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Abstract

This thesis describes the measurement of the direct CP violatioin the
b! scc transition using the decayB* ! J=K *, and intheb! dc
transition using the decayB™ ! J= *. The decays ofB* mesons are
reconstructed in approximately 2.8 fo! of data recorded by D detector in
2002-2007 during Run |l of Fermilab Tevatron collider. Usinghe unbinned
likelihood t, a signal of 40,222 242 ofB* ! J=K " and 1,578 119 of
B* ! J= 7 events is obtained. The corresponding direct CP violation

asymmetries are measured to be

Acp(B* ! J= (1S)K*)=+0:0077 0:0061(stat) 0:0027(syst.)
and

Acp(B* ! J= (1S) *)= 0089 0:081(stat.) 0:028(syst.)

The result on Acp (BT ! J= (1S)K ™) is consistent with the 2007 world
average and is the most precise measurement of this asymmetrythaincer-
tainty approaching the level of the Standard Model predicon. The result
onAcp(B* ! J= (1S) ™) constitutes the rst measurement of this asym-
metry at the hadron collider, with uncertainty at the level o the 2007 world
average. The measurement presented in this thesis has becomssgae due
to the sophisticated online and o ine tracking/vertexing implemented at

D, and the regular reversal of the polarities of the D detect or magnets.
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Chapter 1

The Theoretical Background

In his Nobel Prize lecture (1964) Wigner points out that \the suprising
discovery of Newton's age is just the clear separation betweenetthaws of
nature on one hand and initial conditions on the other" [1]. Wgner then
contrasts the symmetries of the laws of nature and the random atacter of
the initial conditions, and summarizes: \A law of nature can be ecepted
as valid only if the correlations which it postulates are consient with the
accepted invariance principles”. The increasing role of the@variance prin-
ciples in physics is investigated by Wigner in a collection ofricles, now
available under one cover [2].

To the extent symmetries are important, so are their violatios. The
discovery of violation of parity (P) and charge conjugation C) in weak in-
teractions, and then the discovery of violation of the combirteCP symmetry
considerably enriched our understanding of nature. Ever sincdae measure-
ments of violation of the combined CP symmetry in various weakystems
constitutes an important eld of experimental particle physcs. This work
aims to make a modest contribution to this eld.

This chapter is organized as follows. In Section 1.1 we list somele-
stones that paved the way for the discovery and incorporationf P viola-
tion into the Standard Model (SM). In Section 1.2 we concenéite on the

guantum-mechanical formalism of the particle-antipartic¢ mixing and in-
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troduce the relevant CP violation observables. In Section 18e give the
modern motivations to pursue CP violation studies. In Section.4 we moti-
vate our interest in direct CP violation asymmetry inb! sccandb! dcc

transitions.

1.1 Symmetries in physics

1.1.1 C, P, T transformations and CPT-theorem

Let us rst remind the symmetry operations we deal with:

Space re ection P: x ! X. For instance, for momentump and

angular momentum| we have:
(1.1)

The space re ection, calledparity operation in quantum mechanics,
provides a general classi cation of vectors and scalars. Polaectors
change sign under the parity transformation Y 1P V), and axial
vectors do not A 1P A). Among scalars, there are proper scalars

(S A S), and pseudoscalarsK A P).

Time reversal T: t ! t:
p! p; | RN (1.2)

Charge conjugation C: particle! antiparticle. The concept of an-
tiparticles and charge conjugation naturally arises in the antext of

relativistic quantum mechanics.

It has been veried in a long list of experiments that the elecbmagnetic
and strong interactions are invariant under C, P, and T transfomations [3].
Weak interactions, however, are not invariant under any of tese transfor-

mations, but they are believed to obey the combined CPT symmeatr CPT

14



constitutes a fundamental symmetry which has a signi cance ovand above
the three component symmetries. The correspondin@PT theorem states

[4] that the CPT invariance must hold on the basis of
Lorentz invariance;
The existence of a unique vacuum state;

Locality: elds either commute or anti-commute for spacelik separa-

tions.

The spin-statistics connection integral spin for bosons and half integral
spin for fermions  follows automatically. An important consequence of the
CPT theorem is that particles and antiparticles should have gual masses
and lifetimes. This is a non-trivial result: it implies that weaker CPT in-
variance is enough for masses and lifetimes of particles andiparticles to

be equal, irrespective of C or CP conservation.

1.1.2 Some history

The evolution of the Standard Model has been noticeably expment-driven.
To illustrate this, we brie y sketch the path to the discovery of (P violation,
and its accommodation into the SM formalism. All the details ca be found

in the references given.

Quark hypothesis.

In 1964, Gell-Mann and Zweig remarked [5] that one can imagarthe
then known baryons and mesons to be made up of three quarks,
d, and s, and three corresponding antiquarks. Then, the mesons
could be taken to be boundgg states, with 'S states corresponding
to pseudoscalar particles, andS states corresponding to the vector

particles. Baryons had to begqgstates.
Glashow-llliopoulos-Maiani (GIM) mechanism.
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By 1960s, theu, d, and s quark avors have already shown a specic

pattern in their weak interactions [6]:

1. S =1 transitions (u $ s) are suppressed relative to S = 0
transitions (u$ d): e.g. the transition rates

K ! %, 1
n! pee. 25’

(1.3)
2. The strangeness-changing neutral currents are absent, atdeat

the tree level: hdjsi = 0, as inferred from
Br(K 3! ) 10 °: (1.4)

The rst nding was incorporated by Cabibbo, who suggested thatu
couples to the mixed state ofd and s, d° = dcos ¢ + ssin ¢. The
second nding forced Glashow, lliopoulos, and Maiani (GIM) to #-
pothesize the fourth avor, the charmc, with hsjci and hdjci to exactly
cancel outhujsi and hujdi. The u and c quarks were thought to couple
to the down-type quark states rotated in the avor space throuf the

Cabibbo angle ¢:
0 1 0 10 1

d° cos sin d
@ A-=@ ¢ CA@ A (1.5)

0 sin ¢ cos ¢ S
All the experimental results were found consistent with a singlealue
of sin ¢ 0:22. The unitarity of the rotation matrix ensured both the
universality of the weak coupling and the absence of the stranggess

changing neutral currents.

P (C) violation.

P, and correspondingly C violation, were discovered in nuclea de-
cay of ®°Co by Wu et al [7]. Subsequent experiments with nuclear
and particle decays showed that the Lorentz-invariant weakransition

amplitude A should 1) contain vector (V) and axial vector (A) parts

16



to accommodate Fermi and Gamow-Teller weak transitions; 2) otain

both scalar and pseudoscalar parts to accommodate P and C viotat:

X _
A = G (UVcOD) I(g+ ¢ °0)
i=V:A

V V+V A+A V+A A (1.6)

whereG is Fermi coupling constantU = (T;c), D = (d;9)7, I = (&;7),
=( o, )7, V¢ is the Cabibbo rotation matrix from (1.5), Oy =
and Oy = i  ° are vector and axial vector operators respectively,
and ¢ are appropriate coe cients, which accommodate the maximum
parity violation by neutrinos in ¢ = ¢ Note that V. V and A A
are scalars, whileV A and A V are pseudoscalars. Having found
a mechanism to successfully incorporate the P and C violation ime
theory, theorists were comforted by the thought thatthe combined
operation of CP is still held as a fundamental symmetry of nature,

and there is no need to fall back all the way to CPT [5].

CP violation.

CP violation was discovered in 1964 by Cronin, Fitch, Christeson,
and Turlay in the neutral K meson system. Scientists were motivated
by the excess oK s regeneration seen in one of the experiments [8].
Having seen the P and C invariance fallen, they decided to test CP
invariance explicitly by looking for a CP violating decayK !

Their initial purpose was to set the limit [9]. Instead, they disovered
CP violation [10], observing the small rate

(Ke!t )

—_ . . 372.
T )_[(2.0 0.4) 10 32 (1.7)

CP violation can be incorporated in the weak transition amptude by
adding a complex phase to the elements of the quark mixing matr

V ¢ (the detailed theoretical reasoning can be found in [11], Cheer
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4). However, any complex phase in 2 2 unitary matrix can be rede-
ned away. To contain an observable complex phase, the quark ring
matrix should be at least 3 3. Kobayashi and Maskawa rst noted
this in 1973 [12], and pointed out that three quark generatits provide
a natural accommodation of the CP violation discovered i decays.
At the time of their remark, there was not yet any experimentacon r-
mation of even thec quark! However, during the next 22 years, all the
\needed" avors, which we now callc, b, and t, and the corresponding

leptons were discovered. The weak amplitude then solidi ed to

X _
A=G (UVOD) 11+ °0) (1.8)
i=V;A
whereU = (U;G;f), D = (d;s;B", T=(&77), =(e& ; )7, and
the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix is
0 1
Vud Vus Vub
V= %Vcd Vcs Vcb§: (1'9)
Via Vi Vi

Particle Data Group (PDG) [13] uses the following parameteziation

of the CKM matrix: |
€12 €13 $12C13 sige | 13
V = S12C23 C12Sz3S13€ 13 c12C23  S12S23S13€ 13 S23 €13 . (110)

1 I
S12S23  C12C23S13€ C12S23  S12Cp3sS13e 13 €23 €13

Herec; =cos j ands; =sin j,the angles 15, 13, and ,3represent
the rotation in the three-dimensional avor space, with 1,2,3eing the

family indices. The complex phase;; 6 O incorporates CP violation.

1.1.3 Cabibbo-Kobayashi-Maskawa (CKM) matrix

The condition of unitarity in the case of 3 3 complex mixing matrix V

should be written as:

x3 x3
ViV, = 0= ViV, 1hk=1;:53 ] 6Kk (1.11)

i=1
x3
Vi = 1, j=1;u3 (1.12)

i=1



The hierarchy between the elements &f was found early: e.g. the fact that
the b quark prefers to decay to thec quark, rather than to the u quark,
and the c quark to the s quark, rather than to the d quark. Thus, from the

experiment we learn:

Vwi> | Val® J Vei® L (1.13)
which implies

S13 S23 Sz L (1.14)

Taking into account the unitarity constraint (1.11), Wolfenstein [14] pointed
out that the CKM matrix can be expanded in the powers of sinc = ; up

to 4 we have:

. _
2
v:% 1 12 A 2 %: (1.15)

A 31 i) A?2 1
The three angles and the complex phase of the PDG representatiare re-
placed by four real quantities , A, , and . To be self-consistentA, , and
are required to be of order unity. Note that only theV 4 andV , elements
of (1.15) contain sizable complex phase, so the 2 submatrices correspond-
ing to the transitions between the adjacent generations arepproximately
real, as expected.
Eq. (1.11) contains the sum of three complex numbers and can tisu-

alized on a complex plane in the form of triangles, as the thremimbers add
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up to zero:

Vuqus+ VCdVCS+ thVtS = 0

(1.16)
o() o( ) O( )
VigVet ViyVest VyVe= 0
ud Vv cd us vV cs ub ¥ cb (2.17)
o() o() O( ?)
VgVt ViVt ViV = 0 (1.18)
o(% 0o(?» o)
thV cd+ V[sv CS+ thv cb = O (1.19)
o(% 0(?») 0f?
V Vu + V VU + V Vu = O
td d ts s tb b (120)
o(% Oo(% 0?3
ViVt VgVt VgVep= 0
udV ub cdV cb tdV tb : (1.22)

o(% o(®% o3
Below each product of matrix elements we note their magnitein powers

of . We observe the following (see Fig. 1.1):

The rst two triangles are extremely squashed: two sides are of aer

, the third is of order °, and the ratio of them of order 4+ 2 10 3.
The elementsV 4V s and V  V ¢s control the K ® and D° mixing. The
e ective weak phases there are expected to be tiny in the Staadl

Model.

The third and fourth triangles  (1.18) and (1.19) are still squashed,
but less so: two sides are of order?, and the third is of order 4. The

elementV .V controls the B? mixing.

The last two triangles (1.20) and (1.21) have sides that are all
of the same order 3. All their angles are therefore naturally large,
several 10 degrees. The triangle corresponding to (1.21) (no. 6 in
the Fig. 1.1) is precisely the one called \the Unitarity Triande". Note,

that its side V 4V 1, controls the B$ mixing. By convention, both sides
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Figure 1.1: Six unitarity triangles corresponding to (1.16)1.21).

of (1.21) are divided byV 4V ¢, (see Fig. 1.2). Various measurements
e ectively constrain the position of the triangle's apex,f , g, in the

complex plane.

The Unitarity Triangle has been subject to numerous experiméal tests.
The current status is presented in Fig. 1.3, which shows the reswf com-
bining the constraints onf , g from various measurements, as reported by
the CKM tter group in summer 2008 [15]. The detailed explanabn of the
tting technique and the tinputs can be found ibid. The observables which
are connected by the CKM framework represent di erent dynancial regimes
that proceed on very di erent time-scales. Yet, the results of lameasure-
ments seem to be consistent with a single position of the apex, i.@ith a
single CKM phase. Thus, the CP violation observed in the interamins of
elementary particles seems to exactly t the space left for itn the Standard
Model.

The six triangles represented by (1.11) have all very di erenaingles, but
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Figure 1.3: CKM t as of summer 2008.
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they all have the same area

1 1 1 .

é\] = EJImekV mIVnkVn|J = EC%3513012512C23523 SIN 13X (122)
irrespective of the family indicesk, |, m, n. The phase-invariant quantity
J, appropriately normalized, provides a measure of the CP vation e ects

expected from the Standard Model [16]. To observe CP violatipone needs:

12; 13 2360;5; and 1360;51 (1.23)

It is also important to note that the CP violating phase in the CKM matrix
can be \rotated away" if the masses of any two up-type (down-typ) quarks

are degenerate. So, to realize CP violation one needs:
m,6m6m6m, and myg6 ms6 my6 mgy: (1.24)

Conditions (1.23) and (1.24) can be summarized in a compact maer by

requiring

dep = 2J(m{ mg)(mg  mg)(mg  my)

(mg m)H(mZ my(mg mg)60: (1.25)

Justi cation for this requirement can be found in [16] and [1]L

Taking into account the observed hierarchy between the CKM ements
(1.14), the value of invariantJ in the Standard Model isJ 2 10 3sin 3
[17]. Assuming rotation angles; and the CKM phase i3 to be free para-
meters, maximal CP violating e ects in the Standard Model wez observed

if we had
12 13 23 Z; and sin ;3 =1: (1.26)

It is easy to see from (1.22) that in this case we would hawk = Jnyax
5 10 2. So, maximal CP violation does not seem to be realized in natyr
with invariant J being roughly order of magnitude away from its maximal

possible value.
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1.2 Particle-antiparticle mixing and CP vio-
lation

In this section we review the general phenomenological imgditions of the
imaginary couplings in (1.9), following [11] and [18]. Thegrticle-antiparticle
mixing provides a good environment for CP violation to mandst itself, since
such a mixing naturally brings into interference di erent anplitudes with
di erent complex phases. Thus, the types of CP violation and theorre-
sponding CP violation observables are conveniently de ned iterms of the
mixing parameters.

