dependen
e of trigger and sele
tioneÆ
ien
y on proper de
ay time. This 
urve is for B0 ! D��+, with D� ! K+����.The verti
al s
ale is in arbitrary units.is the sum of the N expe
ted distributions without any bias of the same events whi
hentered the distribution in the numerator. A di�erent eÆ
ien
y fun
tion is preparedfor ea
h B0s de
ay mode by utilizing a BGenerator-MC sample whi
h reprodu
esthe B0s de
ay 
hain of interest, as des
ribed in Se
tion 4.2. The parameter � repre-sents the world average of B0s lifetime measurements [62℄. The proper-de
ay-lengtheÆ
ien
y 
urve is parameterized by the following template:�(
t) = 3Xj=1 �j (
t� �j)2 e� 
t
j �(
t� �j) ; (7.1.6)where the parameters �i, �i, and 
i are obtained from the �t of the expression inEquation 7.1.5. This fun
tional form for the eÆ
ien
y fun
tion allows for the an-alyti
al normalization of the proper-de
ay-time signal probability density fun
tion.Figure 7.1 shows a representative example of the eÆ
ien
y dependen
e. The rapidturn-on of the eÆ
ien
y is due to minimum impa
t parameter and Lxy signi�
an
erequirements, while the turn-o� at larger proper de
ay length is due to an upper 
uton impa
t parameter of 1 mm in the triggers. The eÆ
ien
y fun
tion is de�ned as afun
tion of the re
onstru
ted proper de
ay-lengths be
ause it tries to 
orre
t for thee�e
t of sele
tion 
riteria whi
h are themselves applied to re
onstru
ted observables.The 
ase of in
ompletely re
onstru
ted B0s 
andidates is slightly more 
ompli
atedand involves the introdu
tion of the k-fa
tor distribution F (k) (Se
tion 5.2):P
t(
t�; �
t�; �) = Z dk � k
� e� k
t�0
� 
 G(
t� � 
t�0 ; ��
t)� � �(
t�) � F (k) ; (7.1.7)where 
t� is the pseudo-proper de
ay-time, 
al
ulated as indi
ated in Equation 5.2.2.149



The de�nition of the eÆ
ien
y fun
tion is analogously modi�ed:�(
t) = 
t after re
onstru
tion and �nal sele
tionR dkPi k� e�kt0=� 
 G(t� t0; �i) � F (k) : (7.1.8)The integration over the k-fa
tor distribution, F (k), a

ounts for the missing momen-tum in partially re
onstru
ted de
ays. For fully re
onstru
ted de
ays, whi
h have nomissing momentum, this is not ne
essary as F (k) = Æ(1).The 
omponent of the likelihood whi
h 
ontains 
avor tagging information is
losely tied to the proper-de
ay-time 
omponent, be
ause they share some pie
esof information. In the 
ase of signal 
andidates, the two 
omponents are a
tuallyindivisible, as indi
ated by Equation 5.1.2. Two independent tagging algorithms areavailable to the analysis. Ea
h event 
an be tagged by neither, one or both algorithms,thus distinguishing three 
lasses. The 
avor tagging and proper-de
ay-time likelihoodfa
tors for tagger m, whi
h has a dilution Dm, eÆ
ien
y �m, and tagging de
ision Tm,are 
ombined as follows:� untagged:Z dk 1�Xm �m! e�k 
t0=
� 
 G(k 
t0 � k 
t; �
t) � F (k) � �(
t) ; (7.1.9)� single tag:Z dk�m2 [1 +ATmDm 
os(�ms k 
t0)℄ e�k 
t0=
� 
 G(k 
t0�k 
t; �
t) �F (k) � �(
t) ;(7.1.10)where Tm = �1 is the sign of a single (same-side or opposite-side) tag,� double tag:Z dk�m�n2 �(1 + TmT nDmDn) +A(TmDm + T nDn) 
os(�ms k 
t0)2 �e�k 
t0=
� 
 G(k 
t0 � k 
t; �
t) � F (k) � �(
t) ; (7.1.11)where Tm = �1 and T n = �1 are the signs of the two tags.The 
ombination of de
isions and dilutions in the double tagged 
ase expli
itly a
-
ounts for whether the two tags agree or disagree [98℄. For ea
h 
andidate i andtagger m, the 
alibrated dilution Dim whi
h enters the above equations is obtainedby multiplying the 
andidate-by-
andidate predi
ted dilution returned by the taggingalgorithm m by the global s
ale fa
tor SmD 
al
ulated in the 
alibration of the tagger,as explained in Se
tion 6.1.In the 
ase of ba
kgrounds whi
h are treated as non-mixing, a potential globaltagging asymmetry is allowed. This is the 
ase of 
ombinatorial ba
kground, partiallyre
onstru
ted B0s de
ays (ex
luding the signal modes D�s �+ and D��s �+, with D�s !150



�0��), mis-re
onstru
ted �0b de
ays, and mis-re
onstru
ted B0 de
ays, whi
h do mixin a mu
h longer time-s
ale than B0s mesons. The e�e
t of B0 mixing is in
luded bys
aling the dilution of the 
andidates in this ba
kground 
omponent by 1�2�d, where�d = 0:186�0:004 [62℄ is the measured time-integrated probability for a B0 meson toos
illate into a B0 meson, e�e
tively integrating B0 os
illations. The 
avor taggingterm is simpler than in the previous 
ase and separates 
ompletely from the proper-de
ay-time 
omponent. For the sake of 
onsisten
y with the des
ription adopted forsignal, the 
ombination of the two fa
tors is implemented:� untagged:  1�Xm �m!P
t(
t) ; (7.1.12)� single tag: �m2 [1 + TmDm℄P
t(
t) ; (7.1.13)� double tag: �m�n2 �(1 + TmDm)(1 + T nDn)2 �P
t(
t) ; (7.1.14)where P
t represents the proper-de
ay-time 
omponent, whi
h, in the 
ase of ba
k-grounds, is a template derived from simulated events, or, for 
ombinatorial ba
k-ground, 
andidates in the sidebands of the B0s (D�s ) mass distributions of hadroni
(semileptoni
) B0s de
ays.The last two 
omponents of the single-event likelihood in Equation 7.1.3, P�
t(�
t)and PD(D), are simply the probability distribution fun
tions of proper-de
ay-timeresolution and 
andidate-by-
andidate dilution. It is ne
essary to expli
itly in
ludethese terms when the distributions of �
t and D in signal and ba
kground are di�erent,be
ause their ex
lusion 
ould lead to biases for the �tted values of the likelihood pa-rameters [112℄. The distributions of �
t and D in B0s 
andidates re
onstru
ted in dataare utilized. The templates for signal 
omponents are obtained with the sideband-subtra
tion te
hnique de�ned in Se
tion 4.4, while 
andidates in the mass sidebandsare used to produ
e the templates for the 
ombinatorial ba
kground 
omponent. The�
t and same-side-tagger D templates for signal B0s 
andidates and 
ombinatorialba
kground in the B0s ! D�s �+; D�s ! �0�� de
ay mode are presented in Figure 7.2.7.2 Systemati
 un
ertaintiesSystemati
 un
ertainties di�erently a�e
t the signi�
an
e of an os
illation signal,obtained via the amplitude s
an, and a measurement of the os
illation frequen
y �ms.The e�e
t of un
ertainties in the amplitude is always a redu
tion of the sensitivity,and, in 
ase it is not possible to measure �ms, likewise on the limit on the os
illationfrequen
y. Systemati
 un
ertainties on �ms are evaluated when a measurement isperformed. 151
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Figure 7.2: SST dilution (left) and �
t (right) templates, for B0s signal and 
ombi-natorial ba
kground in the B0s ! D�s �+; D�s ! �0�� de
ay mode.It should be noted that both the amplitude s
an in the �ms region of sensitivityrelevant for this analysis, and the �t for the mixing frequen
y are dominated bystatisti
al un
ertainty.7.2.1 Systemati
 un
ertainties on the amplitudeSystemati
 un
ertainties are evaluated following the original formulation of the am-plitude method in Referen
e [94℄. Toy MC samples, whi
h are generated re
e
tingthe 
hara
teristi
 of the data, are extensively utilized to estimate systemati
 e�e
ts.For ea
h point in the �ms spe
trum of the amplitude A (Se
tion 5.1), a set of onethousand \default" toy experiments is generated with the signal os
illating at thatfrequen
y. The �t of ea
h of these experiments produ
es a (A0; �A;0) pair. For ea
hsystemati
 e�e
t, unless di�erently spe
i�ed, \biased" toy MC samples whi
h simulatethe potentially mis-modeled aspe
t the data are generated from the same sequen
e ofrandom numbers whi
h was utilized to generate the elements of the default set. The�ts of the biased experiments produ
e the set of (A1; �A;1) pairs. For a given pair oftoy MC samples, 
omposed of a default experiment \0" and a biased experiment \1",whi
h are both generated with the same sequen
e of random number i, the systemati
un
ertainty is obtained by [94℄:�isyst = (Ai1 �Ai0) + (1�Ai0) � �iA;1 � �iA;0�iA;0 : (7.2.1)The distribution of �isyst provides the estimate for the systemati
 un
ertainty �syst.In 
ase of a binary e�e
t, i.e., the e�e
t is represented by a binary shift in �ttingmodels, the mean value of the �isyst distribution is taken as systemati
 un
ertainty.An example of this type of e�e
t is the possibility that a potentially large value of��=�, the widths of the two mass-lifetime eigenstates in the neutral Bs meson system,152




ould bias the results of an amplitude s
an. In fa
t, the expressions in Equation 5.1.2,whi
h are the basis of the probability density fun
tions utilized to de�ne our likelihoodfun
tion, are valid under the assumption that ��=� is negligibly small, as explainedin Se
tion 1.2. The possibility of a bias deriving from negle
ting a possibly large valueof ��=� is studied by 
omparing �t results in toy MC samples with ��=� equal to0:2 (\biased" sample) and 0:0 (\default").For e�e
ts in whi
h a �t parameter or e�e
t is 
ontinuously varied a
ross a rangeof values, the width of the �isyst distribution is utilized as the estimate of a systemati
un
ertainty. For example, toy experiments are generated with a SST SD extra
tedfrom a Gaussian distribution whi
h is 
entered in the nominal value of the SSTs
ale fa
tor and has width equal to the statisti
al un
ertainty of the s
ale fa
tor(Equation 6.10.1). The �t of these samples performed by utilizing the nominal valueof the SST s
ale fa
tor allows one to study the systemati
 un
ertainty related to thein
omplete knowledge of the value of the same-side-tagger s
ale fa
tor.The main sour
es of systemati
 un
ertainties whi
h a�e
t the measurement ofthe amplitude are reviewed in the list below, separated depending on the type oflikelihood term whi
h they a�e
t, and ordered, within ea
h 
lass, a

ording to their
ontribution to the total un
ertainty.� Flavor taggingSystemati
 un
ertainties related to 
avor tagging 
ontribute uniformly to thetotal un
ertainty a
ross the entire �ms spe
trum. The dominant 
ontribution
omes from the s
ale fa
tor of the same-side-kaon tagger, whi
h is determinedwith a 14% pre
ision (Equation 6.10.1). The size of this 
ontribution is an un-
ertainty of � 10% on the amplitude for any value of �ms in the range 
hosenfor amplitude s
ans. On the other hand, the s
ale fa
tor of the opposite-sidetagger is known with a very good pre
ision: SD(OST ) = 0:99� 0:01 [102℄. ToyMC samples are generated with s
ale fa
tors extra
ted from Gaussian distri-butions, ea
h of whi
h is 
entered in the nominal value of a s
ale fa
tor andhas width equal to the statisti
al un
ertainty of the s
ale fa
tor whi
h is beinganalyzed. These samples are then �t with the nominal s
ale fa
tors. The tagde
isions are 
ombined under the assumption that they are un
orrelated. Thebias that would result from a 
orrelation is estimated by introdu
ing a 
orrela-tion between OST and SST at various levels. The e�e
t of the possible presen
eof 
orrelations between same-side and opposite-side taggers is an un
ertainty ofabout 8% on the amplitude for �ms = 15 ps�1.A few additional studies have been performed for the hadroni
 data sample.The probability distributions for the dilution whi
h are used in the �t modelfor the signal and ba
kground (P(D)) are known with �nite statisti
al pre
i-sion. Toy MC samples are generated with variations of the distributions withintheir statisti
al un
ertainties and �t with the nominal set of distributions for thesignal and ba
kground 
omponents. While the B0s ! D�s �+(���+) de
ay is self-tagging, the Cabibbo-suppressed B0s ! D�s K+(���+) and B0s ! D+s K�(���+)de
ays both re
eive 
ontributions from tree-level amplitudes with the same order153



of magnitude, in terms of CKM parameters. The nominal model has the dilu-tion of the Cabibbo-suppressed 
omponent equal to the Cabibbo-favored 
oun-terpart. Two toy MC samples are produ
ed varying the dilution of the Cabibbo-suppressed 
omponent by �100%, to mimi
 the possibility that a D�s K+(���+)�nal state tags, or does not tag, the de
ay of a B0s meson. Ea
h ensemble is�tted with the nominal model and the larger variation between +100% and�100% is taken as the systemati
 un
ertainty estimate. The same method isutilized to study the e�e
t of assigning wrong dilutions to the 
andidates whi
henter the �0b 
omponent. Among the e�e
ts des
ribed in this paragraph, thelargest 
ontribution to the systemati
 un
ertainty on the amplitude 
omes fromthe possible mis-modeling of the dilution of Cabibbo-suppressed B0s de
ays. Thesize of the 
ontribution of this e�e
t is a � 4% un
ertainty on the amplitudefor �ms = 15 ps�1.� proper de
ay-timeThe most signi�
ant systemati
 un
ertainty derives from the global s
ale fa
torassigned to proper-de
ay-time un
ertainties. This systemati
 un
ertainty, whi
hin
reases steeply with the sampled �ms, has been evaluated by generating toyexperiments with a s
ale fa
tor on �
t 
al
ulated by adding (or subtra
ting) the1� un
ertainty obtained by the 
alibration of �
t to the nominal value of thes
ale fa
tor. This modi�
ation of the s
ale fa
tor simulates systemati
 over-or under-estimations of the un
ertainty on proper de
ay-time of the B0s signal.The size of this 
ontribution to the total systemati
 un
ertainty is about 5% for�ms = 15 ps�1, and in
reases with �ms.The �t does not in
lude the e�e
t of a lifetime di�eren
e between Bs;H and Bs;L,the eigenstates of the Hamiltonian, with widths �H and �L. The formulae inEquations 1.2.9 and 1.2.8 assume a negligible value of �� = �L��H . The possi-bility that a potentially large value of ��=� introdu
ed a bias in the amplitudehas been studied by generating a set of toy experiments with ��=� = 0:2. The-oreti
al 
al
ulations indi
ate ��=� = 0:12� 0:06 [113℄, while the world averageis ��=� = 0:121 +0:083�0:090 [7℄. The size of the systemati
 un
ertainty asso
iatedwith negle
ting the e�e
ts of a potentially large value of ��=� is about 5% for�ms = 15 ps�1.Another systemati
 un
ertainty derives from the in
omplete des
ription of thedete
tor resolution in the �tter framework. The nominal �t assumes that thedete
tor resolution fun
tion is a Gaussian for the B0s signal. An alternativemodel, a double Gaussian plus exponential tails, is used to evaluate the un
er-tainty. The systemati
 un
ertainty asso
iated with the use of a single Gaussianto model the dete
tor resolution is about 4% for �ms = 15 ps�1.The proper-time eÆ
ien
y 
urves �(t) are of primary importan
e when perform-ing a lifetime analysis. The mixing of B0s 
andidates o

urs on su
h a short times
ale that the mixing analysis is largely insensitive to the eÆ
ien
y parameteri-zation. Negligible biases are found to be introdu
ed by this aspe
t of the model.The systemati
 un
ertainty is evaluated by �tting the same toy MC sample with154



the default eÆ
ien
y fun
tion �(
t), de�ned by Equation 7.1.5, and with a mod-i�ed eÆ
ien
y fun
tion �0(
t), obtained by 
hanging � , the world average of theB0s lifetime, in Equation 7.1.5, within its un
ertainty, and a

ordingly reweigh-ing the BGenerator-MC sample used to 
al
ulate the eÆ
ien
y fun
tion tosimulate the modi�ed lifetime. The values utilized for the B0s lifetime and itsun
ertainty are 
�(B0s) = 438 �m and �
� (B0s) = 17 �m [62℄. The size of this
ontribution to the systemati
 un
ertainty is � 1% for �ms = 15 ps�1.The likelihood for the hadroni
 sample does not utilize separate P�
t for signaland ba
kground, be
ause the signal and ba
kground �
t distributions are verysimilar. This means that small biases may be introdu
ed, whi
h are estimatedby �tting the standard toy MC sample with versions of the model whi
h eitherdo or do not in
lude the P(�
t) terms. The size of this 
ontribution to thesystemati
 un
ertainty is � 1% for �ms = 15 ps�1.The default �t model assumes that the 
ontributions of B0 and partially re
on-stru
ted 
andidates do not os
illate. Toy MC samples are generated su
h thatthese 
omponents do mix. These samples are �t with the nominal version of the�tter, and with a version of the �tter whi
h a

ounts for the os
illation. Thedi�eren
e between the results of the two �ts is taken as estimate of the biasintrodu
ed by negle
ting the mixing. This e�e
t gives a negligible 
ontributionto the total systemati
 un
ertainty on the amplitude.In the analysis of partially re
onstru
ted hadroni
 de
ays, an additional possiblesour
e of bias is studied. It is known that the distribution of proper de
ay-time for 
ombinatorial ba
kground has a slow dependen
e on the mass. Thisdependen
e is due to the use of the world average of B0s mass measurementsin Equation 5.2.1 for 
andidates whi
h populate the sideband region far fromthe signal region. The nominal �t utilizes a single template for the ba
kgrounda
ross the full mass range, e�e
tively averaging over the small variations. Atoy MC sample is generated with a ba
kground 
t template obtained by usingthe re
onstru
ted mass of the B0s 
andidates in the upper mass sideband inEquation 5.2.1 instead of the world average of B0s mass measurements. This toyMC sample is then �t with the nominal model to 
onservatively estimate thee�e
t of the 
hoi
e of a single template. The size of this 
ontribution to thesystemati
 un
ertainty is 
onsistent with zero for �ms = 15 ps�1.� Sample 
omposition and mass modelsThe studies of systemati
 un
ertainties in this se
tion are split in three 
ases:fully re
onstru
ted hadroni
 B0s de
ays, partially re
onstru
ted hadroni
 B0s de-
ays, and semileptoni
 B0s de
ays.Several un
ertainties are assigned to the in
ompleteness of the knowledge of thesample 
omposition. These un
ertainties address the un
ertainty in the levelsof the Cabibbo-suppressed B0s ! D�s K+(���+), whi
h is treated as a signal
omponent, and the 
ontributions of �0b and B0 de
ays to the ba
kground. Theratio of the number of B0s 
andidates arising from mis-re
onstru
ted �0b and B0155



Re
e
tion [%℄ D�s ! �0�� D�s ! K�0K� D�s ! ���+��B0s ! D�s �+;D�s ! �0�� | 0:22� 0:06 0:08� 0:04B0s ! D�s �+;D�s ! K�0K� 0:44� 0:10 | 0:01� 0:00B0s ! D�s �+;D�s ! ���+�� 0:00� 0:00 0:00� 0:00 |B0 ! D��+;D� ! K+���� 2:30� 0:17 32:7� 2:4 0:44� 0:03�0b ! ��
 �+;��
 ! �pK+�� 1:18� 0:20 18:1� 3:0 0:22� 0:04�0b ! ��
 �+;��
 ! �p�+�� 0:02� 0:00 0:16� 0:03 3:48� 0:58Table 7.1: Re
e
tion ratios for B0s ! D�s �+ de
ay modes. The table 
ontainsthe amount of B0, �0b and B0s hadrons that are erroneously re
onstru
ted as a B0s
andidate, relative to the amount of B0s ! D�s �+ signal 
andidates. The de
ay 
hainof the D�s 
andidate is indi
ated on top of ea
h 
olumn.Re
e
tion [%℄ D�s ! �0�� D�s ! K�0K� D�s ! ���+��B0s ! D�s �+���+;D�s ! �0�� | 0:65� 0:19 4:77� 1:35B0s ! D�s �+���+;D�s ! K�0K� 0:51� 0:15 | 0:51� 0:16B0s ! D�s �+���+;D�s ! ���+�� 0:01� 0:01 0:53� 0:21 |B0 ! D��+���+;D� ! K+���� 3:35� 0:38 50:2� 5:6 30:0� 3:4�0b ! ��
 �+���+;��
 ! �pK+�� 1:83� 0:30 31:4� 5:2 14:2� 2:4�0b ! ��
 �+���+;��
 ! �p�+�� 0:07� 0:01 0:31� 0:05 5:10� 0:85Table 7.2: Re
e
tion ratios for B0s ! D�s �+���+ de
ay modes. The table 
ontainsthe amount of B0, �0b and B0s hadrons that are erroneously re
onstru
ted as a B0s
andidate, relative to the amount of B0s ! D�s �+���+ signal 
andidates. The de
ay
hain of the D�s 
andidate is indi
ated on top of ea
h 
olumn.de
ays with respe
t to the number of signal B0s 
andidates is �xed in the �tswhi
h produ
e the amplitude s
an. The expe
ted value is 
al
ulated using �0b ,B0, and B0s BGenerator-MC samples, and the relative bran
hing ratios andprodu
tion 
ross-se
tions published in Referen
es [114℄, [77℄, and [115℄. Theresulting normalization ratios are reported in Tables 7.1 and 7.2. A system-ati
 un
ertainty is evaluated for all 
omponents of the 
ontribution whi
h islarger than 1%, with respe
t to the signal fra
tion. The normalization ratiosof ea
h of these 
omponents are varied within their un
ertainties to estimatetheir 
ontribution to the total systemati
 un
ertainty. The same pro
edure isutilized to estimate the expe
ted amount of Cabibbo-suppressed B0s de
ays. Inthis 
ase, the B0s ! D�s K+(���+) bran
hing ratios are assumed to be equal to5%. The normalization ratio of the Cabibbo-suppressed 
omponent is varied bya fa
tor of 2 lower and higher than nominal, and the larger systemati
 variationin the two s
enarios is added to the total systemati
 un
ertainty. The size ofthe 
ombination of these 
ontributions to the systemati
 un
ertainty is about1% for �ms = 15 ps�1.Partially re
onstru
ted hadroni
 