We will discuss mixing in neutral P° p° system in general. Special-
izations to particular systems,K°, D%, or B can be found in literature
[13, 18, 19]. Mixing is characterized by the change of the awur quantum

number F by two units, F =2, which can occur due to:

two-step transition via common intermediate statef , P° AR

P°. f can be either on-shell (e.g. state for kaons), or virtual o -shell

State;

one-step transitionP? 1"~ P°, as e.g. shown in Fig. 1.4 for neutral

K(F S),D((F C)andB (F B) systems.

The time evolution of the correlatedP® P state ( t) obeys the Schmedinger

equation
N C :
I~@t( ty=H( t); (1.27)

where H is the Hamiltonian of the system. The full dependence of(t)
cannot be obtained exactly, as this requires to get the strondynamics

under control. Therefore, we restrict (t) to the subspace oP° and P

j ()i =a()jP% + b(t)jﬁoi; (1.28)
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Figure 1.4: The celebrated box diagrams giving rise toF = 2 transitions

inK (F S),D(F C)andB( (F B) systems.

or, in matrix notation:

0 1
a(t
(t)= @ ®) A
b(t)
Then, the corresponding matrix for H is given by:
0 1

i L
H= M : :@Mll 5 11 M 212A;

) . (2.29)
M2 5 21 Mo 5 22

and accounts for propagation ) and decay () of the system. CPT invari-
ance (see Section 1.1.1) implies the following relations angpthe elements

of the mass matrix [20]:

CPT invariance $ My = My, 1= 22

The mixing is described in (1.29) by the non-zero o -diagonatlements:

M1, =2 1, 6 0. Due to mixing, the CP eigenstates of a correlated pair
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do not correspond to the strong eigenstates:

iPii = piP% + qPi; (1.31)
P = pP%  GPi: (1.32)
Here
q ? M, : 12
D =gt 2 12, (1.33)
12 3 12
or
s
M i
4= T2 g1 (1.34)
p M2 5 12

where the positive sign is conventionally chosen. CP invaria@cequires that
nature treats P° and P° \on equal footing"”, e.g. g= p (g=p= 1), and jP;i
and jP,i are orthogonal: hP1jP,i = 0.

The discovery of CP violation by Cronin and Fitch (1.7) can be sm-
marized by saying that the quantum mechanical staté& | contains a small
admixture ; = of a CP even componentK 4, in addition to its dominant

CP odd part, K»:

. 1 ) )
K j = p—..z(mzl + Kyj): (1.35)
1+]]

CPT invariance then requires that theK s state should, in turn, contain the

admixture of K, of the same amount , =

. 1 . .
Ksj = pi__z(H( 1+ hKyj): (1.36)
1+]]

Hence, in terms of (1.31) and (1.32), CP violation is describday KK | K si &
0 or (Q=Pk 6 1, which implies that the amplitudes M £, and/or ¥, acquire

complex phasesas expected from Section 1.1.2.

Let us de ne for future convenience M M, My, 1 2
(so that both M and are positive in kaon system), ( 1+ 2)=2,
X M=, vy =(2). Then it is known from experiment that in the

By meson systenxy  0:77, and conservativelyyy < 0:1 [21]. Therefore

q Mg, which model-independently implies 9,j j M. For the B
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system, ¢ s Ms, so the approximationj 3,j j M7,j holds even
better. So, for bothB4 and B systems we can expand the eigenvalues and

g=pin powers of a small parameter

12 .
a= ——= sin: 1.37
M1 ( )

Keeping only the terms of ordera we obtain [22]:

M = 2jM1j; h:2 j 1cos;
[
and g e'm 1 g ; (1.38)
In (1.37) and (1.38) s the relative phase between 1, and M 15:
Mo Mg (1.39)
12 12
and  is the relative phase betweeig and p (\mixing phase"):
- q .
M = arg b (1.40)

For both By systems @ = d;s) the Standard Model predicts to a good

approximation:
S !
Mq
9 0 and | arg M—(lf =arg(M): (1.41)
12

The only source of complex phase in the Standard Model is the CKkle-
ments. As the Standard Model prediction foM 7, is dominated by the heavy

quark in the box diagrams of Fig. 1.4 [19], we write:
M (VigVe)? (1.42)
Using (1.15), with precision up to # we can write for theB4 system:
w=arg (VuVy)® 2arg(Vi): (1.43)
and for the B4 system:

u=arg(ViVy) O (1.44)
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Figure 1.5: Three cases of CP violation: direct, in mixing, imterference.

The time evolution of states starting out as pureP® or P’ is obtained

by noting the time evolution of the mass eigenstates:

N

jPa(t)i = e '™z DPy(0)i; (1.45)
JPo(1)i = & M2 5 2P, (0)i; (1.46)

and solving the system of (1.31) and (1.32) fojP°(t)i and j|50(t)i. We

obtain:
iPO(1)i = f. (1)jPCi + gf OIENE (1.47)
iPO(t)i = f, (1)jPCi + gf t)iP%: (1.48)
where
1 . , . h o]
f (t) = ée iM 1te 5 1t 1 e i Mtei t . (1'49)

The decay rate evolution is in general rather complex. We witonsider

three simple, complementary cases:
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a) No oscillations occur,i.e. M = =0. The time evolution is purely

b)

exponential int. Let us denote byA (f ) the transition rate of the decay
P! f,andbyA(f) the transition rate of the charge-conjugate decay
P! f. CP violation can still arise ifjA (f )j & jA(f)j (see Fig. 1.5(a)).

This is calleddirect CP violation, and can be observed as a decay rate

asymmetry:
aro (PLD (PLD_APIAR o
PP )+ (P F) A2+ jAH2

Flavour-speci ¢ decays are those coming from eithé?® or P° but not

from both:

P°1 f8 P orP°9 T P (1.51)
I.e. those for which

A=A =0;  JA= A A (1.52)

see Fig. 1.5(b). The last equality in (1.52) is enforced by CPTni
variance. Prominent avour-specic channels for neutral msons like
K, D, B are provided by the semileptonic decays, with = "X,
f=1X.

It can be shown [11] that the avor-specic decay rates evolve ith

time as follows:

(POt)! 1" + X) e K. (D)jAj% (1.53)

(PUtY! | +X) e “K () ngjz; (1.54)

(P! 1 +X) e K, (D)jAj % (1.55)

(P! 1" +X) e 'K (1) ngjZ; (1.56)
with

K ()=1+e ' 2ez 'cos Mt (1.57)
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From (1.53)-(1.56) it is clear that CP violation due tojg=p & 1 should

manifest itself as a decay rate asymmetry between the mixeeP !

P°1 I X andP°! PO! I*X, ie. as awrong-sign semileptonic

asymmetry.

(P! 1 X) (P! I"X)
_ ip=d® j a=¢’ _ 1 a=g"
T p=q2+jo=p? | 1+jg=p" (1.58)

ds. =

Note that as,_ is independent of time. Taking into account (1.38) and
(1.37), we nd:

12 sin =

= a+ )= = —_— : .
as. = a+ O(a’) M1 Mtan (1.59)

So, the measurement of the wrong-sign semileptonic asymmetry al
lows to access the phase, if and M are constrained by other

experiments.

Flavour-nonspeci ¢ decays are those fed by botR° and p°.

Po1 f P (1.60)
Here the phase y = arg(g=p becomes observable through then-
terference between the decay and mixir{gee Fig. 1.5(c)). By solving

Schredinger equation using (1.38), one can nd [22]:

(B! )= Neja S e
coshTt + C; cos( Mt)+ A sinhTt + S sin( Mt) ;
(1.61)
(B! D= NAEE s ae

t . t .
coshT Ci cos( Mt)+ A sth St sin( Mt) ;

(1.62)
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where
qAf )

DA (1.63)

© BT AR
A %; (1.65)
St % (1.66)

and N; is the time-independent normalization factor. The quantiy
A plays a role only if is sizable, and is not interesting for the
present discussion. The time-dependent asymmetry constructeaifin

these rates reads

(Bs(t)! f) (Bs(t)! f)
(Bs(t)! f)+ ( Bs(t)! f)

Ci cos Mt + S sin Mt: (1.67)

a () =

Several cases are possible. Assuming= 0 in the Standard Model,
direct CP violation jA;j & jA;j is manifested asC; 6 0. Proper CP
violation in interference due to y = arg(g=p 6 O is manifested as
St 6 0. Thus, CP violation in interference allows to access both ¢
direct asymmetry and the asymmetry due to v 6 O by tting the

lifetime dependence of the asymmetry to (1.67).

Note that the time-integrated version of (1.50) is just
Adi — N(PP! f) N(P! f)

F NP D+ NP T (1.69)

If the mode is self-tagging (as e.gB ! J=K ), direct CP asymmetry

boils down to a simple charge asymmetry between the event yisld

1.3 More CP violation needed!

In spite of the tremendous success of the CKM description, thergist rea-

sons to actively continue the CP violation studies. One of thensitheoretical,

another comes from observations.
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Theoretical ground.  The Standard Model solidi ed around 30 years
ago, successfully accommodating C, P, and CP violation, and siring the
toughest experimental scrutinies possible with the availablebls. Although
experimentally successful, the Standard Model has some methbmpcal is-
sues. There is a lack of \naturalness" in the observed hierarchy obupling
constants [23], and the irritating lack of uni cation betwee the fundamental
forces [24]. A number of New Physics theories have been proposedddress
these issues. The most cited are the Supersymmetric theories (SUSX][
which overcome the methodological limitations of the Staratd Model at the
price of introducing additional free parameters. SUSY theas postulate a
fundamental symmetry between fermions and bosons, so that evararticle
has a superpartner an sparticle. As a result, the particle content of the
theory doubles.

Contributing to the virtual intermediate states, SUSY particles would
bring in new complex couplings that add to the e ect from the &ndard
Model 3. So, in general, the New Physics models aiming to cure the
methodological defects of the Standard Model introduce ne@P violation
phases. We will consider an example in due course.

Observational ground. Assuming that all the matter we observe
around us is only the remnant of a tiny mismatch between matteand anti-
matter in the hot plasma of the early universe, the actual matteantimatter

asymmetry should have been

= w few 101 (1.69)

where ng and ng denote the density of baryons and anti-baryons, and
is the density of Cosmic Microwave Background (CMB) photons. Aé&ady
in 1967 Sakharov speci ed the conditions for a viable mechamn of baryon
number generation in the early universebaryogenesisfrom the initial state

with zero net baryon number [26]:

There are baryon number violating transitions, which is obvies but
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not su cient, since for every baryon number changing transitian N !
f there is a CP conjugate oneN ! f, and no net asymmetry can

develop unless...

There is CP violation:
(N! f)ys (N! f):

Still, even this is not enough, since it can be shown that in the ate
of thermal equilibrium the net baryon charge remains zero @uto the
time-reversed reactiong ! N andf ! N. In other words, assuming
CPT invariance, it is impossible to realize CP violation unles¥ is also

violated, i.e. ...

The system remains out of thermal equilibrium, thus acquiringan

\arrow of time".

The Standard Model, in conjunction with the Big Bang cosmolog seems
to o er all three necessary ingredients. Baryon number violadin is believed
to have taken place through non-perturbative weak interagn processes in
the hot plasma of the early universe [27]. The out-of-equilirm state is
provided by the electroweak phase transition when the Higgs elacquires
its vacuum expectation value. The \new" vacuum nucleates irbubbles,
which expand and drive the Big Bang plasma out of equilibrium2[7]. The
complex phase in the CKM matrix provides CP violation. Howeverthe
\conventional wisdom" denies that the observed baryon asymmst (1.69)
could have been generated all from the CKM complex phase. Tharigon
asymmetry expected from the Standard Model should be propootnal to the
quantity dcp from (1.25). Since the asymmetry is a dimensionless number,
dep should be divided by something with dimensions of (mas$) The nat-
ural mass parameter at the temperature of the electroweak pba transition:

Tew 100 GeV, seems to be the temperature itself, so the asymmetry is at
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most
dep
12
Tew

Were the maximal CP violation in the Standard Model realizedaccording

10 2°: (1.70)

to (1.26), the prediction (1.70) would increase by an order ghagnitude at
most, remaining far below the observed value (1.69). Thus, theg®dard
Model as it stands, with a single CP violating phase, is believed be unable
to account for the observed matter-antimatter asymmetry of te Universe.
The new sources of CP violation, usually parameterized in forof additional
CP violating phases, have to be searched foguch phases naturally arise in
many New Physics models, which also address methodological desfet the
Standard Model. In conclusion, both theory and cosmologicabeervations

demand the existence of new sources of CP violation.

1.4 Observables and motivation

Nowadays, the goal of CP studies is to discover non-Standard Mdd&P vi-
olation (ideally), or at least to constrain the New Physics phasesjtroduced
either model-independently or in the frame of a particular N& Physics con-
struction. The general strategy of our search for non-Standatdodel e ects
is as follows: we choose an observable theoretically constrairie be close to
zero in the Standard Model. Then, any non-Standard Model ealncements
can become noticeable. For this analysis we select the direcP @symme-
try inthe B* ! J=K * transition, A" .. Additionally, we measure the
direct asymmetry inB* ! J= * transition, A" ..

In this section we consider in more detail the motivation, the tandard

Model estimates, and the expectations from New Physics.

1.4.1 Direct CP asymmetry in the B*! J=K " decay

The measurement of direct CP asymmetry in thé&8* | J= K * decay has

a long history. This asymmetry is de ned as a charge asymmetry tveeen
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Figure 1.6:B* ! J=K *( *): Standard Model diagrams.

35



the event yields ofB (bo)! J=K andB*(bu! J=K * decays:

Acp(B* ! J= (I1S)K*) A, .
_N(B ! J=K ) N(B*! J=K*)
" N(B ! J=K )+ N(B*! J=K *)’

(1.71)

The B* ! J=K * decay is governed by théb ! sct transition, which
occurs via eitherb! ctree orb! s penguin amplitude (see Fig. 1.6). In

the Standard Model, the tree T) and penguin (P) amplitudes are [21]:

Thc = TVaV=0(?); (1.72)
Po s = FuVwV e+ FeVaV oo+ FiVpV (1.73)
= (Fu FJVwVs+(Fi Fo)VpV (1.74)
= PY VwV+ Ph VoV (1.75)

o( %) +O( ?):

where the unitarity of the CKM matrix is used in (1.74). The onl source

of a sizable phase is th¥ ,,V ,, combination, which is strongly suppressed.
The direct CP violation in the b! sccT transition can be measured either in
interference between the decay and mixing by tting the lifame dependence

of the asymmetry to (1.67), or using direct decay. In both casesevexpect
Cb! sct Agllr sct 0: (176)

Any New Physics in theb! s penguin can easily \spoil" (1.76).

The interest in theb! s penguin was triggered by the alarming pattern
of deviations from the Standard Model observed in th& ! K decays.
The complex of these deviations was collectively dubbed®\! K puzzle".
The observables in theB ! K sector (decay rates and CP asymmetries)
receive there leading contributions from the gluonib! s(ut) andb! s(dd)
penguins [28].