omponents additionally require a study of thee�e
t of in
omplete knowledge of the relative signal fra
tions. Maximal 
onfu-156
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Figure 7.3: Systemati
 un
ertainties on A in hadroni
 (left) and semileptoni
 (right)amplitude s
ans, as a fun
tion of �ms.sion between the 
omponents is simulated by generating a toy MC ensemble
omposed entirely of one signal 
omponent and performing the �t as thoughit were the other. Moreover, a systemati
 un
ertainty is assigned to address apossible bias produ
ed by wrongly modeling the 
ombinatorial ba
kground. Inthe nominal �t, the ba
kground is modeled as a smooth exponential fun
tion.Toy MC samples are generated with ba
kgrounds whi
h rise more rapidly inthe region of partially re
onstru
ted signal 
andidates. The �t with the nom-inal model e�e
tively treats the ba
kground events as signal. The size of this
ontribution to the systemati
 un
ertainty is about 2% for �ms = 15 ps�1.In the 
ase of the semileptoni
 analysis, two additional sour
es of systemati
un
ertainties are 
onsidered. The 
ombinatorial ba
kground parameterizationis derived from the D�s mass sidebands. A di�erent set of sidebands, obtainedby shifting the bounds of the sideband window by �50 MeV=
2 from the nomi-nal values, is utilized to assess systemati
 un
ertainty deriving from a parti
ular
hoi
e. The se
ond sour
e of un
ertainty 
omes from the un
ertainty in the fra
-tion of the false lepton ba
kground. The fra
tion of the false lepton ba
kgroundhas been obtained from a �t of the m`+D�s distribution. The un
ertainty fromthis �t is used to study the related systemati
 un
ertainty. A toy MC sample isgenerated with the value of this fra
tion �xed to its nominal value. The default�t of this sample is 
ompared to a �t of the same sample whi
h has the fra
tionof the false lepton ba
kground shifted of �1� from its nominal value, where � isthe un
ertainty in this fra
tion obtained as des
ribed above. The size of all these
ontributions to the systemati
 un
ertainty is below 5% for �ms = 15 ps�1.The plots of systemati
 un
ertainties vs. �ms are shown in Figure 7.3, for theamplitude s
ans produ
ed with hadroni
 and semileptoni
 B0s de
ays.157



7.2.2 Systemati
 un
ertainties on �msThe un
ertainties presented in the previous se
tion are relevant for the amplitudes
an. These un
ertainties a�e
t the 
al
ulation of the experimental sensitivity and thelimit on the os
illation frequen
y, but they are not relevant to the extra
tion of �ms.For 
ompleteness, all the sour
es of systemati
 un
ertainty in the amplitude s
anhave been analyzed as possible 
auses of un
ertainty in the �ms �t too. They provedto be negligible, while the main systemati
 un
ertainties 
ome from the proper-times
ale. Four e�e
ts have been studied and presented below. The �rst three e�e
ts areanalyzed in detail in the analysis whi
h resulted in the measurements of Bs;H, Bs;H ,and ��s, presented in Referen
e [116℄.� Sili
on dete
tor alignmentImperfe
t alignment of the sili
on dete
tor 
ould a�e
t the measurement ofproper de
ay-lengths. A test of possible e�e
ts has been performed by intro-du
ing distortions into the simulation of sili
on dete
tors and then measur-ing lifetimes of B mesons using the standard alignment. The B mesons whi
hwere utilized for this 
he
k are re
onstru
ted in the B0 ! J= K�0; J= !�+��; K�0 ! K+��, B+ ! J= K+; J= ! �+��, and B0s ! J= �0; J= !�+��; �0 ! K+K� de
ay modes. The distortions introdu
ed in the simulationin
lude radial displa
ements and bowing of sili
on tensors within toleran
esfrom a physi
al survey of the dete
tor. The maximum lifetime bias is found tobe 1:0 �m, whi
h 
orresponds to a 0:2% un
ertainty on the proper-time s
ale.� Tra
k-�t biasMis-measurements of tra
k 
urvature introdu
e mis-measurements of the trans-verse de
ay length, via the lo
ation of tra
k verti
es re
onstru
ted in the labo-ratory frame, and the proper de
ay-time, whi
h is boosted into the B0s referen
eframe using its transverse momentum. The sign of the bias depends on whetherthe tra
ks involved 
urve toward or away from ea
h other. The bias has beenreprodu
ed and studied in the simulation of the COT and sili
on dete
tor. Itintrodu
es an overall systemati
 shift in measured lifetimes whi
h is found tobe 1:3 �m, 
orresponding to 0:3% in proper-time s
ale.� Primary vertex biasMis-measurements of the primary vertex position lead to mis-measurements ofthe transverse de
ay length and, therefore, of the proper de
ay-time. The biasis studied by 
omparing the primary vertex position with the average beam po-sition in a large sample of fully re
onstru
ted B 
andidates. The maximum biasis found to be 1:0 �m in the referen
e frame of the dete
tor, whi
h 
orrespondsto 0:02 ps�1 mean bias to �ms in the toy MC samples.� Hadroni
 k-fa
torsThe dominant partially re
onstru
ted B0s ! D�s �+ and and D��s �+ 
hannelsinhabit the same phase spa
e and have the same qualitative models. For thepurposes of this analysis, the only signi�
ant di�eren
e in the modeling of their158



Sour
e Value [ps�1℄Sili
on dete
tor alignment 0.04Tra
k �t bias 0.05Primary vertex bias 0.02Hadroni
 k-fa
tors 0.03Table 7.3: Systemati
 un
ertainties in the �t for �ms.proper-time 
omponents is in the k-fa
tor distributions, whi
h have slightlydi�erent widths and mean values. This raises the 
on
ern that not using the
orre
t relative fra
tions of partially re
onstru
ted 
omponents 
ould produ
e ashift in the �tted value of �ms has been addressed. The use of in
orre
t relativefra
tions is equivalent to applying the wrong likelihood weights to ea
h of thesek-fa
tor distributions. The maximum e�e
t is obtained by �tting a 
omponentwith the k-fa
tor distribution F (k) and the 
t eÆ
ien
y �(
t) of another one.The result of this �t 
ompared with the result of a se
ond �t, in whi
h the 
orre
tweight fun
tions are utilized. In pra
ti
e, be
ause there is no basis for thinkingthat the modeling might be so in
orre
t, 50% of the indu
ed bias is utilizedas a very 
onservative systemati
 un
ertainty, for a �nal error 
ontribution of0:03 ps�1. This error is assigned only for the measurement from the partiallyre
onstru
ted hadroni
 sample, and does not 
ontribute signi�
antly to thesystemati
 un
ertainty for the overall measurement.Table 7.3 summarizes the systemati
 un
ertainties on the measurement of �ms.The total systemati
 un
ertainty is 0:07 ps�1.7.3 Amplitude s
ansThis se
tion presents the amplitude s
ans obtained from data. As de�ned in Se
-tion 5.1, an amplitude s
an 
onsists of a set of �ts of the amplitude A. Ea
h of these�ts is performed at a (di�erent) �xed value of �ms. The following expression for theprobability that a B0s 
andidate de
ays with the same (opposite) 
avor with whi
h itwas produ
ed is utilized:Punmixed=mixed(t) / [1�AD 
os (�mst)℄ ; (5.1.2)where the + (�) sign indi
ates the 
ase of a B0s meson de
aying at time t with thesame (opposite) 
avor as at produ
tion, when the 
avor tag of the 
andidate hasdilution D.The amplitude s
ans obtained from data are reported in Figures 7.4 and 7.5, in thedi�erent data samples and separately utilizing the SS and OS taggers. The signatureof a mixing signal is an amplitude value 
onsistent with unity and in
onsistent withzero. The s
ans present this behavior in the proximity of the bin 
orrespondingto �ms = 17:75 ps�1. While the s
an in the fully hadroni
 sample has a striking159