The current set of B ! K data is shown in Table 1.1 (averaged in

Heavy Flavor Averaging Group (HFAG) [21], reproduced from [29] The
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Measurement BaBar Belle CLEO Average

Br(K® *) 23:9 L1 1.0 22:8"08  1:3 18:8%3, 772 2 23:1 1.0
Br(K* 0) 13:6 06 0:7 12:4  0:5 06 12:9%2,:4%1 22 12:9 06
Br(K*™ ) 19:1  0:6 06 19:9 0:4 0:8 18:0%%,:3*1 2 19:4  0:6
Br(K? ) 10:3  0:7  0:6 19:2 0:7%98 12:8%,9% 7 9:9  0:6
Acp (KO ™) 0:029 0:039  0:010 0:03 0:03 0:01 0:18 0:24 0:02 0:009  0:025
Acp (K™ 9) 0:030  0:039  0:010 0:07 0:03 0:01 0:29  0:23  0:02 0:050  0:025
Acp (K* ) 0:107  0:018*%;:3%% 0:093 0:018  0:008 0:04 0:16 0:02 0:097  0:012
Acp (KO 0 0:24 0:15 0:03 0:05 0:14 0:05 0:14  0:11
Sk o 0:40 0:23  0:03 0:33 0:35 0:08 0:38  0:19

Table 1.1: Current experimental data forB ! K . The branching ratios
are in 10 8. The average values are given by HFAG, updated by end 2007
[21]. Reproduced from [29].

This average also includes CDF result: 0:086 0:023 0:0009.

St has been de ned in (1.66).

problem initially was seen in the signi cant di erence betwea the following
observables:

Br(B*! K* 9
Br(B+ ! KO *)’

1Br(B°! K* )
" 2Br(B°! KO0 9’

Re (1.77)

(1.78)

where the factors of 2 and 42 have been introduced to absorb thg 2 factors
originating from the wave functions of the neutral pions. In he Standard
Model R  Rp, which basically follows from the isospin invariance [30].
As of 2004, the measured values &; = 1:15 0:12 andR, = 0:78 0:10
showed 2.4 dierence [31]. As time passeR. and R, were getting closer
to each other [32]. Most recent data (see Table 1.1) shdw¢ = 1:12 0:05
and R, =0:98 0:07, consistent with the Standard Model prediction.

However, the puzzle became more severe in the di erence betwdhe
direct CP asymmetries inB* ! K* 9andB°%! K* decays, Acp
Acp(K* 9 Acp(K* ). Contrary to the expectations, the signi cance of

Acp has been increasing over the years. From the current HFAG aveex)

(see Table 1.1) itis Acp =0:147 0:028, surpassing 5 barrier.

Recently, an analytic calculation of a combined set of Stand& Model

and New Physics parameters in the quark diagram approach wasrfoemed
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[29]. No speci c New Physics model was assumed. The authors repdrat

the consistent solution given the data of Table 1.1 is possible gnif the

large New Physics amplitude and the sizable associated phase ar&oin
duced. The conclusions of [29] basically repeat the conclussoof previous
numerical model-independent analyzes [28, 33], suggestihg tNew Physics
enhancement of the electroweak penguin amplitude, or New Pigs entering
in the color-suppressed tree amplitude. Generally, the eleotweak penguin
is considered better candidate for the New Physics to surface.

Further implications of possible New Physics enhancement of thedec-
troweak penguin were analyzed in a paper by Hou [34]. The authpointed
out that such an enhancement should generate sizable direct Ckokating
asymmetry inB* ! J=K *, and suggested this mode as especially suit-
able to verify (1.76). Due to the CKM-allowed tree diagram, e statistics is
expected to be high. Also, the decay may be triggered in the chagl with
J= using easily identi able muons.

Having chosen the mode, it makes sense to specify the Standard Mode

prediction more accurately. Hou parameterizes the decay alitpde as
A(B'! J= K)=ad +be'; (1.79)

where the rst term carries the strong phase di erence, and the send the
weak phase di erence. Then, the penguin pollution of (1.76hithe Standard

Model is [34]:
CiM¢ o AM . ngin sin = O(0:003). (1.80)

Hou estimates the penguin fractiorb=afrom the decayB ! K , dominated
by the penguin transition b! s(sS). The strong phase is estimated from
the angular analysis of the decad ! J=K to be 30 . Finally, the
CKM pattern is used: argV

To estimate possible New Physics enhancement of the direct asymnyet
inthe B* ! J=K * decay, Hou considers a speci ¢ avor changing neutral

coupling betweenb and s quarks, b ! sz (see Fig. 1.7). This coupling
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Figure 1.7:B* | J=K *: hypothetical b! sZ°transition.

arises phenomenologically in some SUSY constructions [35]. Te¢@mplex
coupling ofZ°to band s, By, introduces a new phasezo = arg (Bg), which
enhancesC;- ¢ o via the common weak phase = SM + . The authors
of [31] show that the parameters of the model may be chosen to &dp the
B ! K puzzle, predicting at the same time large direct CP asymmetry
inB* ! K* 9 Hou estimates that, depending on the strong phase the
corresponding direct CP asymmetry irB* ! J=K * may be enhanced to

AT . = O(0:05).

Present status

Theb! scctransition was accessed &8 factories using both lifetime analy-
sis of the decays to CP eigenstates using (1.67), and the direaodys. For
the lifetime analysis, as of end 2007, HFAG reports averages ptiee modes
with ¢ = 1: J=K 2, (2S)K2, 4K2, and K2, and with ; = +1:
J=K 2. The HFAG sources and the averages are reproduced in Table 1.2.
See [21] for the breakdown of the results in each charmoniurmek nal
state. The results using the direct decaB® ! J=K * are reproduced
from PDG 2007 [13] in Table 1.3. As one can see, even the level oter-
tainty necessary to establish the 2% asymmetry expected from tid sZ°

coupling has not been reached yet by thB factories.
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Experiment N (BB) Co sce

J=K O
BaBar [36] 384M +0049 0:022 0:017
Belle J= K ©[37] 535M 0:018 0:021 0:014
Belle (2S)K° [38] 657M 0:039 0:069 0:049
Average 0:012 0:020

Table 1.2: Measurements o€, < used by HFAG for averages.

HFAG uses BaBar sign convention: C;(HFAG) = C;(BaBar ) =

A (Belle).
Experiment N (BB) Al

J=K *
CLEO [39] 9.7M +0:018 0:043 0:004
BaBar [40] 124M +0030 0:014 0:010
Belle [41] 31.9M 0:026 0:022(stat+syst)
Average 0:015 0:017

Table 1.3: AveragedAd", . from the direct decays, from PDG 2007.
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1.4.2 Direct CP asymmetry in the B*! J= ¥ decay

In analogy to (1.71), the direct CP asymmetry in theB* ! J= * decay

should manifest itself as a charge asymmetry between the evenglys:

Acp(B*1 J= (1S) ") AY .
_NB ! J= ) NB"! J= )

TN(B ! J= )+ N@B*! J= *) (1.81)

The corresponding tree and penguin Standard Model amplitudeare (see

Fig. 1.6):
Toa = TVeVe=0(3); (1.82)
Poda = FuWWwVygt FVaoVegt FiVinV g (1.83)
= (Fy Fo)VwV gt (Ft Fo)VipVy (1.84)
= Py VwVyt Ptt,! aViVy (1.85)
= 0O(? +O( %):

So, the transition amplitude contains terms with di erent weak phases and
of the same order of the CKM suppression. Dunietz [42] uses the same
approach as Hou, and, with reasonable estimates for the weak asilong

phases and the penguin fraction, reports the Standard Modetgxiction

A", = O(0:01); (1.86)

Present status

The b! dcc transitions were studied using lifetime analysis of various na
states. Results onCy, 4 are available from bothBaBar and Belle using
nal statesJ= ° D*D ,andD *D ,see[21]. In Table 1.4 we reproduce
HFAG inputs and averages. The measurements using the direct dgcas
listed in PDG 2007 are reproduced in Table 1.5. In general, thesults are
consistent with the prediction (1.86), but the uncertaintiesare still large to

make any de nite conclusion.
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Experiment N(BB) Cu dec
D*D
Belle [43] 535M 0:91 023 0:06
BaBar [44] 364M +011 022 007
Average 0:37 0:17
J= 0
BaBar [45] 232M 0:21 026 0:06
Belle [46] 535M 0:08 0:16 0:05
Average 0:12 0:14
DD
BaBar [47] 383M 0:02 011 0:02
Belle [48] 152M +026 0:26 0:05
Average 0:02 0:10

Table 1.4. Measurements o€y 4 Used by HFAG for averages.
HFAG uses BaBar sign convention: C;(HFAG) = C;(BaBar ) =
As (Belle).

Our interest in this decay has been triggered by Belle measurent,
which reported large direct CP asymmetry in theB® | D*D decay,
Cp+p = 091 023 0:06 [43], in excess of the Standard Model es-
timate (1.86). However, this result was not con rmed by the subspient
measurement atBaBar , which reportedCp+p =+0:11 0:22 0:07 [44].

Thus, an additional constraint is useful.

1.4.3 Perspectives for Tevatron and Analysis strategy

Both the measurements oA, . andAj" . boil down to the measurement
of the charge asymmetry (1.50). Both Tevatron accelerator amplex (see
Section 2.1) and the D detector (see Section 2.2) provide anxeellent

environment for such a measurement:
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Experiment N(BB) Al

J=
Belle [41] 31.9M 0:023 0:164 0:015
BaBar [49] 89M +0:123 0:085 0:004
Average 0:09 0:08

Table 1.5: AveragedAg":r .+ from the direct decays, from PDG 2007.

Using hadronic collisions, instead of the electron-positron cisiions, re-
sults in the production rate oftb pairs which is ;(hadronic)= (e*e )=
( s= em)? 100 times larger; this ensures much faster accumulation

of the same number oBB events.

No production asymmetry ofB hadrons is expected from thegp col-
lisions (pp collisions would produce e.g. mor&* (bu) then B (bn),

since valencar quarks are absent).

The polarities of D magnets (Section 2.2) are regularly reersed dur-
ing the data-taking. In this way, the same part of the detectoiis ex-
posed to the ux of particles of both charges. This feature of D helps
to e ectively account for various rst-order systematic e ects due to
di erent reconstruction e ciencies of positive and negativepatrticles,
and allows to construct the detector model to disentangle theigher

order systematic e ects (Section 3.2).

The measurement oAJ", . is based on approximately 40,000 &* !
J= K * decays collected at D by 2007. This can narrow the statisticalin-
certainty on AJ", . down to 0:005, which is better than the 2007 PDG world
average (see Table 1.3), and approaches the level of the StartiModel pre-
diction. At this level of uncertainty we can establish a 2% asymstry due

to the b! sz%coupling at 4 level.
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As the experience of theB factories shows, one of the major issues of
concern in the measurements of CP asymmetry (1.50) in the ditedecays
B*! J=K *orB*! J= < isthe systematic bias due to dierent re-
construction e ciency of positive and negative tracks. The reonstruction
asymmetry for positive and negative kaons is especially largBi erent ex-

periments deal with it di erently. CLEO [39] estimates the kaon reconstruc-

tion asymmetry from the detector simulation. Belle [41] meases = -
and ¢ =g+ in the data, using the samples of decay® ! K and
D°! K *=D°! K* . BaBar [40] assigns a tracking e ciency error

of 1.3% per track. All the estimates are included in the systematiuncer-
tainty of the corresponding measurement.

Contrary to the B factories, hadron collider provides a way to fully ac-
count for the kaon asymmetry and perform a statistically-domiated mea-
surement of AJ", .. Large number ofc-mesons are produced in thep
collisions, which allows to have a large sample of semileptoriil® decays.

CP violation in D° decays is suppressed due to the following factors:

The corresponding box diagrams (see Fig. 1.4(b)) induced byétvir-
tual b-quarks are suppressed by the small combination of CKM matrix
elementsV, Vo, = O( #) (see Fig. 1.4(b)). As light quarks dominate
the box diagram, the mixing is suppressed: in 2008 HFAG reported
Xp = Mp=p =0:0084 0:0033 [21]. Moreover, as the mixing ma-
trix is e ectively reduced to nearly 2 2, no sizable CP violation inD°
mixing is possible. HFAG experimentally con rms the last conclsion,
reporting no evidence for the CP violation in theD® system at the

current precision.

The semileptonicD® decays are pure tree level and governed by a single

weak phase. Hence, so no direct CP violation is expected.

Also, di erent New Physics theories [50] predict an enhancemeiaf

Mp, but keep p atits Standard Model level. Hence, the relation
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p= Mp 1 holds, which impliesjg=pp = 1 (see Section 1.2).
Thus, CP violation in D® mixing is expected to be suppressed even in

the presence of the New Physics.

The kaon asymmetry can be measured using a sample of 227M of
decaysD ! DO K ) , collected at D by 2007. No CP asymmetry
between the semileptonic decap®! *K and its charge conjugate is
expected, so all the asymmetry between"K and K * may be attributed
to the asymmetry of the kaon reconstruction. The statistical unertainty is
expected at the level of A = 1= 2:8 106  0:001, therefore, it will not
contribute signi cantly to the statistical uncertainty of the A", ..

As for the yield of theB* ! J= * decays, it is expected to be reduced
by the factor 2 0:04 relative to theB* ! J=K * signal. We therefore
expect around 1600 events and the corresponding statistical agrtainty on
A", of order 0.03. The reconstruction asymmetry for positive and ge-
tive pions is tiny, and can be accounted for in the systematic wertainty of

the measurement.

The outline of the remainder of this work is as follows: in Chapr 2 we
describe the experimental apparatus the Tevatron accelerator complex and
the D detector. In Chapter 3 we detail the procedure of the masurement
of direct CP violation asymmetries inb! sccand b! dcc transitions
using the decayB* ! J=K " andB*! J= * (Section 3.4). The kaon
asymmetry A , necessary for the former, is measured separately on a sample
of D°! K  decays (Section 3.3), and converted to the kaon asymmetry

measurement in theJ= K sample,Ax (J= K ).
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Chapter 2

Experimental Apparatus and

Data Acquisition

2.1 Accelerator complex

The D detector is one of the two multi-purpose detectors loc#ed at the
Tevatron collider at Fermilab, Batavia, Illinois, USA. In the present (2008)
state of operation, called Run II, the Tevatron acceleratoramplex is capable

p

of providing pp collisions at’ s = 1:96 TeV at peak luminosity of  10°?

cm 2s 1,

2.1.1 Accelerator chain

The simpli ed drawing of the Tevatron accelerator complex isshown in
Fig. 2.1. The acceleration chain starts in a Cockcroft-Walto chamber [51].
Here the hydrogen atoms are ionized to make Hons which are then accel-
erated through the initial stages of the accelerator complexThe Cockroft-
Walton machine accelerates the ions to an energy of about 7k€V, before
feeding them to a linear accelerator, Linac, where they areeelerated to
400 MeV. Then the electrons are removed from the ions to leaveopons,
by passing a beam of ions through the carbon foil. The protons ¢h en-

ter a synchrotron accelerator, Booster, and are accelerated 8 GeV before
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entering the Main Injector.

The Main Injector performs the following functions:

It accepts 8 GeV protons from the Booster, and 8 GeV antiprotan

from the antiproton Accumulator (see below);

It accelerates the protons to 120 GeV and delivers them to than-

tiproton production target;

It accelerates protons and antiprotons to 150 GeV and injestthem

into the Tevatron.

For antiproton production, the 120 GeV protons are sent to hita nickel
target. The negatively charged particles of approximatel§ GeV are selected
and sent to the Debouncher (not shown), where their momentum sgpad is
reduced. From the Debouncher the antiprotons are transfemeto the Ac-
cumulator (not shown), where the antiproton beam emittancesi thoroughly
reduced through stochastic cooling [52]. The cooled 8 GeV gmtdtons are
transferred to the Main Injector where they are pre-acceletad to 150 GeV
and subsequently injected into the Tevatron.

The Tevatron provides the nal acceleration before collisios, from 150
GeV to 980 GeV. Once collision energy is reached, the beams aveused
for collisions in two collision points, inside both of the Fermédb detectors,
D and CDF. The protons and antiprotons circle in bunches, with bunch
crossing occurring every 396 ns. The beams continue to circledasollisions
are recorded during a period known as store. The interaction of particles
with molecules of residual gas in the beam pipe and long rangeneh-bunch
interactions increase the emittances of the beams with tim&he luminosity
reduces, and after a certain period the beams are dumped and emnstore

is started.
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Figure 2.1:. Tevatron accelerator complex.

Energy, GeV 980

Proton bunches 36
Antiproton bunches 36
Protons/bunch 2.7 101
Antirotons/bunch 30 109
Bunch length, m 0.37

Bunch spacing, ns 396
Interactions/crossing 2.3

Peak luminosity, cm 2s ! 0:86 10°%=3:2 10%
Integrated luminosity, pb * /week 17.3/30

Table 2.1: Tevatron parameters for Run li(a/b)
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Figure 2.2: Peak luminosities during the Run Il of Tevatron.

Figure 2.3: Weekly integrated luminosity and its cumulativetotal during

the Run II.
2.1.2 Accelerator performance

Measures are constantly undertaken to increase the Tevatronnhinosity by
overcoming the limitations of the antiproton beam [53]. Theesult can be
appreciated from the evolution chart of the Tevatron peak Iminosity (the
luminosity at the beginning of the store) (see Fig. 2.2).

The integrated luminosity delivered by Tevatron in Run Il is slown in
Fig. 2.3. At the end of Run lla in March 2006, 1.6 fb! were delivered,
of which 1.3 fb ! were recorded by D . After some upgrades during the

2006 shutdown, the Tevatron Run IIlb commenced. The main paragters of
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the Tevatron in Run lla and Ilb are shown in Table 2.1. The statusof the
Tevatron accelerator as of 2006 and perspectives for the re$tRun Il are

summarized in [54].

2.2 D detector

D Run Il detector (see Fig. 2.4) is a general-purpose detectopositioned
around D interaction point. Its layout is standard for detec tors of this type.
From the inside out there are: tracking system inside a solenoidalagnet,
electromagnetic calorimetry, hadron calorimetry, and muo detectors. The
feature which distinguishes the D detector from other generkpurpose de-
tectors is the toroid magnet sandwiched between the muon chaers. The
magnetic eld created by the toroid magnet allows local measements of the
muon momentum, which in turn improves the matching of centratracks to
muon hits. Also, local muon measurements open additional possitis for
detector characterization, allowing to measure di erent tacking and muon
identi cation e ciencies.

Another important property of D detector is the regular (app roximately
every two weeks) reversal of polarities of both solenoid and tod magnets.
In this way, the same part of the detector is exposed to the ux oparticles
of both charges. This allows to cancel many charge-dependeayistematic
e ects. Many D analyses, including the present one, rely on thispolarity

reversal. We will give more information in Section 3.2.

The Cartesian coordinate system associated with the D detector &s the
detector's geometric center as its origin. The-axis points in the direction
of the proton beam, they axis points upwards, and thex axis is in the plane
of accelerator ring pointing outwards. The center of the dettor roughly
coincides with the beam crossing region.

The detector is roughly cylindrical and forward-backward symetric,
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Figure 2.4: General view of D Run Il detector.

so it is often convenient to work in cylindrical ¢, , ) or polar (r, |,

) coordinates. Thez axis is the same as for the Cartesian system. The
azimuthal angle runs in the transverse X, y) plane with = 0 being the
positive direction of thex axis. The polar angle is counted from the positive

direction of the z axis. Often the angle is replaced with pseudorapidity
= logtan > (2.1)

The choice of ¢, , )is appropriate, because it re ects the symmetries of the
experiment. Indeed, physical processes are invariant undeitaton around
the unpolarized beam, making a natural choice. The pseudorapidity is

the ultra-relativistic limit of the rapidity

1 E+p.
299 p,’

(2.2)

It can be shown that under a Lorentz boost along z axis the rapidity
transforms as °= +tanh ' . Thus, , and, therefore, intervals are

Lorentz-invariant. Lorentz boosts are created by asymmetrimteractions of
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partons in pp collisions. Therefore, it is appropriate (wherever possiblept
achieve uniform coverage in and to avoid detector artifacts in kinematic
distributions. This approach is adopted at D .

In the following we give a general description of the D deteabr with
an emphasis on the elements relevant to the present analysisthe central
tracking and the muon systems. A detailed description of the D dé&ector

can be found in [55].

2.2.1 Central Tracking System

A charged particle excites, or, in the limit, ionizes, atoms ofmatter as it
passes though it. Typically this excitation is localized neathe particle's
trajectory in little clusters called hits. The purpose of tracking devices is to
detect the position of those hits, which are used to reconstruct éhparticle's
trajectory in the process oftracking. In High Energy Physics (HEP) exper-
iments we are interested in the momentum of the fundamental pEcipants
of the processes (quarks, leptons, etc.), which are correlateithwthe mo-
mentum of the outgoing particles. So the tracking system is norally placed
inside a magnetic eld to bend the tracks of charged particleand infer the
momentum from track curvatures. The motion of a charged partie in the

magnetic eld is governed by the Lorentz force law:

dp _ .

o gv B: (2.3)
Parameterized in terms of the path lengths, (2.3) is equivalent to

d’x g dx 1o odx _

@@ pds 2T B d O @4)

where! . = gB=pis the cyclotron frequency. For a uniform magnetic eld
equation (2.4) can be integrated exactly, and the solution ia helix charac-
terized by ve integration constants, three of which de ne theradius-vector
of the helix's starting point, and two de ne the unit vector of the direction.

For the purposes of tracking, however, the following equivaht set is used

atD :

52



Z  z coordinate of the point of the closest approach to the axis,
dubbed \longitudinal” or \stereo" impact parameter,
d distance from the point of the closest approach to the axis, dubbed
\transverse" or \axial" impact parameter,
o direction of the transverse momentum of the particle at the pot
of the closest approach to the axis,
tan ratio of the helix step to its diameter (helix pitch),
= g=2R helix signed curvature. The sign re ects that particles of
opposite charges bend in opposite directions in the magnetield.
The parameters of the helix are determined at the track recastruction
(tracking) stage. The transverse and longitudinal components of the pacte

momentum, pr and p,, and the momentum proper,pt, are then calculated

as.
cB
= =5 2.5
Pr = 5] (2.5)
p. =prtan; (2.6)
q
Pot= P2+ P2 (2.7)

The energy of a particle can be inferred from the tracking infmation alone,

using a speci ¢ mass hypothesim:
p
E= m?2+px (2.8)
The transverse impact parameter is a signed quantity:
i= o XZFVZ R)-
=qd( xg¢+y:é R); (2.9)

whereq is the particle charge, K; y.) is the center of the helix as projected

onto the xy-plane, andR is helix's radius (see Fig. 2.5).

The central tracking at D is provided by the Silicon Microstr ip Tracker
(SMT) located inside the Central Fiber Tracker (CFT), both within a 1.92
T solenoidal magnet (see Fig. 2.6). The combined SMT and CFT syste
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Figure 2.5: Track parameters on & plane.

provides coverage up tp j < 3 and achieves the resolution of the longitudinal
projection of the impact parameter around ( ?) =35 m . The resolution of
the transverse projection of the impact parameter is around( 9) =15 m
for tracks with pr > 10 GeV/c, which is better then the pitch of the SMT
silicon detectors (see next section). For low momentum trackd pr 1

GeV/c the resolution degrades to ( 9) =50 m .

SMT

For the purposes oB physics measurementsy lifetime, b-tagging) one has
to accurately measure tracks close to the interaction point. Ab, the detector
located there has to sustain the radiation-hard environment. Currently,
silicon microstrip detectors are best suited for this kind of task

The principle of a microstrip detector is illustrated in Fig. 27. In a
typical single-sideddetector, nely spaced strips of strongly doped-type
silicon (p) are implanted on a lightly dopedn-type silicon (n) substrate.
On the opposite side, a thin layer of strongly doped-type silicon (n ) is
deposited. A positive voltage is applied to then side, which depletes the

n volume of free electrons and creates an electric eld. When charged
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Figure 2.6: Central tracking system of D Run Il detector, view in (X;z)

plane.

particle crosses the substrate it leaves a trail of electron-l®lpairs from
ionization. In the electric eld, holes drift to the p strips producing a well-
localized signal. The signal is then detected on a small clustef strips,
and the particle position is extracted by weighting the strip sitions by
the amount of charge collected. In this way the achieved restibn can be
better than the pitch between the strips. Then side can also be made in
form of read-out strips, making adouble-sideddetector. Moreover, then
strips may be tilted relative to the p strips, making a 3D stereo measurement
possible.

The general view of the SMT detector is shown in Fig. 2.8. To awve
better resolution of cluster position, the track should enter th substrate
perpendicularly. This fact motivated the general SMT desigrtonsisting of
barrels for low| j interspaced with disks for highj j tracks. The detector
has six barrels in the central region, each barrel containsgéit silicon read-
out layers, or \ladders" (see Fig. 2.9). Ladders are mounted onebyllium
bulkheads. \Active" bulkheads contain the cooling channelsral the con-

nections to the outer support cylinder. \Passive" bulkheads see to set the
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Figure 2.7: Principle of silicon microstrip tracker.

Figure 2.8: The disk-barrel structure of the D silicon microstrip tracker.

spacing of the ends of the ladders without read-out chips. Eadarrel is
capped at highjzj with a disk of twelve double-sided wedge detectors, called
\F-disks". Forward of the three disk/barrel assemblies on each sadthere is

a unit consisting of three F-disks. In the far forward region, twsingle-sided
large-diameter disks, \H-disks", provide additional tracking ahigh . The
outer diameter of a SMT barrel is about 10 cm. The H-disks are lated at
jzj =100 and 121 cm.

Various types of silicon sensors are used throughout the SMT. Most
the ladders are double-sided sensors, withside axial strips oriented parallel
to the beam, andn-side strips at a stereo angle. In layers 3, 4, 7 and 8,
this angle is 2. In layers 1, 2, 5, and 6 it is 90 with the exception of
the outermost two barrel sections which contain single-sided i@k detectors.
The H-disk wedges each contain two single-sided detectors moeshtback-

to-back, with the strips having the relative angle of 15 The pitch of the
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Figure 2.9: Cross-section of SMT barrel module. Ladders moudt®n the

beryllium bulkhead are shown.

strips varies between the sensor types, as shown in Table 2.2. Thes®s
are characterized by the signal to noise ratio between 12:1 ah8:1.

The sensors are read out using the custom made SVXlle chip [56]. A
sketch of double-sided 2ladder with nine SVXIlle read-out chips is shown
in Fig. 2.10. The pulse height information is used to calculatihe centers of

clusters of hit strips, achieving a precision of around 20m.

Central Fiber Tracker

The D Central Fiber Tracker provides coverage up toj j < 1:7. It consists
of scintillating bers mounted on eight concentric support cyinders and
occupies the radial space from 20 to 52 cm from the center of theampipe.
The support cylinders are double-walled with a 6.3 mm thick ¢e of Rohacell
[57]. The walls are constructed from linear carbon bers imggnated with
about 40% resin. The total thickness of carbon per cylinder is®mm. To
accommodate the forward SMT H-disks, the two innermost cylindsrare
1.66 m long; the outer six cylinders are 2.52 m long. Each cyier contains

one doublet layer in which bers are oriented parallel to théoeam, and one
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Sensor Pitch, m
Barrel axial 50
Barrel stereo 2 62.5
Barrel stereo 90 153.5
F-disk (p-side) 50
F-disk (n-side) 62.5
H-disk 80

Table 2.2: Pitches of di erent silicon detectors comprising DSilicon Mic-

trostrip Tracker.

Figure 2.10: The design of double-sided 2adder. The SVXlle read-out

chips shown as dashed lines are located on tpeside of the ladder.
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doublet layer in which the bers are at a stereo angle. The steveangle
alternates between +3 and 3 in the adjacent cylinders.

The bers are constructed from a polystyrene core with two cladings
and have an overall diameter of 825 m. The polystyrene is doped with
the uorescent dye paraterphenil and the wave-shifter dye 3yldroxy avon.
Excitations in the polystyrene are transferred to the paratgshenyl, which
undergoes uorescent decay emitting light with wavelength foaround 340
nm. This wavelength is quickly attenuated in the polystyrengso the wave-
shifter dye is used to absorb it and emit the light with 530 nm, wélithin
the transparency window of polystyrene.

Each ber is connected by a clear ber waveguide to a visibledht photon
counter (VLPC). The VLPCs are silicon avalanche photodiodes @pating
at 9 K with high gain and high quantum e ciency, capable of detcting
single photons. The ex circuits guide the electric signal fromVLPC to
the preampli ers on the analog front-end boards (AFE). To fatitate com-
monality with SMT further downstream, the same chip is used to dgjitize
the CFT and SMT signals the SVXIle. However, because the SVXlle
digitization speed is too low to generate trigger decision, a spial chip, the
SIFT chip, provides a trigger pick-o .

The ber diameter of 835 m ensures the inherent doublet layer resolu-
tion of about 100 m, taking into account that the position of individual

bers is known to better than 50 m.

Solenoidal magnet

The superconducting solenoidal magnet surrounds the trackirgystem (see
Fig. 2.6). The solenoid was designed to optimize the momenturasolution,
pt=pr, within the space inside the Run | calorimeter, which is still inuse
in the current detector. The solenoid is 2.73 m long and 1.42 m diameter,
and achieves 2 T by operating at the current of 1500 A. Uniform ld dis-

tribution is important for tracking, so that the track trajec tories were closer
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to the ideal helix, see Section 2.2.1. The magnetic eld insidée solenoid
is homogeneous to within 0.5%, which is achieved by using largwinding
density at both ends of the coil.

The regular reversal of the solenoid polarity allows to cancelany charge-
dependent systematic e ects due to the tracking system. Solewgbolarity is
reversed using a 5000 A DC mechanical motorized polarity regang switch
and a switch controller. The controller con rms that the polaity reversal

occurs at zero current load and that the power supply is turned .

2.2.2 Muon system

Muons directly couple to the intermediate vector boson® and Z. As
they are clearly identi able they may serve as an indicator ofhe processes
involving W! — orzZ! * | allowing to trigger on such events. In
the same way muons are the characteristic signature of the weakadys of
heavy quarks, such ab! cW andc! sW (hereW is virtual). Triggers
requiring two muons allow to collect a large sample af= ! *  decays
which constitutes the basis for a large portion of D B physics program,
and is also extensively used for detector understanding/caliétion.