Sample SensitivityHadroni
 30:7 ps�1Semileptoni
 19:4 ps�1Same-Side Taggery 30:3 ps�1Opposite-Side Taggery 25:5 ps�1Combined 31:3 ps�1Table 7.4: Sensitivity of a mixing analysis in di�erent data subsamples, and in the
ombination of all data samples, with same-side and opposite-side taggers, separately.y Computed using statisti
al un
ertainty only; however, this is the dominant un
ertainty.signature, the one in the semileptoni
 sample alone is suÆ
ient to set a 95% C.L.double-sided limit on �ms.The sensitivity of an analysis is de�ned as the value of the frequen
y for whi
ha measured null amplitude value A = 0 would imply the ex
lusion of A = 1 atthe desired 
on�den
e level. From this de�nition, it derives that the sensitivity of amixing measurement is de�ned as the �ms value for whi
h 1:645�A = 1. The fa
torwhi
h multiplies �A, 1:645, de�nes a 
on�den
e level of 95% for the sensitivity 2. Thesensitivity of an analysis of B0s os
illations in the semileptoni
 sample is 19:4 ps�1,while an analysis in the hadroni
 one rea
hes 30:7 ps�1. The power of the same-sidetagger is evident in the amplitude s
ans reported in Figure 7.5, where the SS and OStaggers a
hieve a sensitivity, based on the statisti
al un
ertainty only, of 30:3 ps�1and 25:5 ps�1, respe
tively.The 
ombined amplitude s
an, whi
h in
ludes all data samples and all taggingalgorithms, is shown in Figure 7.6 and rea
hes a sensitivity of 31:3 ps�1. The signatureof a mixing signal around �ms = 17:75 ps�1 is striking. It is important to point outthat this signal lies well within the rea
h of the sensitivity, and is 
onsistent withunity, whi
h indi
ates that all 
omponents of the analysis are 
orre
tly 
alibrated.Table 7.4 summarizes the sensitivity of mixing analyses in di�erent subsamples,hadroni
 and semileptoni
 B0s de
ays, and separately utilizing same-side and opposite-side taggers.7.4 �ms �tThe amplitude s
ans presented in the previous se
tion show the 
lear signature of amixing signal. The point in the amplitude s
an whi
h is most in
onsistent with A = 0is in the bin 
orresponding to �ms = 17:75 ps�1, in an amplitude s
an performed insteps of 0:25 ps�1. The next natural step is the estimation of the signi�
an
e of thesignal observed, and the measurement of �ms.The signi�
an
e of the signal observed in an amplitude s
an measures how likelyit is that random 
u
tuations produ
e a signal of os
illations as large or larger thanthe one observed. The quantity �(�ms) has been 
hosen to estimate the signi�
an
e2The fa
tor 1:645 derives from the following formula: R +1��1:645� G(x;�; �)dx = 0:95. It allows oneto set a lower limit with a 
on�den
e level of 95%.160
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of this analysis. This quantity is de�ned as the negative logarithm of the ratio of thelikelihood 
al
ulated with A = 1, whi
h 
orresponds to the hypothesis that �ms isthe true mixing frequen
y, and A = 0, whi
h is independent of �ms and 
orrespondsto the hypothesis that there are no os
illations, i.e.:� � � log L(A = 1)L(A = 0) : (7.4.1)The signi�
an
e is determined as a fun
tion of the minimum value assumed by � inthe �ms range 
hosen for the amplitude s
an, �min. Random 
u
tuations are simu-lated by randomly assigning 
avor tags to the data sample utilized for this analysis.Therefore, the signi�
an
e of the analysis presented is quanti�ed by the probabilitythat a data sample with randomly assigned 
avor tags a
hieves a value of �min smalleror equal than the observed one in data, at any value of �ms. Su
h probability is re-ferred to as p-value. The distribution of �min in a set of amplitude s
ans performedafter repeatedly and di�erently randomizing 
avor tag de
isions in the data sampleis shown in Figure 7.7. The 
umulative distribution fun
tion of �min (right plot inFigure 7.7) dire
tly provides the p-value as a fun
tion of �min:p(�observedmin ) = Z �observedmin�1 d�minf(�min) ; (7.4.2)where f(�min) is the distribution of �min, in the left plot in Figure 7.7.The range of amplitude s
ans has been arbitrarily 
hosen to be 0 < �ms[ps�1℄ <35. The estimation of the p-value does not in
ur any signi�
ant bias by sele
tinga �nite window in �ms be
ause the likelihood ratio 
onverges rapidly to zero for�ms > 35 ps�1. A 
ross-
he
k is performed by extending the sear
h range up to�ms = 50 ps�1, with no e�e
t on the p-value distribution.The plot in Figure 7.8 shows the value of the likelihood ratio � as a fun
tionof �ms, for the hadroni
 and semileptoni
 B0s de
ays, separately, and for all datasamples 
ombined. The minimal observed value of � is �min = �17:26. A qui
k lookba
k to the right plot in Figure 7.7 allows one to obtain the p-value 
orrespondingto �min = �17:26. The distribution of p-value vs. �min shows that, out of 3:5� 108entries, only 28 s
ans have a value of �min smaller than -17.26. This means that theprobability for random s
ans to produ
e a signal as signi�
ant as the one seen in data,i.e., the p-value, is 8� 10�8. This is well below the 5{standard-deviations thresholdwhi
h 
orresponds to 5:7� 10�7.The plot of �(�ms) in Figure 7.8 allows for the determination of the value of�ms that best �ts the data, whi
h 
orresponds to the value that minimizes �, andits statisti
al un
ertainty, whi
h is determined by the value of �ms where � 
hangesby 0:5 from the minimal value. The following measurement is obtained:�ms = 17:77� 0:10(stat:)� 0:07(syst:) ps�1 : (7.4.3)Finally, the plot in Figure 7.9 shows the 
omparison between the CDF measure-ment of �ms and the result of the �t for �ms performed by the CKM Fitter group [16℄162
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h hori-zontal se
tion of the shaded area represents the interval in whi
h �ms lies with thelevel of 
on�den
e read on the verti
al axis of the plot. Intervals are determined bya �t whi
h assumes that 
avor intera
tions are 
ompletely des
ribed by the SM. The�t does not in
lude any �ms analysis among its inputs. The CDF measurement isdrawn at 1-CL= 31:7%, whi
h 
orresponds to a 1� interval.without input from �ms measurements. The 1� 
on�den
e interval of the CDF mea-surement is 
ompletely 
ontained within the 
orresponding interval de�ned by theCKM �t. However, the size of the intervals for �ms, at di�erent levels of 
on�den
e,indi
ated by this CKM �t with no �ms information makes this a weak test for thevalidity of the SM of 
avor intera
tions.7.5 Measurement of jVtd=Vtsj and impa
t on Uni-tarity TriangleThe previous se
tion presented the measurement of �ms, and the observation of B0sos
illations with a signi�
an
e larger than 5 standard deviations. This measurementrepresents a signi�
ant a
hievement per se, but it also provides a way to get a 
on-straint on CKM parameters with unpre
edented pre
ision.The measurement of �md=�ms, under the assumption that jV
sj = jVtbj, allowsfor the determination of the side of the unitarity triangle opposed to the angle 
 with164



Parameter ValuemB0=mB0s [117℄ 0:98390�O(10�4)�md [7℄ 0:507� 0:005 ps�1�ms 17:77� 0:10� 0:07 ps�1� [14℄ 1:210 +0:047�0:035Table 7.5: Parameters used to determine jVtdj=jVtsj in Equation 1.3.2.a 3� 4% resolution. As was derived in Se
tion 1.3 this ratio 
an be expressed as:�ms�md = �2mB0smB0 jVtsj2jVtdj2 ; (1.3.2)where � is a parameter from latti
e 
al
ulations. With the measurements reported inTable 7.5, the following determination is obtained:jVtdjjVtsj = 0:2060� 0:0007 +0:0081�0:0060 : (7.5.1)The �rst un
ertainty refers to the 
ontribution of the �ms measurement only, whilethe se
ond in
ludes all other sour
es, dominated by the theoreti
al un
ertainty of theparameter �.To put the impa
t of this measurement in perspe
tive, the 
onstraint on theunitarity triangle obtained in Equation 7.5.1 
an be 
ompared to the status as of EPS2005 [15℄ in Figure 7.10. This result ni
ely 
omplements the measurements of sin 2�(or sin 2�1) and jVubj from B0 ! ��`+�`. The importan
e of the CDF measurementof jVtd=Vtsj is also 
learly shown by Figure 7.11, where the result of the theoreti
alexpe
tation for jVtd=Vtsj, the CDF measurement, and the average of Belle [118℄ andBaBar [119℄ measurements are 
ompared.The resolution of the experimental inputs to Equation 1.3.2 
ontributes a negligi-ble part of the total un
ertainty on jVtdj=jVtsj. It thus appears ne
essary to work onthe improvement of the determination of the parameter � in order to 
ompletely ex-ploit the information provided by our analysis. It is also interesting to noti
e that therelative pre
ision with whi
h �ms is measured, ��ms=�ms, is superior to the relativepre
ision of the �md measurement: ��ms=�ms � 0:5% vs. ��md=�md � 1%. Thepre
ise measurement of �ms presented in this do
ument will thus not be the limitingfa
tor in jVtdj=jVtsj, even if the pre
ision with whi
h the � term, whi
h is obtainedfrom latti
e QCD 
al
ulations, were to greatly improve.A review of the impli
ations of the measurement of �ms in the large 
lass of modelsin whi
h the 3 � 3 CKM matrix is unitary and tree-level de
ays are dominated bySM 
ontributions is presented in Referen
e [120℄. This measurement imposes stri
t
onstraints on the phase spa
e available to the parameters hs and �s, introdu
ed inEquation 1.4.1, whi
h des
ribe NP 
ontributions to the frequen
y of B0s os
illationsin a model-independent fashion. 165
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on�den
e read on the verti
al axis of the plot. Intervals are determinedby a �t whi
h assumes that 
avor intera
tions are 
ompletely des
ribed by the SM.The �t does not in
lude any �ms analysis among its inputs. The experimentalmeasurements 
orrespond to the CDF measurement and the average of Belle andBaBar measurements of jVtd=Vtsj. 166



Con
lusionThe analysis whi
h resulted in the �rst observation of time-dependent B0s 
avor os-
illations is reported in this dissertation, whi
h fo
uses on the development of aneural-network{based same-side tagging algorithm.This algorithm for same-side 
avor tagging exploits the parti
le-identi�
ation andkinemati
 information provided by the CDF dete
tor to separate 
harged hadrons,su
h as pions, kaons, and protons. This analysis is one of the �rst CDF analysesto fully integrate parti
le-identi�
ation information provided by the CDF Time-Of-Flight system and the measurement of ionization energy loss in the Central OuterTra
ker. Besides same-side 
avor tagging, this information is utilized in the sele
tionof B0s 
andidates, where it allows for a better separation between signal and ba
k-ground than in previous sele
tion s
hemes. The use of parti
le-identi�
ation is one ofthe fa
tors whi
h 
ontributed to the signi�
ant in
rease of B0s statisti
s and sensitivitywith respe
t to analyses whi
h utilized the same sample of CDF data.The tagging power of the same-side tagging algorithm des
ribed in this thesis isabout 4%, when applied to the B0s samples re
onstru
ted for this analysis. The same-side tagger is 
ombined with an opposite-side 
avor tagger with a tagging power ofabout 1:8%.It is also interesting to note the importan
e of the sample of fully hadroni
 B0sde
ays, whi
h 
ontribute 90% of the statisti
al power available to this analysis. Theproper-de
ay-time resolution a
hieved in the re
onstru
tion of these 
andidates is thereason for their superiority. This points to the great performan
e of CDF tra
k-ing and trigger systems, in parti
ular Layer00 and the Se
ondary Vertex Tra
ker,whi
h allowed for the 
olle
tion of large samples of hadroni
 B0s de
ays, with ex
ellentproper-de
ay-time resolution, providing CDF with a great advantage over 
ompetingexperiments.The reported result is obtained with a dataset 
orresponding to an integratedluminosity of about 1 fb�1. The frequen
y of B0s � B0s os
illations is measured to be:�ms = 17:77� 0:10(stat)� 0:07(syst) ps�1 ;with a signi�
an
e superior to 5 standard deviations. The signal of B0s os
illations is
hara
terized by an amplitude equal to 1:21�0:20. The 
onsisten
y of the amplitudewith unity indi
ates that all 
omponents of the analysis are 
orre
tly 
alibrated, whi
his a remarkable a
hievement.The measurement of �ms provides a stringent 
onstraint on the determination ofCKM parameters. In parti
ular, it is possible to derive the following measurement of167



the Standard Model quantities:jVtdjjVtsj = 0:2060� 0:0007 +0:0081�0:0060 ;where the �rst un
ertainty refers to the 
ontribution from the �ms measurementonly. The se
ond term of the un
ertainty is 
ompletely dominated by the theoreti
alun
ertainty. The observation of B0s � B0s os
illations 
on
ludes a twenty-year longsear
h, and provides an important demonstration of the SM of 
avor-intera
tions.