D detector uses the system of muon drift chambers and scintillatrs.
The drift tubes provide precise spatial measurement, while thecintillators
produce fast signal to allow triggering. Individual muon canidlates are
detected in the muon chambers from the track segments they iea If the
local muon track matches a certain track measured by the cealrtracking
system, the two are combined into a \global" muon. As already méioned,
the muon chambers are interspaced with the toroid magnet. Thewuon
tracks bend in the magnetic eld created by the toroid, whichallows the
local measurement of muon transverse momentum. This informat is used
for low pr cut in L1 trigger, and for better matching with central tracks.

The remainder of this section is devoted to a more detailed degation

of the muon systems.
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Figure 2.11: Exploded view of the muon wire chambers.

Toroidal magnet

The toroidal magnet can be seen in Fig. 2.4. Its central part ia square
annulus 109 cm thick, with its inner surface about 318 cm awaydm the
beamline. It coversj j < 1. End toroids are located at 454 jzj < 610
cm. The toroid coils operate at 1500 A to achieve a magnetic e of about
1.8 T. The regular reversal of the toroid polarity allows to cacel many

charge-dependent systematic e ects due to the muon chambers.

Central muon system

The exploded view of the muon chamber is shown in Fig. 2.11. Tleentral
muon system consists of three layers of proportional drift tube@DT),
which extend up toj j < 1 (see Fig. 2.4).

The inner \A" layer is inside the central toroid, the \B" and \C" layers
are outside. The PDTs are made from rectangular drift tubes ggoximately
10 cm across and 6 m long, lled with a gas mixture consisting of 8glargon,
8% methane, and 8% CE The anode wire runs through the center of each
cell, with cathode pads located above and below it. The wirese ganged

together in pairs and read out by electronics located at on@é of each PDT.
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PDTs allow to measure the drift time of electrons to the anode we,
which gives the position of the hit in &;y) with resolution of 1 mm. The
drift time to cathode pad measures the position along with resolution 5
mm. The \A" layer pads are fully instrumented with electronics; ony about
10% of the \B" and \C" layer pads are instrumented. The reason fothis
was that, rst, for tracks traversing all three layers, the pad oordinate does
not improve the pattern recognition or resolution signi canty, and second,
fully instrumenting the \B" and \C" layer pads was too expensive. If the
pad is not instrumented, thez position is inferred from the di erence in the
arrival time of the signal pulse at the end of the hit cell's wireand at the
end of its read-out partner's wire, giving resolution of 10%cm.

The \A " scintillator counters cover the A-layer PDTs, those between
the calorimeter and the toroid. They provide a fast read-outdr triggering on
muons and for rejecting out-of-time backscatter from the fovard direction.
The scintillator hits are matched with tracks in the Level 1 tigger for high
pr single muon and dimuon triggersA scintillator counters are uniformly

segmented in and provide timing resolution of 2 ns.

Forward muon system

The forward muon system covers:Q. j j. 20, and consists of mini drift
tubes (MDT) and scintillator counters. The MDTs are similar to PDTs, but
have a cross-section of only 9.4 mm 9.4 mm. The MDTs are arranged
similar to PDTs in the central region, with A layer inside the taoid and
B and C layers outside. The intrinsic resolution of the chambersi 350
m, however, the hit resolution degrades to 0.7 mm due to the diging
electronics, which measures the signal arrival time with an uedainty of
18.8 ns.
The muon scintillators are located inside (layer A) and outsideldyers
B and C) of the toroidal magnet, uniformly segmented in and . The

scintillators achieve timing measurements with a resolutionfdetter than 1

62



ns.

2.2.3 Other systems
Calorimeter and Preshower

The D uranium/liquid-argon calorimeter provides energy measurements
for electrons, photons, and jets in the absence of a central magic eld (as
was the case during Run | of the Tevatron). Also, it assists in the ia#i-
cation of electrons, photons, jets, and muons and measures theahsverse
energy balance in events. The Preshower detectors, Central aRdrward,
are scintillator strips located right in front of the calorimeder (see Fig. 2.6).
They aid both in calorimetry and tracking, enhancing spatiaimatching be-
tween tracks and calorimeter showers. More information can eund in

[55].

Luminosity monitor

Luminosity monitor (LM) consists of two arrays of plastic scintilator coun-
ters with PMT read-out located at z = 140 cm. The location of the
arrays can be seen in Fig. 2.6. The counters cover the pseudodiy range
27<jj< 44

The luminosity L is determined from the average number of inelastic
collisions per beam crossindl y measured by LM:

L = [Niw : (2.10)
LM

wheref is the Tevatron beam crossing frequency and,y is the e ective
cross-section of the luminosity monitor, which takes into accow its ac-
ceptance and e ciency. The number of collisions per crossing RBoisson
distributed. So, N\, is determined from the Poisson statistics taking into
account the beam crossings with no collisions.

The fundamental unit of luminosity measurement is théuminosity block

Each luminosity block lasts no more than 60 sec. This time lapse sfiort
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enough so that the instantaneous luminosity is e ectively conant, and no
uncertainty is introduced in the measurement of the luminosyt due to the
time slice width. Each luminosity block corresponds to a sepamtraw data

le.

2.2.4 Trigger system

In the Tevatron proton and antiproton bunches cross every 396s. Taking
into account the total pp cross-section, 100 mb, this corresponds to the
order of 16 pp interactions per second. However, most processes of interest
have a cross-section of 10100 b or smaller, so the rate of interesting events
is correspondingly lower. So it makes sense to lter out interasiy events on
the y, according to some pre-selection criteria, and store thne on tape for
the detailed o ine analysis. Thus, the three level trigger desig is adopted
at general purpose particle detectors, with additional bu eing between the
triggers (see Fig. 2.12). At the rst stage (Level 1 or L1), inteesting event
signatures are looked for in di erent subdetectors independtly. Most of
the pp collisions are rejected at this stage, and the output rate is deiced to
2 kHz. Level 2 or L2 receives the L1 information and does a morareful
analysis of the event taking longer time; this reduces the agpt rate further
down to 1 kHz. The joint functioning of L1 and L2 triggers is show in
Fig. 2.13. Only if the event is accepted in L2, the whole detar is read out
and the event is built by the Level 3 Data Acquisition System (L3BQ) and
sent to the L3 farm for the limited event reconstruction. Therethe event
rate is reduced further to 50 Hz suitable for storing on tape. L3atisions are
based on complete physics objects as well as on the relationshipetween
such objects (such as the rapidity or azimuthal angle separatinphysics
objects or their invariant mass).

The overall coordination and control of D triggering is handled by
the COOR package running on the online host. COOR interacts wctly
with the trigger framework (for L1 and L2 triggers) and with the L3DAQ
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Figure 2.12: Overview of D trigger and Data Acquisition System

Figure 2.13: Block diagram of L1 and L2 trigger systems.

supervising systems (for the L3 triggers). In the remainder of thisection
we will give a short description of D trigger system with an emphais on

the elements important for the present analysis.

L1 trigger

L1 is implemented in the specialized hardware. The calorimat trigger
(L1Cal) looks for energy deposition patterns exceeding pn@anmed limits
on transverse energy deposits; the central track trigger (L1CT)Tand the
muon system trigger (L1Muon) compare tracks, separately and tether, to
see if they exceed preset thresholds in transverse momentum. Thack
reconstruction starts in the L1 central track trigger, which boks for track

patterns in CFT, matched to the hits in the Central Preshower [2tector.
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L2 trigger

In L2, tracking continues in L2 SMT Track Trigger (L2STT). The L2STT
performs online pattern recognition in the data from the SMT It recon-
structs charged particle tracks found in the CFT at L1 with inceased pre-
cision by utilizing the much ner spatial resolution of the SMT. L2STT is
able to measure the impact parameter of tracks precisely endutp tag the

decays of long-lived particles, speci cally8 hadrons.

L3 trigger

L3 trigger is a fully programmable software trigger which pdorms all basic
elements of detailed o ine reconstruction in a limited scope. It unpacks
raw data, locates hits, forms clusters, applies calibration,na reconstructs
tracks, electrons, muons, taus, jets, vertices, and missiiig-. Online moni-
toring keeps track of current beam spot information (the meaposition and
spread in ;y) along with tilts in ( x;z) and (y;z) ). Using this informa-
tion, L3 can calculate a fully 3-dimensional primary vertexdr each event.
By recalculating L3 track parameters using the 3-d vertex, L& capable of
triggering on the impact parameter of tracks. With input provded by the

tracking, jet and vertex tool, b-tagging is implemented in L3.

Trigger bits

Each trigger level maintains a collection of bits which cladyi standard sig-
natures of interest, e.g. a muon with g exceeding a threshold. The Trigger
Framework (Fig. 2.12-2.13) receives signals from variousrpaof the detec-
tor and res corresponding L1 bits. Upon L1 accept, the mask of LIrigger
bits is sent to L2. Depending on run con guration, L2 invokes ater script
for every L1 bit. The Iter script res a corresponding L2 trigger bit if all
its conditions are satis ed. Upon L2 accept, the detector is fiyf read out,
and L3 runs scripts corresponding to L2 trigger bits. Most of theriggers

re more often than the \accept” may be issued, so the trigger ras are
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arti cially scaled down (\prescaled") by a factor. The prescaé factors are

chosen depending on the physics program of the experiment.

2.3 Event reconstruction

2.3.1 DRECO

The D O ine Reconstruction Program (D RECO ) [58] reconstruct s ob-
jects used in the D physics analysis. It processes either collidegvents
recorded during online data taking or simulated events proded with the
D Monte Carlo (MC) program. The executable runs on the o ine produc-
tion farms and the results are placed into the central data stage system
for further analysis. D RECO is designed to produce two output brmats.
The Data Summary Tape (DST) contains the reconstructed physscobjects
together with intermediate information available at the level of subdetectors,
and is designed to be 150 kB per event. The Thumbnail (TMB) coains a
summary of the DST, and is designed to be 15 kB per event. In mostses,
the TMB format is used for the physics analyses.

D RECO is structured to reconstruct events in several hierarchcal steps
(see Fig. 2.14). Step 1 involves detector-speci ¢ processing.etBctor un-
packers process the raw detector information by unpackingdividual de-
tector data blocks. They decode the raw information, associatdectronics
channels with physical detector elements and apply detect@peci c cali-
bration constants. For many detectors, this information is usedt step 2
to reconstruct clusters (for example, from the calorimeter ah preshower
detectors) or hits (from the tracking detectors and muon chabrers). These
objects use geometry constants obtained during alignment t@sociate detec-
tor elements with physical positions in space. The step 3 in D REO fo-
cuses on the output of the tracking detectors. Hits in the silicofSMT)
and ber tracker (CFT) detectors are used to reconstruct globlatracks.

This is one of the most CPU-intensive activities of D RECO , and nvolves
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running several algorithms. The results are stored in correspang track
chunks, which are used as input to the step 4 of D RECO , vertexing
First, primary vertex candidates are searched for. These vects indicate
the locations of pp interaction and are used in the calculation of various
kinematical quantities (e.g. transverse energy). Next, dispted secondary
vertex candidates are identi ed. Such vertices are associdtavith the de-
cays of long-lived particles. The results of the above algdnins are stored
in vertex chunks, and are then available for the nal step 5 of DRECO
particle identi cation. This step produces the objects most asociated with
physics analyses and is essential for successful physics results. Usinida
variety of sophisticated algorithms, information from each othe preceding
reconstruction steps is combined and standard physics objectnchdates are
created. D RECO rst nds electron, photon, muon, neutrino ( missing
Et) and jet candidates, which are based on detector, track and ek ob-
jects. Next, using all previous results, candidates for heavy-gtk and tau
decays are identi ed. The D RECO code is organized in a comp@x system
of packages with many overlapping functions.

The B physics analyses, including the present one, rely mostly on track
ing and the muon identi cation. Therefore, the reconstructbn of tracks in
the central tracking system, and the reconstruction of the muorrlusters
with subsequent matching to the central tracks, will be our mairconcern
in the following sections. Vertexing and identi cation of physics objects for
the purposes ofB physics analyses is performed by a specially developed
D RECO package, BANA (see Fig. 2.14). BANA relies on the collectio of
tracks and global muon candidates available after stage 3. it optimized for
B physics studies. More information on BANA package is given in Séah

3.1.2.
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Figure 2.14: Steps of D O ine Reconstruction Program and BANA p ack-

age. See text for details.

2.3.2 Tracking at D

The current D tracking procedure has been developed as a rekwf con-
tinuous tests of di erent algorithms on di erent data and MC samples in
search for the optimal combination. It was acknowledged by a spial com-
mittee [59] to be the best in terms of event reconstruction timetracking
e ciency, rates of fake tracks, andb-tagging e ciency, and remains a de-
fault since pl14 release [60] of D RECO package. The tracking picedure
uses three algorithms (see Fig. 2.15): the Histogram Track Findy (HTF),
the Alternative Algorithm (AA), and the Global Track Finder (GTR ). HTF
uses a combination of Hough transform and Kalman lIter technige, where
Hough transform helps to reduce combinatorics from axial-steo hit asso-
ciation at the early stage, then followed by a more time-consung Kalman
ltering. The AA algorithm uses the Kalman Iter technique wit h simpli ed
track propagator to facilitate track nding, and leaves acarate propagation
and determination of track parameters to the later stage. Bdt algorithms
complement each other, since AA has higher e ciency for loyr and high

impact parameter tracks, whereas HTF has better performancerfhigh pr
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Figure 2.15: D tracking procedure as of 2008.

tracks. The algorithms |l the common pool of track hypothesisto which
the Iter phase of AA is applied. The ltered tracks are suppliedas a col-
lection of hits to the nal GTR track re t stage for more accurate Kalman
tting, taking into account multiple scattering and energy loss in the detec-
tor material. The output tracks are then used to construct physis objects:
primary and secondary vertices, jets, etc. Also, they are matcheéd muon
and calorimeter clusters to obtain global track ts for muonsand electrons.
In what follows we will give some details about the D detector model
adopted for the purposes of tracking, and brie y describe the AAand HTF

algorithms.

D Detector surfaces

The hits left by the particle in the tracking system lie on a 3D hix. However,
for the purposes of tracking it is not feasible to consider a 3D giure
it will result in large combinatorics due to ambiguous associan between

axial and stereo hits and hence will vastly increase the reconsttion time.
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Surface Cylinder X-y plane z plane
Constant parameters  radiusy u, (see Fig. 2.16) Zo
Position parameters , 20 V, Zg Xo, Yo
Direction parameters , tan dv=du, dz=du dx=dz dy=dz

Curvature a=p q=p q=p

Table 2.3: Helix parameters at di erent surfaces.

g=p is used instead ofj=pfor historical reasons.

Instead, considering the hits separately in 2D axial and stereagjections
of the detector reduces this e ect substantially.

Moreover, the Kalman Itering technique is used at several stas of
the track reconstruction. It involves propagation of the curent best track
hypothesis through the detector material, for which the erns of local mea-
surements in the subdetectors need to be propagated to the tkaparameter
errors. This transformation is more easily performed if the trek parame-
ters are measured in local coordinate systems of subdetectors,néd on
the abstract surfaces The system of surfaces at D corresponds to the in-
ternal structure of the detector. The SMT barrels are represéed by the
xy-planes whereas the SMT disks by z-planes and the CFT layers
by cylinders of constantr (see Fig. 2.16). The error on the cluster position
in the tracking system is considerably larger along than in the transverse
plane (see Section 2.2.1), which is naturally re ected in thde nition of the
local coordinate systems.

The parameters of helix track are de nedseparately at each surface in
local coordinate system of that surface Although di erent for each type
of surface, these parameters are: two position parameters, twaredtion
parameters, and the curvature,g=por =g (see Table 2.3). More details

can be found in [61].
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Figure 2.16: D detector surfaces de ned for the purposes of ack propa-

gation in the Kalman lter.

Track nding by AA

AA algorithm (Alternative Algorithm) [62] implements the Kalm an ltering
technique. The Kalman Iter is an optimal data processing algathm to ex-
tract parameters of an evolving system. It can incorporate thienowledge of
the system and measurement device dynamics and the statisticalsdeption
of system noises to obtain the best current estimate of parametess inter-
est. The Kalman Iter technique was for the rst time proposed inradar

applications. General information about it can be found in [8], and a sim-
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ple but illuminating example is considered in [64]. Technidlg, the Kalman
Iter is a set of equations which allows to update the current gtimators of
track parameters after the new measurement on the next surfaeerives.

At the rst step of AA running, all possible track hypotheses are con
structed from the seeds built from di erent combinations of 3 s in di erent
SMT super-layers. Then, each track hypothesis is propagatedtioe next de-
tector surface, and the hits within 3 expectation window of the predicted
measurement are considered (see Fig. 2.17). Every hit, for whithe 2 of
the track t does not increase too much, ?(Npis + 1) 2(Nhits) < max»
starts a new track hypothesis. One hypothesis can have several stipro-
jections to account for all possible combinations of stereo bkitassociated
with a given axial hit. This ambiguity is resolved at the laterstages. In this
way the pool of track hypothesis is created.

It is also possible that the Kalman lter does not nd a cluster on apar-
ticular surface because of detector gaps or ine ciencies. If éhcorresponding
subdetector is operational and the expectation window is cgstetely within
the sensitive boundaries of the subdetector, missing hit (a miss) is added
to the list of missing hits.

At the last stage the ltering is applied to the pool of track hypotheses:
hypotheses are sorted according to the number of hits, misses, ahd bverall
t 2; best hypotheses are placed rst. The hypotheses are consideratwto
by one and accepted as tracks (\AATracks") if they do not share to many

hits with other hypotheses. Refer to [62] for the details of théshared hits

policy".

Track nding by HTF

HTF algorithm implements the Hough transform technique. The Hogh
transform [65] was rst proposed for the pattern recognition irthe bubble
chamber photographs. Applied to tracking, the idea is as folles: every mea-

surement (hit) corresponds to a line in a multi-dimensional spacof track
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Figure 2.17: Track propagation (Kalman lItering) in AA.

parameters, or to a band, if errors are taken into account. T if the hits
really belong to the same track, all bands intersect in the sameea in the
parameter space (see Fig. 2.18). The parameter space is dividet cells.
Cell's dimensions re ect the parameter errors obtained by ppagation of
the position measurement errors into the parameter space. As nednits are
added, the number of entries in the cells corresponding to Hetacks in-
creases. Then, the peaks in the parameter space constitute tragkpothesis
which are further puri ed by the Kalman lter.

A particle in a homogenous magnetic eld in the absence of matal
moves along the helix, which projects into a circle in the tmasverse X,y)
plane. This circle is characterized by the curvature, impact parameter 9,
and the direction of the track at the point of the closest approeh  (Section
2.2.1). A track with a negligible impact parameter, ¢ 0, is represented
by a point in the 2D parameter space ( ). To decrease the combinatorics
from the association between axial and stereo hits, the Hough trsform
from the coordinate spacer(z) has to be performed. The track with ¢ 0
looks in (r;z) as a straight line with parameters go;tan ), where z; is the
position of the track origin alongz axis, and tan is the track inclination in

(r;z) (see Fig. 2.16).
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Figure 2.18: Hough transform in HTF.

So, HTF works in the following steps [66]:
Hough transform(x;y) ! (; o).

2D Kalman ltering in ( ; o). Peaks in parameter space serve as can-
didate tracks for the next stage of Kalman Itering at which mutiple

scattering and energy loss are taken into account.
Hough transform(r;z) ! (zo;tan ).
2D Kalman ltering in (zo;tan ).

Final 3D Kalman lItering. At this stage 3D SMT tracks are built and
extrapolated into CFT. Alternatively, the tracking may start in CFT
and propagate back to SMT.

The parameters of the Kalman Iter used in HTF is similar to that of
AA. The Iter can handle misses, the pool of track hypothesis is Iteed
on the basis of 2 of track's t, number of hits and number of misses on a
track. A simple interacting propagator is used to propagate aicks between

surfaces.
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GTR track re t

GTR track ret (see Fig. 2.15) accounts for energy loss and the uitiple
scattering in the tracking system. The details can be found in 7§. The full
Bethe-Bloch formula is not implemented, instead, the energpss E on a
distancex is modelled by a simple constant term and a small relativistic rise

with energy:
E =(1:66+0:0138 E)x; (2.112)

where is the density of the material. The quantities characterizig multiple
scattering are illustrated in Fig. 2.19. A Gaussian t to the cental 98% of

scattering angle has a width given by [13]

r—
13.6 MeV X X
= — —7 — 1+0:038log— ; 2.12

wherep, and z are the momentum (in MeV), velocity (as a fraction of
the speed of light) and charge (in units ok) of the incident particle, x is
the thickness of the material (in cm), andX is the radiation length of the
material. In the case of several layers of di erent materialshie combinedx
and Xy is calculated before (2.12) is applied.

The parameter y describes the mean e ect of scattering on the position

of a particle. It is related to by

(2.13)

ol ™
<

y:

For a thin layer x is small and y is negligible this assumption is used in
the tracking system.

The uncertainties (2.12) and (2.13) are converted to errorsn ve track
parameters used to describe tracks at di erent surfaces [67]. h&se mean
values are then added to the relevant terms of the error mairiof the track
parameters. The values op and corresponding to the average of incoming
(E) and outgoing E  E ) energy are used to calculate multiple scattering

by (2.12) and (2.13).
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Figure 2.19: Parameters describing multiple scattering.

Vertexing

Vertexing is performed after track reconstruction. Because @asurement er-
rors alongz and in the transverse plane are di erent, the 3D impact parame-
ter is not used. Instead, its transverse (\axial") and longitudnal (\stereo")
projections are considered. Let? and ? be respectively axial and stereo
projection of the impact parameter of a track with respect to lhe primary
(secondary) vertexV. To nd the 3D coordinates of primary (secondary)
vertex, Vy, Vy, V;, a procedure developed at LEP is used [68]. The primary

vertex is found by minimizing the function

A G O CI) )
(92 ., (22 (82

The rst and second sums are taken over all tracks in the event. Thquan-

+

?(Nyk ) = (2.14)

a=1 a=1 i=xy;z
tity dis an error on the axial impact parameter, obtained by the ear
propagation of the (5 5) covariance matrix of the track parameters to the
point of closest approach of a track to the vertex. The quantity Z is an error
on the stereo impact parameter. Due to di erent errors in the tansverse
and longitudinal directions, their contribution is decoupéd in (2.14): even
if the track is not measured along, the transverse information is still used.
The last sum corresponds to a constraint from the position of the t@raction
point (the beamspot), whereh and P are the beamspot position and size,

respectively.

The position of a beamspot inxy-plane is parameterized as a function
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of z, since the beams have a small tilt angle with respect to the nonahz
axis, and primary interactions occur over the large range af The parame-
terization is obtained by measuring the positions of 1000 priany vertices
in each run and performing a t to the distribution. The typical width of
this distribution in a usual run is about 40 m alongx andy. Results are
stored in the databases and can be sent automatically to the maaccelera-
tor control room for improvement of the beam alignment. The ncertainty
in the beamspot position a ects the quality of the oine primary vertex
reconstruction using (2.14), and therefore in uences thietagging e ciency.
Most of the tracks in the event come from the primary vertex (PV) So,
for PV searches, the \tear down" approach is adopted: initiayl all tracks are
used in (2.14), and then excluded one by one unti?(Ny )  ?(Nge 1) <
max» Where IS a pre-set algorithm parameter. Multiple interaction
may result in several PVs in the event, these are found among theatiks
excluded during the previous PV search. In this way the list of ¥ positions
is obtained. The secondary vertices (SV) may include two traskonly (\V-
seed"), so opposite \tear up" approach is used: tracks are added the good
V-seeds until 2(Ny, + 1) 2(Ngk) > min - In this way the list of SVs is
formed.
Two following quality parameters of the vertex t are often wsed for event

selection:

2 .=ndf of the vertex, where 2. is a residual 2 after minimizing

res
(2.14), and ndf= 2Ny, 3;
The combined signi cance of a track with respect to the found pmary

vertex:

S = p [d: d]2+[ Z= 2]2; (2.15)

where 9, %, 9 7 have beende ned in the beginning of this section.
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Figure 2.20: Muon local segments from drift circles.

2.3.3 Muon identi cation

Muons are important objects forB physics, which allow to perform tagging
and to measure semileptonid decays andB decays involvingJ= . So,
muons need to be identied among the central tracks. For thishe hits
in the muon drift tubes and the muons scintillator are used to fon local
muon candidates. Then their local trajectories are extrapated through the
detector to match with tracks from the tracking system and formglobal
muon candidates.

The local trajectories are found by the linked list algorithm[69] from the
timing information measured by the PDTs and MDTs (Section 2.2). The
electron drift distance is calculated for each wire registerg a hit, and the
drift circles are plotted around the wires (see Fig. 2.20). Aihcandidate is
assigned at each point where a drift circle intersects with a vérplane, hence
two hit candidates are associated with each wire hit. The algithm then
connects the pairs of hits with straight link segments, and treto unite those
segments which are compatible with a straight line. A set of algéhms are
then used to associate A layer segments (inside the toroid) with dlse in
either or both of B and C layers (outside the toroid). These algdhms take

into account the energy loss as a function of the momentum, atide multiple
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Number Muon Type Central track matching
of layers algorithm
(nseg)
3 Central track Muon to central if local
+ local muon track muon track t converges;
(A and BC segments) central to muon otherwise
2 Central track + BC only central to muon
1 Central track + A only central to muon
0 Central track + muon hit central to muon
1 A segment only no match
2 BC segment only no match
3 Local muon track no match
(A+BC)

Table 2.4: Possible cases of track-muon matching. Negative nuemntof seg-

ments corresponds to the case when matching track is not found.

scattering in the material [70]. If the measurements inside anoutside the
toroid are combined, local momentum measurements are obtathfrom the
deviation angle. Such muon candidates with measured momentuare then
propagated backwards to the cental tracking system, and assoweid with

a track. In the case of successful association the measurements afckr
parameters are combined in a global measurement, and the erroatrix is

recomputed.

However, the local measurement may not be complete (e.g. onlydk
BC measurements may be present with no local momentum informan), or
local t may not converge. In this case the tracks from the cemal tracking
with the associated error matrices are extrapolated to the mmochambers,
and the parameters of central tracks are assigned to the matchenuons.
The possible cases of track-muon matching are listed in Table 2.4

Reconstructed muon candidates are classi ed by mudgpe and quality
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[71]. The type is given by the number of layers in the muon systemseg,
associated with the muon candidate. A positive value afsegindicates that
the muon reconstructed in the muon system (\local muon") was mahed to
a track in the central tracking system. A negative value ofiseg tells that
the local muon could not be matched to a central track. The ab&dge value
of jnseg = 1;2 or 3 indicates that the local muon is made up of a A-layer
only hits, B- or C-layer only hits, or both A- and B- or C-layer hits.

The muon quality can be Loose, Medium, or Tight. The de nitiors are

as follows:

Tight muons Tight muons must havejnseg = 3, and

{ at least two A layer wire hits;

{ at least one layer scintillator hit;

{ at least three BC layer wire hits;

{ at least one BC scintillator hit;

{ a converged local t.
j nseg = 3 Medium/Loose muons When jnseg = 3 muon candidate
fails the Tight criteria it may still be Medium or Loose. Anjnseg = 3
muon is Medium if it has

{ at least two A-layer wire hits;

{ at least one A-layer scintillator hit;

{ at least two BC layer wire hits;

{ at least one BC scintillator hit.

An jnseg = 3 Loose muon is de ned as a Medium muon but allowing

one of the above tests to fail.

j nseg = 2 Loose/Medium muons Muons with jnseg < 3 can only
be Loose or Medium if they are matched to the central track. Les®

requires:
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{ at least one BC layer scintillator hit;

{ at least two BC layer wire hits.

An jnseg = 2 muon is de ned as Medium if it ful lls the above re-

quirements and it is located in the bottom part of the detecto

j nseqg = 1 Loose/Medium muons An nseg= +1 muon is Loose if it

has

{ at least one scintillator hit;

{ at least two A-layer wire hits.

An jnseg = 1 muon is Medium if it ful lls the above requirements and

if it is located in the bottom part of the detector.

If no segment can be formed, the muon is classi ed as havingeg= 0 (see
Table 2.4). The classi cation of wire and scintillator hits canbe found in

[72].

2.4 D upgrade for Runllb

The 2006 shutdown marks the transition from Run Ila to Run llb ca gu-

ration of D detector. The major changes to the tracking systemincluded:

Installation of the additional radiation-hard layer of SMT (Layer O,

LO) in the inner-most part of the detector.

Upgrade of the read-out electronics of the ber tracker to redout the

time-of- ight information for every ber.

Also, Trigger/DAQ was upgraded to meet higher luminosity requiements
expected in Run IIb. The D RECO and the D RECO le formats wer e

modi ed accordingly.
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Figure 2.21: The LO design. The six blue (dark-grey) planes nethe beam
pipe indicate the sensors, other six light-brown (light-grey) lanes indicate

the analog cables.

The addition of the SMT Layer 0 is the most important modi cation for
the purposes of this work. LO improves the resolution of the digred ver-
tices and provides increased redundancy for failures in th&isting detector
[73, 74]. The severe space constraints determined the LO desid¢nhad to
be t between the beam pipe ¢ = 15 mm) and the inner-most SMT support
(r =23 mm). The solution was to deploy two layers of single-sided tixtors
on a carbon ber support (with pitches 71 m for the inner and 81 m for
the outer), with the read-out chip mounted outside the ducid region. The

LO design is shown in Fig. 2.21.

2.5 Event simulation

Event simulation is used in the analysis to estimate certain pragties of
the signal and background events. A full simulation of the intexction and
the detector response is performed. This section outlines thersilation
procedure and lists the tools.