168



Appendix APYTHIA Setting for MCGenerationThe Pythia version whi
h is used in CDF is 6.216. The Pythia input parametersfor the MC sample des
ribed in Chapter 4, whi
h di�er from the default settings, arebrie
y des
ribed in this Appendix. The parameters whi
h di�er are:� Tune A (Ri
k Field tuning) for the underlying event has been used [72, 73℄.� B�� rate of 20% has been 
hosen.� Default values for B�� masses and widths were repla
ed by re
ent measure-ments [62℄.� The Lund string fragmentation model has been used. As input to this fragmen-tation model a so-
alled z variable (Equation 4.3.15) is needed, whi
h des
ribesthe ratio of momenta taken by the B meson from the string. For high z valuesthe B meson tends to have higher momentum and the average number of par-ti
les formed out of the string is a

ordingly lower. There are various di�erentz variable distributions on the market. The default shape for this distribution(symmetri
 Lund [90℄) has been used for the light (u,d,s) strings, while for theheavy quarks (
,b) the Peterson fragmentation fun
tion [91℄ with the tuningparameter � = 0.006, has been used. This is not the Pythia default but it isneeded later for tuning of the z variable distribution of the b string.The following t
l swit
hes were used to generate the Pythia-MC sample des
ribedin Chapter 4:module enable Pythiamodule talk PythiaPythiaMenumsel set 1
mEnergy set 1960
ommonMenu 169



set_
kin -index=3 -value=5.set_
kin -index=4 -value=-1.// Tuning Pythia for Underlying event// Pres
ription "A" from Ri
k Field// ---------------------------------------// PDFs - CTEQ Set 5L (LO)// These settings are only valid for CTEQ5L// set_mstp -index=51 -value=4046set_mstp -index=52 -value=2// --------------------------------------// Set ISR max s
ale fa
tor parameter// Old ISR setting with more initial-state radiationset_parp -index=67 -value=4.0// ---------------------------------------// Multiple Intera
tion parameters// turn m.i. ONset_mstp -index=81 -value=1// ---------------------------------------------------------// assume single gaussian hadroni
 matter distr. turn off atset_mstp -index=82 -value=4.0// ---------------------------------------------------------// turn-off parametersset_parp -index=82 -value=2.0// Warm-Core: 50% of matter in radius 0.4set_parp -index=83 -value=0.5set_parp -index=84 -value=0.4// -----------------------------------------------------// probability of gg intera
tion with 
olour 
onne
tion// Almost Nearest Neighborset_parp -index=85 -value=0.9// total probability of gg intera
tionsset_parp -index=86 -value=0.95// referen
e energy s
ale for m.i.set_parp -index=89 -value=1800.set_parp -index=90 -value=0.25// -------------------------------------------------------// set top massset_pmas -mass
ode=6 -mass=175.// -------- setup the fragmentation fun
tion in PYTHIA ---// Peterson with epsilon = 0.006set_mstj -index=11 -value=3set_parj -index=55 -value=-0.006//--------------- setup the B** rates --------------------set_parj -index=14 -value=0.2170



set_parj -index=15 -value=0.0666667set_parj -index=16 -value=0.0666667set_parj -index=17 -value=0.0666667// --------------- override B** and D** masses and widths ---------// B**set_pmas -mass
ode=10521 -mass=5.70 -width=0.200 -maxdev=0.10set_pmas -mass
ode=10511 -mass=5.70 -width=0.200 -maxdev=0.10set_pmas -mass
ode=20523 -mass=5.73 -width=0.200 -maxdev=0.10set_pmas -mass
ode=20513 -mass=5.73 -width=0.200 -maxdev=0.10set_pmas -mass
ode=10523 -mass=5.73 -width=0.020 -maxdev=0.05set_pmas -mass
ode=10513 -mass=5.73 -width=0.020 -maxdev=0.05set_pmas -mass
ode=525 -mass=5.74 -width=0.020 -maxdev=0.05set_pmas -mass
ode=515 -mass=5.74 -width=0.020 -maxdev=0.05// D**set_pmas -mass
ode=10421 -mass=2.31 -width=0.300 -maxdev=0.10set_pmas -mass
ode=10411 -mass=2.31 -width=0.300 -maxdev=0.10set_pmas -mass
ode=20423 -mass=2.43 -width=0.300 -maxdev=0.10set_pmas -mass
ode=20413 -mass=2.43 -width=0.300 -maxdev=0.10set_pmas -mass
ode=10423 -mass=2.42 -width=0.020 -maxdev=0.05set_pmas -mass
ode=10413 -mass=2.42 -width=0.020 -maxdev=0.05set_pmas -mass
ode=425 -mass=2.46 -width=0.020 -maxdev=0.05set_pmas -mass
ode=415 -mass=2.46 -width=0.020 -maxdev=0.05// Ds**set_pmas -mass
ode=10433 -mass=2.536 -width=0.002 -maxdev=0.0001set_pmas -mass
ode=435 -mass=2.572 -width=0.015 -maxdev=0.0005exitexitexit
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Appendix BB+ and B0 data and MC samplesThis appendix 
omplements the information presented in Chapter 3 and 4. The dataand MC samples of B+ and B0 mesons whi
h are des
ribed in this appendix areutilized to 
ross-
he
k the work performed on the same-side 
avor tagger presentedin Chapter 6. They provide an important test be
ause of their large number of events,
ompared to the B0s data samples.In parti
ular, this se
tion 
on
entrates on the samples whi
h are utilized to verifythe validity of the work on same-side 
avor tagging. The re
onstru
ted B+ and B+de
ay 
hains are the following:� B+ ! D0�+; D0 ! K+��;� B0 ! D��+; D� ! K+����;� B+ ! J= K+; J= ! �+��;� B0 ! J= K�0; J= ! �+��; K�0 ! K+��.The samples 
olle
ted 
orrespond to the 0d period of data-taking, whi
h is de�ned inSe
tion 3.2, for a total integrated luminosity of 355 pb�1.The trigger paths utilized to 
olle
t the fully-hadroni
 de
ay modes are the BCHARM,LOWPT, and HIGHPT s
enarios of two-tra
k triggers. The trigger requirements areexplained in Se
tion 3.1. Candidates de
ayed in modes with a J= in the �nal stateare instead 
olle
ted using the DIMUON trigger path, whi
h is de�ned as follows:Level-1{ two XFT tra
ks with opposite 
harge;{ ea
h XFT tra
k is mat
hed to two muon stubs;{ pXFTT > 1:5(2:2) GeV=
 for ea
h CMU (CMX) muon;{ �'6(CMU;CMU) < 135Æ, no 
ut on �'6(CMU;CMX);Level-2{ no 
uts: events whi
h pass Level-1 are automati
ally a

epted by Level-2;173



Cut B+ ! D0�+ B0 ! D��+�2r�(B) < 15 15�2r�(D) < 15 15jd0(B)j [�m℄ < 80 110Lxy=�Lxy(B) > 7 11Lxy(D! B) [�m℄ > -150 -300pT (B) [GeV=
℄ > 5.5 5.5pT (�B) [GeV=
℄ > 1.0 1.2�R(D; �B) < 2.0 1.5Table B.1: Sele
tion 
riteria for fully hadroni
 B+ and B0 
andidates. The label �Bindi
ates the ba
helor pion produ
ed in the de
ay of a B+ or B0 meson.Cut B+ ! J= K+ B0 ! J= K�0P(B) > 10�3 10�4�2r�(B) < | 225Lxy=�Lxy(B) > 4.5 4.5�Lxy(B) [
m℄ < 0.04 0.04pT (B) [GeV=
℄ > 5.0 5.0pT (K+;�0) [GeV=
℄ > 1.0 1.0jmK� �mK�0 j [MeV=
2℄ < | 50Table B.2: Sele
tion 
riteria for di-muon B+ and B0 
andidates.Level-3{ mass m�� between 2:7 GeV=
2 and 4:0 GeV=
2.The triggers that belong to the family of DIMUON triggers are di�erentiated by thetype of muon-pair whi
h they require: (CMU,CMU) or (CMU,CMX).B.1 Sele
tion of data samplesThe sele
tion of B+ and B0 
andidates is performed by applying re
tangular 
uts.The method is analogous to the one adopted to sele
t B0s semileptoni
 de
ays (Se
-tion 3.4.1), while the sele
tion of hadroni
 B0s 
andidates is based on a Neural Network(Se
tion 3.4.2). The value of the 
uts is 
hosen by optimizing S=pS + B, where theamount of signal S, in a prede�ned signal region, is evaluated in a BGenerator-MC sample of signal events, while the number of ba
kground events B is measuredextrapolating the mass �t of the sidebands in data. The upper sideband only isutilized in the 
ase of B+ ! D0�+ and B0 ! D��+ de
ays, while both upper andlower sidebands are used in the 
ase of the J= K+;�0 de
ay modes. The sele
tion 
utsutilized are summarized in Table B.1 and B.2, for fully hadroni
 and di-muon modes,respe
tively. 174