The simulation of the physics processes is performed by one of thev-
eral event generator programs. These use theoretical knowledgnd Monte
Carlo techniques to generate di erent processes in the evenAll samples

used in the presented analysis were produced by Pythia [75]. PRy uses
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the leading order predictions in perturbation theory to moel the interac-

tion of two partons inside a proton and antiproton, using the eperimentally

known parton distribution functions (PDF). Then the hadronization of out-

going quarks is performed using a non-perturbative model. Ehdecays of
the unstable particles are also computed in Pythia. However, ithe case of
b-hadrons, Pythia is usually prevented from performing a decaynstead, the

decay is calculated by the EvtGen package [76], which uses ttiecay ampli-
tudes to correctly model various phenomena ib-decays, including angular
distributions of the products and CP-violation e ects.

The events containing the decays of interest are selected attgeneration
stage and run through the D _.MESS (D Monte Carlo Event Selection Sys-
tem) package [77]. D _MESS applies some adjustment cuts, which usually
require the presence of a speci ed particle, which may also begtared to
originate from a speci ed parent. Some soft momentum and pseudgidity
cuts are normally applied here.

The response of the D detector to each selected event is then med
elled. At the rst stage the energy deposits in various detectosubsystems
are calculated in D GSTAR [78] (D GEANT Simulation of the Total Ap-
paratus Response), an implementation of the CERN GEANT packag&9].
D GSTAR contains a model of D detector built from many small vo lumes
of speci ed materials, through which the generated particleare propagated.
Then, a package called D SIM [80] models the detector eleabnics to in-
clude the e ect of the read-out: detector noise, ine ciencis, and the e ects
of data digitization.

The output of D SIM is nally passed to D RECO for reconstructio n
using the same methods as used for data. The output format is ideral
to real data, except that the TMB also contains the generated bhte Carlo
information, in order to allow comparison of reconstructed ah generated

objects.
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Chapter 3

Data analysis

3.1 Tools

The measurement presented in this dissertation is based on a sample
pp collisions corresponding to an integrated luminosity of 2.8 f3, selected
in Runlla and a part of Runllb of Tevatron during the period from April
2003 to July 2007 (see Fig. 3.1). The Runlla part of the data sarfgowas
reconstructed using version p17 of D RECO, with the rst production re-
lease p17.03 [81]. The Runllb part was reconstructed using vensip20 of
D RECO, with the rst production release p20.03 [82]. The p20 release of
D RECO re ects the D detector upgrade performed in 2006 (Section 2.4).

3.1.1 Triggers for B physics

The on-line selection of events for the present analysis is cooited by spe-
cial triggers, used forB physics and exotic searches at D. The triggers
relevant for B physics and their prescale factors are summarized in [83].

These triggers can be divided into three groups [84]:

1. Impact parameter-biased single inclusive muon triggersThese trig-
gers identify long-lived mesons by requiring a signi cant imact pa-

rameter. The requirement of having a signi cant impact pararater
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enriches data samples with events containing high lifetime esons.
Consequently, such data samples cannot be used to measure lifesm

and, correspondingly, biaBB tagging.

. Unbiased single inclusive muon triggerf85]. These triggers do not
have requirements on the impact parameter, and therefore ¢hmt pro-
duce biased event samples. The unbiased single inclusive muongecs
are distributed over all three levels of D trigger system (see S#ion
2.2.4). As the name suggests, they require at least one muon to be
detected in the muon chambers. At Level 1, there are two typed o
trigger bits, scintillator- and wire-based [72]. At Levels 2 ath 3 muons
are classi ed as Loose, Medium, or Tight (see Section 2.2.2). Aglzel

2 the transverse momentum, obtained from the muon system, can be
required to be above a given threshold. At Level 3 the cut is mad
on the pr of the matched central track, or, if there is no track match,
using the information from the local muon system. Almost all unbi-
ased single muon triggers foB physics require Medium muons with a
pr > 2;3 or 4 Ge\=c Additionally, the position of the primary vertex

is required to satisfyjzj < 35 cm, to reject the halo interactions.The
triggers are prescaled at Level 1, usually by a factor of 2 at arhinos-
ity above 20 10 sm 2s !, and turned o at a luminosity of 40 10%°

sm 2s 1,

. Di-muon triggers are used to look forB decays involvingJ= or .
The di-muon triggers in general require at least two track-ntahed
muons of Loose or Medium quality, withpr > 2 GeV=ceach. Primary
vertex is required to be withinjzj < 35 cm. The Level 1 bits require
simultaneous presence of two CFT tracks and two local muons ihe
event. The Level 2 bits may in addition require separation
between the tracks. Level 3 requires muons matched to centtehcks.

The di-muon triggers run unprescaled Additionally, there is a special
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Figure 3.1: Integrated luminosity delivered by Tevatron, ad the luminosity

recorded by D in the current Run II.

Level 3 di-muon trigger which requires invariant mass of thesto muons
between 2.5 and 2000.0 Gex?. This trigger runs unprescaled up to

a luminosity of 60 10°° sm ?s !, at which it is turned o .

The events selected for the present analysis had to satisfy the vée-

ments of any unbiased single muon or a di-muon trigger.

3.1.2 BANA package

The analysis presented in this dissertation has been performeding the
BANA package [86] that is used for manyB physics analyses at D. The
package can access data in DST and TMB D RECO formats, but is nor
mally used with the stand-alone format AADST. AADST contains only he

information required by the B physics analyses:
Complete track information;

Triggers block;
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Muon ID block.

The les in this compact format can be stored directly on disk. Ast is not
necessary to retrieve data from the database, the developmemickdebugging
of the analysis code greatly speed up.

The BANA package provides basic methods for thB physics analysis:
Reconstruction of primary and secondary vertices;

Calculation of transverse and longitudinal projections of ifact para-
meters of tracks, with errors; calculation of the combined sigoance

of a track with respect to the primary vertex according to (2.5);
Reconstruction of jets using the DURHAM clustering algorithm [87]

Reconstruction of particle decays by assigning masses to non-muo
tracks and combining them into parent particles. The positiorof decay
vertex, invariant mass, and momentum of a parent particle can &
calculated by the methods provided; in this way one can recstuct
basicB decayse.gB ! Dy ,B! D ,B! J=K , decays of
D,K,J= and ;

Constraining momenta of daughter particles from parent's nss, which

allows to improve the mass resolution;
Flavor tagging.

The de ned observables can be stored in PAW [88] or ROOT [89] tes for

further analysis.

3.1.3 Inclusive muon skim

From the events satisfying the ORed unbiased single muon and duon
triggers the single muon skimwas selected and stored on disk in AADST

format. The skimming requirements were [90]:
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Muon candidate with segments in the BC or ABC layers of the muon

system; local muon t should converge;
Matched central track with > 1 SMT hits and > 1 CFT hits;
pr( ) > 1.5 GeV/c.

This combination of requirements provides the broadest seten of events

for B physics studies.

3.2 Detector-induced asymmetries

As it was shown in Section 1.2, the measurement of direct CP vidian

in b! scc transition using B* | J=K * (in b! dc transition us-
ing B¥ I J= *) technically reduces to the measurement of the charge
asymmetry betweenJ=K * (J= *)andJ=K (J= ) nal states re-
constructed from chargedB decays. The measurement of the kaon recon-
struction asymmetry using the decayD ! D9 K ) also reduces to
the measurement of the charge asymmetry, this time between K ) *
and ( K*7) coming fromD . However, the detector can introduce
apparent charge asymmetries. This happens if the detector hgtobal or
local di erences in the acceptance and e ciency for positiveand negative
particles.

An example of global di erence may be a forward-backward asynetric
production of charged particles (e.g. of muons (electronsjoin the decays
of asymmetrically producedW bosons), which then convolves with asym-
metric reconstruction e ciency to give an apparent charge asymetry. Let
us consider this e ect in closer detail. The dominant subprocesst W+
production in pp collisions isu+ d! W™, whereas ofW production is
u+d! W . Since the valencel quark carries more proton momentum than
the d quark, and, moreover, there are two valence quarks, the W* (W )

should preferably be produced in the proton (anti-proton) diection. The
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di erent parts of the detector to the same ux of oppositely chaged particles.

same correlation should be observed in their decay products muons and
electrons. This e ect was measured at CDF by looking at the pseodapidity
distribution of the electrons produced in the decays oV [91]. If, in addi-
tion to the forward-backward asymmetric production of chargd particles,
the detector itself is forward-backward asymmetric, we obsex\an apparent
charge asymmetry of theV decay products.

The local di erence may arise if e.g. the tracks bending in omsite direc-
tions inside the solenoid/toroid are reconstructed with di eent e ciencies
due to speci c distribution of the dead material.

As noted in Section 2.2, the polarities of D magnets, those of b the
solenoid and the toroid, are regularly reversed during the dattaking. After
the magnet polarity is reversed, the same part of the detectos exposed to
the ux of particles of the opposite charge (see Fig. 3.2). Sohé¢ net e ect
of the global di erences in reconstruction e ciencies of posive and nega-
tive tracks cancels if we consider data samples that have eq@afent counts
for each toroid/solenoid polarity. In practice, however, itis not possible
or desirable to reduce the data sample collected at one polgrito bring it
in correspondence with the data sample collected at the oppasipolarity.
Instead, to account for the di erent size of samples collected #he oppo-
site polarities and for possible detector-induced asymmetriege proceed as
follows. We divide the initial sample of events into subsamplesceording
to the polarity of the toroid/solenoid, , the patrticle's direction, ( =+1

for > 0), and its charge,q. There are 2 = 8 subsamples corresponding
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to 8 possible combinations of , , and g. In the ideally symmetric process
measured by an ideally symmetric detector on equal amount of @aat both

polarities, all the subsamples contain the same number of events,

1 1
= _—_N = —-N: 3.1
la =3 g (3.1)
where = % is the fraction of signal events with toroid/solenoid polariy

Now, if the number of positively charged events di ers from thewumber
of negatively charged events due to the physics asymmet®y (for example,
due to CP violation asymmetry) then the sizes of subsamples of opgite

chargeq di er proportionally:
Ng = %N A+ gA): (3.2)

The asymmetry A can be found by dividing the initial sample into two
subsamples and solving foA. The exact solution is simply the de nition of

the charge asymmetry:

n. n
A= : 3.3
nn (3-3)

However, in the case of the asymmetric forward-backward partecproduc-
tion, there may be a di erent number of particles of xed signgreconstructed
in the forward ( > 0) and backward ( < 0) parts of the detector. Thus,
we will observe asymmetry between the number of events with > 0 and
g < 0, Aq Afp. The number of events in subsamples will dier in

addition due to A :
Ng = %N(l + A1+ g A): (3.4)

For small asymmetries, neglecting higher orders, the system (3.dan be

considered linear:

n; = %N(1+ A+ Ag) (3.5)
n* = %N(l A Aw) (3.6)
n, = %N(1+ A Aw) (3.7)
n = %N(l A+ Agp): (3.8)
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Then the solutions forA and As, decouple: we add (3.5) and (3.7) to solve
for A, and add (3.5) and (3.8) to solve foAs,. However, we do not know
in advance the size of detector asymmetries. So, for the sake ohepality
and exactness, the system (3.4) should be solved explicitly usingnmerical
methods.

To complete the model, the following detector asymmetries tia@ to be

accounted for, which adds corresponding terms to (3.4) in a silar manner:

Asymmetry accounting for the change in the reconstruction e cency
of particles of chargeq after toroid polarity ip. This is therefore the
asymmetry between the number of events witlf > 0 andg < O,

Aq ;

Detector north-south asymmetry accounting for the di erent dstribu-
tion of dead material, and, therefore, di erent reconstrudbn e ciency
in the northern ( > 0) and southern ( < 0) parts of the detector,

A

Asymmetry accounting for the range-out of particles in the maugt.
This e ect is most pronounced for muons in the toroid: magneti eld
pulls the muons passing close to the toroid end into the gap betar
the central and the end toroid, where the reconstruction e cency for
muons drops (see Fig. 3.3). The range-out e ect is expected b@ the
dominant detector asymmetry for muons due to the detector getetry.
For particles reconstructed in the tracking system inside the samoid
(e.g. kaons) there is no range-out and the corresponding asyntnye
is expected to be negligible. As inferred from Fig. 3.3, the mge-out
e ect changes sign ifg, , or changes sign, so this is an asymmetry

between events withqg > 0 and those withq < 0, Aq A

The last asymmetry that completes the system accounts for any dettor-

related forward-backward asymmetries which remain after toid po-
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larity ip. This is therefore an asymmetry between the eventswith

> 0Oand < O,A

To summarize, the number of events in eightq subsamples may di er
due to the unequal number of event counts at di erent magnet q@larities,
6 % to the physics charge asymmetryA, and to various detector-related

asymmetriesA;. This is re ected in the following detector model:

1
g = N (1+aAL+ qAp)1+ Aw)(l+d A q)1+qA,)

@a+ A ) (3.9)

Eq. (3.9) suggests a method of disentangling detector-relatedymme-

tries:

1. We divide the initial sample into 8 subsamples corresponding 8 com-

binations of particle charge g, pseudorapidity, , and magnet polarity,
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2. In every subsample we extract the number of signal events, , by
whatever method is appropriate (mass peak t, sideband subtréion

of the background under the peak, etc.);

3. Then we solve the system (3.9) foN, , and six asymmetries. In
this way we account for the di erence in the signal counts at derent
magnet polarities and disentangle the detector-induced asynetries

at all orders of magnitude.

In all that follows our main interest will be in the charge asymretry, A.

3.3 Measurement of the kaon charge asym-
metry using the decay D°! *K

As mentioned in Section 1.4.3, a sizable kaon reconstruction asyetry
(from now on dubbed simply \kaon asymmetry") is expected, becse pos-
itive and negative kaons have di erent cross-section of inelastinteraction
with matter. For kaons, (K d) > (K*d) (d deuterium) [13], which
is explained by the quark content:K (su) does interact inelastically with
p(uud) and n (udd) to form resonances * (uus) and °(uds), but K * (su)

does not. Thus, the negative kaon asymmetry develops,

_ N(K ) N(K7)
TON(K )+ N(K¥)

Ax is a function of the material distribution in a particular detector, which

Ak <0 (3.10)

can be seen as follows. The nuclear interaction length of a paité in the

material is
A .
N’

whereA is an atomic weight of the material, is the density of the material,

(3.11)

|0:

Na =6:02 10 mol !is the Avogadro number. The loss of particles N

in the length | due to inelastic interactions is

N |

~N =1 exp (3.12)

lo
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whereN is the initial number of particles, |y is a nuclear interaction length.
Let us assume that the positive and negative particles of the tgi are
produced in the charge conjugate processes in the equal amqunt, and
are lost only due to the inelastic interactions with nuclei in he detector

material. Then the reconstruction asymmetryA; developing on the length

[ is:
N N*
A N +N*
(N N ) (N N™)
(N N )+ (N N+*)
1 N* N 1 I I
= 5 N N =5 exp E exp = ; (3.13)

0
wherel, (l5) is a nuclear interaction length of negative (positive) paitle
in the material.