De
ay Sequen
e YieldB+ ! D0�+ 9270B0 ! D��+ 8040B+ ! J= K+ 5240B0 ! J= K�0 2360Table B.3: B+ and B0 signal yields. The quoted numbers 
orresponds to an inte-grated luminosity of � 355 fb�1.The yields of B+ and B0 
andidates 
olle
ted in 355 pb�1 of integrated luminosityare reported in Table B.3. The yields of B0s 
andidates, in the same data sample, areone order of magnitude smaller.B.2 Monte Carlo samples of B+ and B0 mesonsThe Pythia-MC samples utilized for the study of same-side tagging are preparedand tuned following the dire
tions explained in Chapter 4. This se
tion presentsthe data{MC-simulation 
omparison of the quantities that are expe
ted to have thegreatest in
uen
e on the performan
e of an algorithm for same-side 
avor tagging.The plots with the 
omparison of data and simulated events are divided in threesets. The plots in the �rst set present the 
omparison of the distributions of the tra
kvariables utilized to sele
t tagging tra
k 
andidates: impa
t parameter signi�
an
ed0=�d0 , the separation in �{' spa
e �R, the longitudinal separation �z0 betweenthe tagging tra
k 
andidate and the re
onstru
ted B meson, the pseudorapidity �,and the number of hits in the sili
on dete
tor. Ea
h distribution is produ
ed byapplying all the 
uts used for the sele
tion of tag 
andidates, whi
h are presented inSe
tion 6.3, ex
ept the one on the quantity whi
h is being tested. The 
omparison ofthe distributions in data and simulated events of the number of tag 
andidates foundper B 
andidate is shown too. Figures B.1 to B.4 present the distributions relativeto B+ ! D0�+, B0 ! D��+, B+ ! J= K+, and B0 ! J= K�0, in the same order.The se
ond set of plots 
ontains the 
omparison between the distributions, indata and Pythia-MC, of transverse momentum, impa
t parameter, transverse de
aylength and transverse de
ay length resolution of the re
onstru
ted B 
andidates. Theplots for B+ and B0 
andidates, re
onstru
ted in fully hadroni
 modes and in de
ay
hains 
ontaining a J= , are presented in Figures B.5 to B.8.The plots in the third set 
ompare the distribution of CLL (Equation 6.5.3), thevariable utilized to perform parti
le identi�
ation. The four plots in Figure B.9 showthe 
omparison of the distributions of CLL in data and Pythia-MC simulation forthe B+ and B0 de
ay modes utilized throughout this appendix.The distributions presented in this se
tion show a good agreement between dataand simulated events for all the 
hara
teristi
s that are important to assess the per-forman
e of a same-side tagging algorithm. Figure 6.12 
ompletes the data{MC-simulation 
omparison by showing a good agreement between the performan
e ofthe maxCLL algorithm for same-side tagging measured in data and 
al
ulated in175



Sample SDphD2i [%℄Data SimulationB+ ! D0�+ 30:4� 1:3 29:0� 0:3B0 ! D��+ 19:0� 2:5 17:2� 0:4B+ ! J= K+ 26:4� 2:1 28:5� 0:2B0 ! J= K�0 13:6� 5:4 16:8� 0:3Table B.4: max prelL algorithm of Same-Side Tagging. The dilution is measured indata and Pythia-MC samples. The quoted un
ertainty is statisti
al only.Sample SDphD2i [%℄Data SimulationB+ ! D0�+ 25:7� 1:3 27:5� 0:2B0 ! D��+ 17:6� 2:3 17:4� 0:4B+ ! J= K+ 23:9� 2:2 27:0� 0:2B0 ! J= K�0 13:7� 5:5 17:9� 0:3Table B.5: Parti
le-identi�
ation{based algorithm of Same-Side Tagging. The di-lution is measured in data and Pythia-MC samples. The quoted un
ertainty isstatisti
al only.Pythia-MC samples of re
onstru
ted B+ and B0 
andidates.B.3 Performan
e of same-side taggersThe data and MC samples of B+ and B0 
andidates presented in this appendix allowsone to perform an important test for same-side taggers. Be
ause B+ mesons do notmix, and B0 mesons mix with a known frequen
y whi
h is measurable with pre
isionwith CDF data, it is possible to measure tagging performan
e dire
tly on these datasamples, and 
ompare these results with the ones obtained on simulated events. Theagreement between the results in data and in MC samples 
on�rm the validity ofutilizing a B0s MC sample to 
alibrate same-side taggers, and then apply the resultsof the 
alibration on MC events to B0s data.Tables B.4 and B.5 show the level of agreement a
hieved between the performan
esof the max prelL and maxCLL algorithms for same-side tagging measured in data and
al
ulated in Pythia-MC samples of B+ and B0 
andidates. The agreement betweenthe e�e
tive dilution measured in data and 
al
ulated in Pythia-MC samples isalways better than two standard deviations.
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Figure B.1: Data{Pythia-MC-simulation 
omparison of tra
k variables. Thesetra
k variables will be utilized to presele
t tagging tra
k 
andidates. From left to right,and top to bottom, are plotted the distributions for: impa
t parameter signi�
an
ed0=�d0 , angular separation �R(B; trk), �z0(B; trk), pseudorapidity �, number of hitsin the sili
on dete
tors (L00, SVX or ISL), and number of SST tag 
andidates, afterall 
uts. Ea
h plotted distribution is produ
ed utilizing the sample of tra
ks whi
hsatisfy the requirements for being a tag 
andidate ex
ept for the 
ut on the variableshown. These distributions are from the B+ ! D0�+; D0 ! K+�� data and MCsamples. 177
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Figure B.2: Data{Pythia-MC-simulation 
omparison of tra
k variables. Thesetra
k variables will be utilized to presele
t tagging tra
k 
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t parameter signi�
an
ed0=�d0 , angular separation �R(B; trk), �z0(B; trk), pseudorapidity �, number of hitsin the sili
on dete
tors (L00, SVX or ISL), and number of SST tag 
andidates, afterall 
uts. Ea
h plotted distribution is produ
ed utilizing the sample of tra
ks whi
hsatisfy the requirements for being a tag 
andidate ex
ept for the 
ut on the variableshown. These distributions are from the B0 ! D��+; D� ! K+���� data and MCsamples. 178
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Figure B.3: Data{Pythia-MC-simulation 
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ed utilizing the sample of tra
ks whi
hsatisfy the requirements for being a tag 
andidate ex
ept for the 
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Figure B.4: Data{Pythia-MC-simulation 
omparison of tra
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k variables will be utilized to presele
t tagging tra
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uts. Ea
h plotted distribution is produ
ed utilizing the sample of tra
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Figure B.5: Comparison of distributions of the B+ ! D0�+; D0 ! K+�� 
an-didates between data (bla
k markers) and Pythia-MC simulation (solid gray his-togram). From left to right, and top to bottom, are plotted the distributions for:transverse momentum, impa
t parameter, 
ight distan
e in the transverse plane Lxy,and un
ertainty in Lxy.
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Figure B.6: Comparison of distributions of the B0 ! D��+; D� ! K+����
andidates between data (bla
k markers) and Pythia-MC simulation (solid grayhistogram). From left to right, and top to bottom, are plotted the distributions for:transverse momentum, impa
t parameter, 
ight distan
e in the transverse plane Lxy,and un
ertainty in Lxy.
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Figure B.7: Comparison of distributions of the B+ ! J= K+; J= ! �+�� 
an-didates between data (bla
k markers) and Pythia-MC simulation (solid gray his-togram). From left to right, and top to bottom, are plotted the distributions for:transverse momentum, impa
t parameter, 
ight distan
e in the transverse plane Lxy,and un
ertainty in Lxy.
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Figure B.8: Comparison of distributions of the B0 ! J= K�0; J= ! �+��; K�0 !K+�� 
andidates between data (bla
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t parameter, 
ight distan
e in the transverse planeLxy, and un
ertainty in Lxy.
184



log(LL(dEdx))

-20 -10 0 10 20

en
tr

ie
s 

pe
r 

bi
n

0

1000

2000

3000

 Pythia

 Data

 MC pions

 MC kaons

 MC protons

log(LL(dEdx))

-20 -10 0 10 20

en
tr

ie
s 

pe
r 

bi
n

0

1000

2000

3000

+π 0
D → +B

log(LL(dEdx))

-20 -10 0 10 20
en

tr
ie

s 
pe

r 
bi

n
0

1000

2000

3000
 Pythia

 Data

 MC pions

 MC kaons

 MC protons

log(LL(dEdx))

-20 -10 0 10 20
en

tr
ie

s 
pe

r 
bi

n
0

1000

2000

3000

+π - D→ 0B

log(LL(dEdx))

-20 -10 0 10 20

en
tr

ie
s 

pe
r 

bi
n

0

500

1000

1500

2000  Pythia

 Data

 MC pions

 MC kaons

 MC protons

log(LL(dEdx))

-20 -10 0 10 20

en
tr

ie
s 

pe
r 

bi
n

0

500

1000

1500

2000
+ Kψ J/→ +B

log(LL(dEdx))

-20 -10 0 10 20

en
tr

ie
s 

pe
r 

bi
n

0

500

1000
 Pythia

 Data

 MC pions

 MC kaons

 MC protons

log(LL(dEdx))

-20 -10 0 10 20

en
tr

ie
s 

pe
r 

bi
n

0

500

1000
*0 Kψ J/→ 0B

Figure B.9: Distribution of CLL for tagging tra
k 
andidates in data (bla
k dots)and Pythia-MC events (histogram). The rightmost bin in ea
h plot 
orresponds tothe 
ases where neither dE=dx nor t
ight information are available. The 
ontributionsof kaons, pions, and protons to the Pythia-MC plot are divided on the basis of MCtruth information, and overlaid. From left to right, and top to bottom, are plottedthe 
omparisons for: B+ ! D0�+, B0 ! D��+, B+ ! J= K+, and B0 ! J= K�0.
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Appendix CAdditional SST algorithms studiedTwo algorithms for same-side 
avor tagging have been studied into detail: max prelL(Se
tion 6.4), based on kinemati
 
hara
teristi
s of tag 
andidates, and maxCLL,whi
h utilizes parti
le-identi�
ation information (Se
tion 6.5). The analysis of B0s �B0s os
illations whi
h provided the �rst measurement of �ms [17℄ used the parti
le-identi�
ation{based algorithm, whi
h had proved to perform better than the max prelLone. This appendix do
uments the attempts to 
ombine the two algorithms that havebeen dis
arded in favor of the neural-network{based algorithm des
ribed in Chapter 6.C.1 Combination of max prelL and maxCLL de
i-sionsThe simplest way, in terms of the available quantities, to 
ombine the kinemati
information 
ontained in the max prelL algorithm to the parti
le-identi�
ation{basedone, maxCLL, is to 
onsider the two algorithms as independently providing two tagde
isions with their respe
tive dilutions. It is natural to derive the dilution of the
ombined tag de
ision as follows [98℄:D0 = D1 +D21 +D1D2 ; (C.1.1)where D1 and D2 indi
ate the 
andidate-by-
andidate dilution of the max prelL andmaxCLL tagging algorithms, respe
tively. The tag de
ision of the 
ombination 
or-responds to the de
ision of the tagger with the larger dilution. The quantity D0dire
tly represents the true dilution of the event only in the 
ase of two independenttaggers. Correlations between the two algorithms whi
h enter the 
ombination inEquation C.1.1 are expe
ted. However, D0 still represents a useful approximationof the true dilution, and is 
hosen to parametrize the true 
andidate-by-
andidatedilution.Events have been split in two samples, whether the de
isions of the two algorithmsin Equation C.1.1 agree or disagree, and in both samples the relation between D0 andthe true dilution is polynomial, as shown in Figures C.1. The parameters of the �ts187



Parameter Agreement Disagreementa0 �0:009� 0:005 0:083� 0:026a1 �0:079� 0:106 0:404� 0:139a2 1:973� 0:481 |a3 �1:060� 0:515 |Table C.1: Result of the �t for the parameterization of the dilution as a fun
-tion of D0 = D1+D21+D1D2 , where D1 and D2 indi
ate the 
andidate-by-
andidate dilutionof the max prelL and maxCLL tagging algorithms, respe
tively. In the 
ase of dis-agreement between the de
isions of the two taggers, the following de�nition holds:D0 = D1�D21�D1D2 ;D1 > D2.[%℄ 0d 0h 0i� 52:1� 0:3 52:2� 0:3 52:6� 0:3SD 99:1� 2:3 93:5� 2:3 93:2� 2:3SDphD2i 28:9� 0:7 27:4� 0:7 27:2� 0:7Table C.2: Results of the �t on MC events for the s
ale fa
tor of the same-sidetagger whi
h uses the 
ombination of max prelL and maxCLL algorithms, des
ribed inSe
tions 6.4 and 6.5. The tagging algorithm is applied to a Pythia-MC sample ofB0s ! D�s �+;D�s ! �0�� 
andidates.of the distributions of the true dilution in bins of D0 are shown in Table C.1.Using the des
ribed parameterizations, the tagger is applied to a MC sample,divided in the three periods of data-taking de�ned in Se
tion 4.3. Following thetagger-
alibration pro
edure des
ribed in Se
tion 6.1, a s
ale fa
tor SD is 
al
ulatedfor ea
h of the three periods of data-taking. The obtained s
ale fa
tors are reportedin Table C.2. The s
ale fa
tor is very 
lose to unity in the 
ase of 0d MC events,be
ause that was the sample used to derive the parameterization in Table C.1. Thedegradation of SST performan
e in 0h and 0i re
e
ts the de
rease in the powerof the parti
le identi�
ation des
ribed in Referen
es [121℄ and [87℄. In parti
ular,a degradation in the performan
e of the TOF dete
tor is observed, quanti�ed in a� 20% redu
tion of the arrival time resolution in 0h data with respe
t to 0d data,and a redu
tion of the TOF eÆ
ien
y of about 10%.The algorithm for same-side tagging presented in this se
tion performs worse thanthe ANN-based algorithm des
ribed in Se
tion 6.6. Quoting from Equation 6.10.2 andTable C.2, the parameterized dilutions SDphD2i of the ANN-based and of the CLL-based tagging algorithms are 30:2�0:7 and 28:9�0:7, respe
tively. These �gures are
al
ulated on the same Pythia-MC sample of B0s ! D�s �+;D�s ! �0�� de
ays. TheANN-based algorithm has thus been favored for this analysis of B0s � B0s os
illations.C.1.1 Study of 
orrelationsIn this se
tion the 
orrelations between the max prelL and maxCLL algorithms (Se
-tions 6.4 and 6.5) are analyzed in an attempt to understand whether it is a
tually188
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Figure C.1: Parameterization for the dilution of the 
ombined max prelL and maxCLLalgorithms as a fun
tion of the raw dilutionD0 for 
ases of agreement and disagreementbetween the individual de
isions of the max prelL and maxCLL algorithms, des
ribedin Se
tions 6.4 and 6.5.possible to produ
e an algorithm by 
ombining the two algorithms, as des
ribed inEquation C.1.1, whi
h performs better than the maxCLL one.The number of events in whi
h the de
ision of the max prelL +maxCLL algorithmis di�erent from the maxCLL-only de
ision is 1:3%, with a very small un
ertainty(the number of tagged MC 
andidates is about 15 thousand). The e�e
t of 
ombiningthe taggers thus 
onsists in the in
reased dilution of the event when the two taggersagree. Events 
an be thus divided in two samples, a

ording to the agreement betweenthe de
isions of the maxCLL and the max prelL algorithms, whi
h will be analyzedseparately.The maxCLL and max prelL de
isions agree in 89:0 � 0:3% of the 
ases in whi
ha tag is assigned to both. The 
lassi�
ation of 
andidates is extended by furthersubdividing the 
lasses of tag de
isions by other 
hara
teristi
s of the 
andidate. The�rst 
lassi�
ation is based on the agreement between the de
isions of maxCLL andmax prelL algorithms. The �rst 
lass is further subdivided in three distin
t samples:� the tag 
andidate tra
k is unique,� the tag 
andidate tra
ks have the same 
harge,� the tag 
andidate tra
ks do not have the same 
harge,{ maxCLL and max prelL de
ision agree,{ maxCLL and max prelL de
ision disagree.Tag 
andidate tra
ks are de�ned by the sele
tion 
uts presented in Se
tion 6.3. Ea
hof these four 
lasses is �nally divided in three sub
lasses, whether the tag 
andidatewith the maxCLL is strongly identi�ed as a kaon (CLL > 2), it is very likely a pion189



Class Cut Fra
tion [%℄Unique tag 
andidate CLL > 2 2:0� 0:1CLL < �2 31:1� 0:4jCLLj < 1 11:8� 0:3Tag 
ands w/ same 
harge CLL > 2 0:4� 0:1CLL < �2 3:7� 0:2jCLLj < 1 3:0� 0:2Tag 
ands w/ di�. 
hargesmaxCLL and max prelL agree CLL > 2 4:7� 0:2CLL < �2 4:2� 0:2jCLLj < 1 8:9� 0:3Tag 
ands w/ di�. 
hargesmaxCLL and max prelL disagree CLL > 2 4:8� 0:1CLL < �2 1:1� 0:1jCLLj < 1 4:4� 0:1Table C.3: Fra
tion of events in the di�erent maxCLL and max prelL 
lasses de�nedin the text.
(CLL < �2) or there is small parti
le-identi�
ation information (jCLLj < 1). Thedistribution of CLL, de�ned in Equation 6.5.3, for kaons, pions, and protons in aPythia-MC sample, is shown in Figure 6.5. Events with 1 < jCLLj < 2 are notin
luded in the set of plots in favor of plots whi
h present 
lasses with well de�nedparti
le-identi�
ation 
hara
teristi
s (kaons, pions and little parti
le-identi�
ation in-formation). Twelve sub
lasses are thus de�ned and the s
atter plots in Figures C.2-C.5 show interesting 
orrelations between the raw dilutionD0, whi
h is almost linearly
orrelated to the true dilution, and the parameterized dilutions of the maxCLL andmax prelL algorithms. The populations of the various 
lasses are reported in Table C.3.The largest improvement in 
andidate-by-
andidate dilution over the maxCLL-only algorithm is expe
ted in the 
ase of the 
lasses whi
h 
ontain tag 
andidateswith jmaxCLLj < 1. In fa
t, when CLL information tags the tra
k as a kaon (CLL> 2), maxCLL 
onstitutes a very powerful tagger whi
h dominates the 
ombinationin Equation C.1.1, as shown by the leftmost plots in Figures C.2-C.5. When CLLinformation is weak, the max prelL algorithm 
ontributes to the total dilution. Thisbehavior is proved by the 
entral plots in the same set of �gures. In the last 
ase,when maxCLL < �2 (rightmost plots in Figures C.2-C.5), the max prelL algorithm
ompletely drives the assignment of the event dilution, but the s
ale fa
tor, in thisbin of CLL, is very 
lose to zero, be
ause tag 
andidates are likely to be pions andthus have no tagging information. 190
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Figure C.2: Raw dilution D0 versus true dilution D of maxCLL (top) and max prelL(bottom) algorithms, when there is a unique tag 
andidate tra
k with CLL > 2 (left),jCLLj < 1 (
enter), CLL < �2 (right). The de
isions of maxCLL and max prelLalgorithms agree.
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Figure C.3: Raw dilution D0 versus true dilution D of maxCLL (top) and max prelL(bottom) algorithms, when there are multiple tag 
andidate tra
ks with the same
harge, and maxCLL > 2 (left), jmaxCLLj < 1 (
enter), maxCLL < �2 (right).The de
isions of maxCLL and max prelL algorithms agree.191
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Figure C.4: Raw dilution D0 versus true dilution D of maxCLL (top) and max prelL(bottom) algorithms, when there are multiple tag 
andidate tra
ks with di�erent
harges, and maxCLL > 2 (left), jmaxCLLj < 1 (
enter), maxCLL < �2 (right).The de
isions of maxCLL and max prelL algorithms agree.
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andidate tra
ks with di�erent
harges, and maxCLL > 2 (left), jmaxCLLj < 1 (
enter), maxCLL < �2 (right).The de
isions of maxCLL and max prelL algorithms disagree.192



[%℄ 0d� 52:1� 2:8SD 104:1� 2:8SDphD2i 29:8� 0:8Table C.4: Performan
e of the SST on MC events, upgraded with the parameteri-zation of the dilution in terms of both CLL and pT of the tag 
andidate tra
k, in aPythia-MC sample of B0s ! D�s �+;D�s ! �0�� de
ays.C.2 Parameterization of D with CLL and pTThe more traditional way to extra
t useful information from a MC sample is tointrodu
e a parameterization for 
andidate-by-
andidate dilution D in two variables,rather than using a single-variable parameterization. The Pythia-MC sample of tag
andidates for B0s ! D�s �+;D�s ! �0�� de
ays produ
ed for this analysis is dividedin bins of CLL and, subsequently, in bins of pT , be
ause these two variables showed, inprevious studies, strong 
orrelations with the 
andidate-by-
andidate dilution. Thetag de
ision is based on the 
harge of the tra
k with the maximum CLL. Thus,the new tag algorithm is identi
al to the maxCLL one used before, ex
ept for thedilution of the B0s 
andidate, whi
h is now parameterized in terms of the CLL and thetransverse momentum of the tagging tra
k. With respe
t to the maxCLL-only SSTalgorithm, the de
ision is identi
al but the weight (i.e., the dilution) of the 
andidateis di�erent, in
luding also information from the kinemati
 of the tagging tra
k. Noadditional parameterization in pT has been introdu
ed in the lowest bin in CLL,CLL < �2. For these 
andidates, the dilution is parameterized only in terms of CLLof the sele
ted tagging tra
k. In fa
t, the tag tra
k in events of this 
lass is wellidenti�ed as being a pion and thus have no tagging power. This assumption has beentested by �tting for the s
ale fa
tor of the SST algorithm in the set of events withmaxCLL < �1 and �nding the s
ale fa
tor 
onsistent with zero (SD = 3:0� 1:2%).The results of the parameterizations are shown in Figure C.6. Events are dividedin two major 
lasses: whether all the tag 
andidate tra
ks have the same 
hargeor not. In the former 
ase, no de
ision has to be made, while in the latter the tagde
ision 
orresponds to the 
harge of the tra
k with the maximumCLL. The resultings
ale fa
tor and the performan
e of the tagger based on the CLL and pT of the tag
andidate tra
k are reported in Table C.4.Despite o�ering the best performan
e among the algorithm presented in thisappendix (the results for SDphD2i of the three algorithms are presented in Ta-bles C.2, C.4, and C.6), it has been de
ided not to utilize the 
ombined CLL{pTparameterization in the upgrade of the SSKT. The statisti
s of the MC sample, whilelarge enough to provide an a

urate parameterization of the dilution in terms of asingle variable (maxCLL or pT of the tra
k with the maximum prelL in the previ-ous study), is not suÆ
ient to derive a robust and stable parameterization in twovariables, as shown by some of the plots in Figure C.6.193
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Figure C.6: Dilution versus pT in bins of CLL. The de
isions of the tagger isindi
ated by the 
harge of the tra
k with maxCLL.
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Parameter B+ B0 B0sa 1.631 1.642 1.385b 1.499 1.813 1.870
 [(GeV=
)�1℄ 0.801 1.011 1.496Table C.5: Parameters used to des
ribe pT -dependent dilution 
orre
tion fa
tor.C.3 CLL + pT ParameterizationThe idea developed in this se
tion is to use a parametrization of tagging tra
k CLLand of tagging tra
k pT for the predi
ted event-by-event dilution. This new algorithmkeeps the tagging de
ision a

ording to the maxCLL algorithm, but the parameter-ization of the predi
ted dilution is improved.By using max prelL to sele
t the tagging tra
k, a dependen
e of the dilution onthe tra
k pT is found, as seen in Figure C.7. This has been exploited already, assummarized in Se
tion 6.4, to improve the tagging performan
e of this algorithm.The fun
tional form used to des
ribe the shape of the pT dependen
e of the dilutionhas been parametrized as: D(pT ) = �� �e�
pT : (C.3.1)This expression is found to appropriately model the distribution of average dilutionin bins of pT of tag 
andidates. As expe
ted, a similar dependen
y of the dilution asa fun
tion of tagging tra
k pT is seen when maxCLL is utilized to sele
t the taggingtra
k (Figure C.8).Unfortunately, the statisti
s of the available MC sample was too small to derivereliable dilution parameterizations as a fun
tion of pT in di�erent bins of CLL. Thislimitation is di
tated by the large 
omputing power required to produ
e Pythia-MCevents. Therefore, the unbinned maximum-likelihood �tter was utilized to determinea unique overall pT -dependent term that 
an be interpreted as a 
orre
tion fun
tion tobe applied to the original 
andidate-by-
andidate dilution returned by the maxCLLalgorithm, whi
h is parameterized with a fun
tion of CLL only. The predi
ted dilu-tion is thus des
ribed as:D(CLL; pT ) = D(CLL) � D(pT ) ;D(CLL) = � + 12� � e 
22�2� x� � �1� erf � 1p2 ��
 � x���� ; x = Æ � CLL ;D(pT ) = a� be�
pT : (C.3.2)D(CLL) is the very same parameterization whi
h has already been derived in theprevious study and shown in Figure 6.7. The parameters a; b and 
 are the samefor all events. No separation between events with agreeing or disagreeing 
harges oftagging tra
k 
andidates is made. The parameters a, b, and 
, found by �tting thePythia-MC sample of B0s ! D�s �+;D�s ! �0�� de
ays in the 0d 
on�guration, arelisted in Table C.5. The 
orre
tion fun
tions obtained �tting Pythia-MC samplesof B0 ! D��+, B+ ! D0�+, and B0s ! D�s �+ de
ays, are displayed in Figure C.9.195



[%℄ B+ B0 B0sMC (0d) SD 100.0� 0.9 100.0� 1.9 100.0� 2.4SDp< D >2 28.3� 0.2 18.2� 0.4 29.3� 0.8data (0d) SD 100.1� 4.9 102.7� 15.1 |SDp< D >2 29.3� 1.3 18.6� 2.7 |MC (0h) SD 97.8� 0.9 98.8� 1.9 96.8� 2.4SDp< D >2 27.9� 0.3 18.0� 0.4 28.4� 0.7data (0h) SD 99.2� 4.2 97.5� 13.3 |SDp< D >2 29.0� 1.1 17.8� 2.4 |MC (0i) SD 98.4� 0.9 96.1� 1.9 97.9� 2.4SDp< D >2 28.0� 0.2 17.5� 0.4 28.6� 0.7data (0i) SD 93.7� 6.6 79.2� 24.0 |SDp< D >2 26.5� 1.7 14.3� 4.3 |Table C.6: Performan
e of parameterized maxCLL+pT algorithm in data and MC.The tagging performan
es, as measured in data and 
al
ulated in MC samples,using this pT -dependent 
orre
tion fa
tor for the predi
ted dilution are listed in Ta-ble C.6. As the parameterization has been derived using the unbinned �tter, the dilu-tion s
ale fa
tor has to be 100% by de�nition for the 0d MC sample. Good data{MC-simulation agreement between the s
ale fa
tors and e�e
tive dilutions measured indata and MC samples of B+ ! D0�+;D0 ! K+�� and B0 ! D��+;D� ! K+����de
ays is shown in Table C.6.For a more 
omplete 
omparison, the results of the maxCLL algorithm only ap-plied on the B+ ! D0�+;D0 ! K+�� and B0 ! D��+;D� ! K+���� data andMC samples are reported in Table C.7. The 
omparison of Table C.6 and Tab. C.7shows that the improvement provided by the introdu
tion of a pT -dependent 
or-re
tion fun
tion, 
ompared with the use of a CLL-only parameterization, whi
h isobserved in B+ ! D0�+ and B0 ! D��+ de
ays in Pythia-MC samples is as well
on�rmed in data.An absolute gain in dilution between 0.8 and 1.1% on the B0s MC sample is ob-served. This transform to a relative gain of 5-8% in �D2 (Table C.8), depending onthe sample (0d, 0h or 0i). This improvement over the original maxCLL algorithm issmaller than the one provided by the ANN-based algorithm des
ribed in Se
tion 6.6,whi
h has been �nally 
hose for this analysis of B0s � B0s os
illations.In order to 
he
k that the improvement found on the B0s ! D�s �+;D�s ! �0��Pythia-MC sample is properly estimated and does not 
ome from over-tuning onthe MC sample, the following test has been performed. The sample is split up intwo halves, a dilution 
orre
tion fun
tion is derived on one half with the followingparametrization: D(pT ) = 1:405� 1:611e�1:432�pT : (C.3.3)196



[%℄ B+ B0 B0sMC (0d) SD 100.0� 0.9 98.5� 2.1 98.8� 2.5SDp< D >2 27.5� 0.2 17.4� 0.4 28.5� 0.7data (0d) SD 98.5� 5.1 101.0� 15.7 |SDp< D >2 27.8� 1.3 18.3 � 2.8 |MC (0h) SD 96.1� 0.9 95.3� 2.1 94.4� 2.5SDp< D >2 27.2� 0.3 16.6� 0.4 27.3� 0.7data (0h) SD 95.6� 4.4 93.1� 13.9 |SDp< D >2 27.4� 1.2 16.8� 2.5 |MC (0i) SD 97.1� 0.9 96.1� 2.1 96.4� 2.5SDp< D >2 27.2� 0.2 17.4� 0.4 27.9� 0.7data (0i) SD 94.5� 6.7 76.2� 24.3 |SDp< D >2 26.3� 2.0 13.7� 4.3 |Table C.7: Performan
e of parameterized maxCLL algorithm in data and MC.
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Figure C.7: Parameterization for the dilution of max prelL algorithm as a fun
tion ofthe pT of the tagging tra
k for 
ases of agreeing tagging 
andidate 
harges (left) anddisagreeing ones (right), for B0s ! D�s �+;D�s ! �0�� 
andidates.
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Figure C.9: Corre
tion fun
tion for the predi
ted dilution as a fun
tion of the pTof the tagging tra
k for B+ (left), B0 (
enter) and B0s (right). The parameters havebeen derived �tting 0d-like MC samples.This parametrization yields an e�e
tive dilution of SDphD2i = 30:3 � 0:7% on thesubsample it has been derived on, and SDphD2i = 28:3 � 0:7% on the other one.The e�e
tive dilution on those two subsamples without the 
orre
tion fa
tor wasSDphD2i = 29:7 � 0:7% and SDphD2i = 27:2� 0:7%, respe
tively. The gain is aswell present in the 
ontrol sample, thus proving that introdu
ing the tagging tra
kpT dependent dilution 
orre
tion gives a small but real improvement.Using the predi
ted dilutionphD2i and the eÆ
ien
y � from the B0s ! D�s �+;D�s !�0�� data sample, and the s
ale fa
tor SD from the MC study, the performan
es re-ported in Table C.8 are found.
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[%℄ maxCLL algo maxCLL + pT algo0d data SDphD2i 28:3� 2:4 29:2� 2:40h data SDphD2i 24:2� 1:9 25:6� 1:90i data SDphD2i 25:8� 2:8 26:1� 2:80d data �S2DhD2i 4:0� 0:7 4:2� 0:70h data �S2DhD2i 2:9� 0:5 3:2� 0:50i data �S2DhD2i 3:3� 0:7 3:4� 0:7Table C.8: Performan
e of maxCLL and maxCLL + pT algorithms on B0s data.Statisti
al errors only are quoted.
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