The kaon asymmetry Ax adds to any CP violation asymmetry Acp
due to the Standard Model or possible New Physics e ects in the presses
where a single kaon in the nal state is reconstructed, as e.g. the decay

B*! J=K *:
1
Ng = 5(1"' dAcp)[1+ gA«(I=K )]: (3.14)
Neglecting higher order terms, (3.14) can be written as:
1
Ng 51+ aAce + 0AK)
1
= 5[1"' Ad(Ace + Ax)]

1 .
= 5(1+ gA) :

E.g. inthe case oB* ! J=K * decay,Ak is the kaon charge asymmetry
inthe J= K sample, andA is the charge asymmetry betweeB ! J=K
andB* ! J=K * as measured in the detector. The CP violation asymme-

try is therefore simply:

Acp = A Ax: (315)
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3.3.1 Choice of the decay channel

We measure the detector-induced kaon asymmetry in the proceskere the
physics charge asymmetry is expected to be zero: we compare thge of

c! s quark transition in the decay chain
c! b*! D°* D% “*K (3.16)

and in the charge conjugate process, using the muon charge ab a avor
tag. As shown in Section 1.4.3, it is theoretically very safe tottaibute all
the asymmetry between *K *and K™* measured in this channel to

the kaon asymmetry.

3.3.2 Event selection

TheD ! D° K ) events are selected from the 2.8 fb sample collected
by the D experiment in Run Il of the Fermilab Tevatron collid er. The selec-
tion cuts are summarized in Table 3.1. Muons are required to athe trans-
verse momentumpr > 2 GeV=¢ and to leave signal in at least two layers of
the muon systemnseg > 1 (see Section 2.3.3 for a detailed description of the
nseg variable). The D° candidate is reconstructed from the muon track by
adding another track, which is assigned a kaon mass. The invartanass of
the two tracks is required to be in the window 2<m (K ) < 2:2 GeV=C.
The requirementm( K ) < 2:2 GeV=¢ is chosen to include the sideband
of D peak. The requirementm( K ) > 1:2 GeV=C suppresses the events
D% ! K , with subsequent decayk ! KO . Ifa is wrongly
identied as a K , a D° candidate is formed from a muon and a pion.
The invariant mass distribution of the  system dies out kinematically at
m(D®% m(K% 1:37 GeV/c® (overestimate, since the neutrino from the
D decay escapes detection). We account for the remaining comtiaation
from this process in the sample compaosition.

The D candidate is reconstructed by adding a third track associated

with the same primary vertex as the muon. It is assigned a pion mass,
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Quantity Cut

All tracks:
#hits in SMT > 1
#hits in CFT > 1
Muon:
nseg > 1
Transverse momentum > 2.0 GeV=c
Kaon:
Pr > 0:5 GeV=c
Pion:

Combined signi cance of the pion track

with respect to the primary vertex S <9

DO candidate:
massm( K ) 1:2<m(K )< 2:2 Gev=¢
The angle between theD® momentum
and the direction from the primary vertex
to the DO vertex in the transverse plane cos@o) > 0.9
Combined signi cance of theD° track
with respect to the primary vertex Spo < 16

Distance to the primary vertex

in the transverse plane Ly (D%= [Lyx(D%]> 3
D candidate:
mass dierence m=m(K ) m(K) m < 0:22 Ge\=c
Table 3.1: Summary of the event selection cuts for thB ! DO K )
decay.
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Figure 3.4: The combined signi cance of th®° with respect to the primary
vertex for the events with 135 < m(K ) < 1:65 Ge\=& (\D? signal"),
and 190<m (K ) < 2:20 Ge\=¢ (\ D° background"). The invariant mass
distribution of the K system,m( K ), is shown in Fig. 3.5. The vertical

line shows the cut applied in this analysis.

the invariant mass of the K system is computed and the mass di erence
m=m(K ) m(K )isrequiredtobe m< 0:22 Ge\=¢.

All tracks are required to have signals in both SMT and CFT and tdorm
a common vertex using a method described in Section 2.3.2. Thenpary
vertex of the pp interaction is determined for each event using the method
described in the same section. The pion track is used to determitige
axial, 9, and stereo, Z, projections of the impact parameter with respect to
the primary vertex, together with the corresponding errors, ( 9y and ( ?).
The combined signi cance of the pion with respect to the primar vertex is

de ned according to (2.15):

d 2 z 2
S= 5 * T (3.17)

To reduce the combinatorial background fronb decays, we requiré&s < 9.

The track of the D is assumed to pass through the reconstructed vertex
and to be directed along the momentum of theK system. The combined
signi cance of D, Spo, is de ned similarly to (3.17). The distribution of

Spo for the events with 135< m (K ) < 1:65 Ge\=¢ (\ D signal"), and
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1:90< m < 220 Ge\=¢& (\ D° background") is shown in Fig. 3.4. The
requirement onSpo is less tight, Spo < 16, since neutrinos fromD° decay
escape detection and introduce an uncertainty in th®° track reconstruc-
tion.

To ensure that the D comes from the primary vertex, the cosine of
the angle between theD® momentum and the direction from the primary
vertex to the D° vertex is required to be greater than 0.9. The distance,y,
in the transverse plain from the primary vertex to theD° decay vertex is
required to satisfyL,,= (Lx) > 3, to ensure the selection of the long-lived
D? mesons.

The D mesons can come from the decays Bf mesons, which are CP
asymmetric. However, only the semileptonic CP asymmetry doestn@nish
when integrated over time [92]. The semileptonic asymmetry iB° mixing
is predicted theoretically at the order of 10° [93], and experimentally mea-
sured to be consistent with zero (see the review of the measurenseas of
end 2007 in the HFAG report [21]). This asymmetry is diluted by the frac-
tion of the semileptonic decays in the inclusivB®! D X sample, estimated
from [13] to be Br@°! D )=Br(B°! D X) < 0:24. The semileptonic
asymmetry in the selected sample is further diluted by the coritsution from

decays of other hadrons, and can be safely neglected.

3.3.3 Signal extraction

The invariant mass distribution of the K system for all selected events
is shown in Fig. 3.5. It has a peak shifted to the lower values fro the
D? mass,m(D% = 1:86 GeV/c?, and smeared due to the neutrino from
D%! K which escapes detection. Th® resonance is easily observed
in the mass dierence m=m(K ) m(K ), due to the cancellation of
the mass shifts from the neutrino loss (see Fig. 3.6). No charge i&ations
are required at this stage.

We select signal (background) subsamples by requiring the chargor-
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Figure 3.5: The invariant mass distribution of the K system. The wide
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relations which do (do not) match the topology of theD decay (3.16). To

select theD signal we require:
g & <0andq gq >0 (3.18)

To describe the combinatorial background under th® peak, we require
g & > 0. At this point we can further requireq q > 0Oorq g < 0.

Among the three choices

q & > 0 (3.19)
g & > Oandq q <¢0; (3.20)
g & > Oandq q > 0 (3.21)

we expect that the combination of three tracks of the same chge according
to (3.21) corresponds to the combinatorial background best afl. To verify
this suggestion, we use the following technique.

\Background 1" consists of the events from the sideband of the° peak,
1.9<m(K )< 2:2 GeV/c?, which satisfy the charge correlation (3.18). The
m distribution of the events in the \Background 1" is shown as a lstogram
with error bars in Fig. 3.7, a), c), e). \Background 2" consistf the events
from the full m( K ) region, 12<m (K ) < 2:2 GeV/c?, which satisfy the

alternative charge correlations (3.19)-(3.21). The corsponding m distrib-
utions are shown as solid histograms in Fig. 3.7, a), c), e). Onehight-hand
part of Fig. 3.7, b), d), f), the two corresponding histogramsrbm the left
are compared by dividing and tting to a straight line. As one ca see,
requiring tracks of di erent charges by (3.19) and (3.20) &ws a resonance
process to get through. However, requiring all three tracks toave the same
charge by (3.21) is the best way of describing the combinatotibackground

in the sidebands of theD? peak, as it was expected beforehand.

From now on we call \right sign" the events selected by (3.18), ral

\wrong sign" the events selected by (3.21). Then( K ) distributions for
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Figure 3.7: m distributions in the sideband of theD® peak of Fig. 3.5. a),
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line.
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Figure 3.8: The distribution of the K invariant mass for right sign (RS)
events, selected byg o < 0,q g > 0, and wrong sign (WS) events,
selected byq o > 0,9 q > 0.

right sign (RS) and wrong sign (WS) events are shown in Fig. 3.8. hE
corresponding m distributions are shown in Fig. 3.9.

The combinatorial background under theD peak of Fig. 3.9 is renor-
malized and sideband subtracted as follows. The sideband is cho$ar from
the D peak, in the range G19< m < 0:22 Ge\=&. The signal band is
chosen from m = 0:14 Ge\=¢ to the upper bound which is varied to max-
imize the signal signi canceS:p S+ B, whereS and B are de ned below.
Let NJg° and NJiS be the number of wrong sign events in the signal and
the sideband. LetN5> and N3, be the number of right sign events in the
signal and the sideband. To obtain the number of signal events the D
peak, we renormalize the number of wrong sign events in the sajrband,
N>, to the number of right sign events in the sideband\ 53, and subtract

the result from the number of right sign events in the signal band

NSFi{dSe WS RS
B= WENGST  S=NE B (3.22)

side
We optimize the position of the upper bound of the signal band bynaxi-

mizing the signi canceS:p S+ B.
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Figure 3.9: The m distribution for right sign (RS) and wrong sign (WS)

events.

Note, that the width of the m peak, and, therefore, the optimal posi-
tion of the upper signal bound, is di erent in di erent m( K ) regions (see
Fig. 3.10). Therefore, using just one common upper bound wouldsult in
the loss of signi cance. To avoid this, we divide the range:2<m (K ) <
1:9 GeV=¢ in seven equal bins, and investigate the dependence of the sig-
nal signi cance on the position of the upper signal bound in eachin (see
Fig. 3.11). Using the optimal upper signal bound in everyn( K ) bin, we
determine S according to (3.22) separately in sevem( K ) bins. The to-
tal number of signal events is obtained by summing the numbelS over
sevenm( K ) bins. The total number of background events is obtained by

summing the numbersN(® over severm( K ) bins.

3.3.4 Solving the detector model

We remind here that the kaon asymmetry is measured as a charge iasgetry

A between theD * | D°( *K ) *andD ! D( K*~) events
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Figure 3.10: Signal distribution (solid line) and backgrounddistribution
(dashed line) for dierent m( K ) bins. The background distribution is
rescaled to t the tail of the signal distribution for visual clarity. The side
band is chosen in the range:09 < m < 0:22 Ge\=&. The signal band
is de ned from m = 0:14 Ge\=¢ to the optimal cut (vertical line) which
maximizes the signi canc:eS:IO S+ B, whereS and B are de ned in the

text.
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Figure 3.11: The dependence of the signal signi canc&zIO S+ B on the

position of the upper signal bound for sevem( K ) bins from Fig. 3.10.

Subsample Ng Ng

q (Signal, events) (Backgr, events

+++ 331 ;060 839 32267 179

+ o+ 348;247 870 34216 185

++ 358 092 880 34278 185

+ 332842 836 31661 178

++ 345;522 870 35622 189

+ 323,732 827 32456 180

+ 337,379 842 32698 180

356122 874 35011 187

Table 3.2: The numbers oD eventsn, in eight subsamples for the signal
and the background. Nominal de nition of the background acaaling to

(3.21) is used.
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Signal Backgr

N 2,733 000 2;000 268200 500

" 0:5014 0:0004 04938 0:0010
A 0:0131 0:0009 00034 0:0019
Asp 0:0006 0:0009 00029 0:0019
Adget 0:0042 0:0009 00057 0:0019
Aro 0:0304 0:0009 0:0374 0:0019
Aq 0:0048 0:0009 00009 0:0019
A 0:0014 0:0009 0:0005 0:0019

Table 3.3: The physics and detector asymmetries for tHe@ and the back-

ground events (MINUIT output). Uncertainties are statistical.

using muon charge as ® avor tag. According to the method described in
Section 3.2, the event sample is divided into eight subsamplesy@sponding
to all possible combinations of the toroid polarity = 1, the sign of the
muon pseudorapidity = 1, and the sign of the muon chargg= 1, see
Table 3.2. The number of events in thdd peak and in the combinatorial
background under the peak is obtained in each subsample by theledband
subtraction method described in the previous section. The excted num-
bers of D events are used to disentangle the detector-induced asymmegi
by solving Eqg. (3.9) using MINUIT [94]. The results are presented ifiable
3.3, separately for theD events and the background. We see that the mea-
sured charge asymmetry oD events,A = 0:0131 0:0009, is negative as
expected. Also, the largest detector asymmetry for both th® signal and
the background is the range-out asymmetnA,,, as expected. Note, that
the charge asymmetry in the combinatorial background,:0034 0:0019,
deviates from zero by not more than two standard deviations.

For the cross-check, the analysis is repeated with backgroundesged by
(3.20), see Tables 3.4 and 3.5. Note, that the charge asymmetrgiaulated

with alternative background di ers from the nominal value, 0:0131, by
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Subsample Ng Ng

q (Signal, events) (Backgr, events

+++ 357 ;195 776 40279 201

+ + 376;141 802 41121 205

++ 386439 812 42055 205

+ 358612 774 38730 197

++ 373;622 802 44064 210

+ 349;229 766 40013 200

+ 363460 780 39883 200

384024 807 43158 208

Table 3.4: The numbers oD eventsn, in eight subsamples for the signal

and the background. The background is de ned according to (30).

Signal Backgr

N 2,949 000 2;000 330300 570

* 0:5014 0:0004 04942 0:0009
A 0:0123 0:0007 00082 0:0017
Atp 0:0005 0:0007 00061 0:0017
A et 0:0044 0:0007 00069 0:0017
Ao 0:0311 0:0007 0:0377 0:0017
Aq 0:0048 0:0007 00021 0:0017
A 0:0009 0:0007 00026 0:0017

Table 3.5: The physics and detector asymmetries for the and the back-

ground events, background selected by (3.20). Uncertaintieseastatistical.
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No Mode Br, %

1 K 351 011
2 K (K9 0:72 0:.05
3 TKO(KO ) see text

4 " 0:28 0:02
5 o ) 0:19 0:04

Table 3.6: D sample composition: contributingD® decay modes.

Br( *K (K ©° )=1=3Br( *K ).

only +0.0008. This di erence is assigned as a systematic unceirty from
the background description. Note also, that there is a signi cancharge
asymmetry, Q0082 0:0017, in the background selected by (3.20). This is
not surprising, since, as already shown, (3.20) does not provitlee best
description of the combinatorial background, and some chargesymmetric

signal can penetrate.

3.3.5 Sample composition

The measured charge asymmetry d events isA = 0:0131 0:0009. It

is related to the kaon asymmetryAx via
A=frAc+f A (3.23)

where fx is a fraction of modes with a kaon in the nal state,f is a
fraction of modes with a pion in the nal state, which contribue since a
pion may be misidenti ed as a kaon. The branching fractions dhe leading
D? decay channels are taken from PDG [13] and listed in Table 3.8odes
1 and 2 constitute a signal, modes 3-5 are included into backgral. The
contribution of the decay *K , where K  subsequently decays into
K? , and a pion is misidenti ed as a kaon, is suppressed kinematicallor
m( K ) > 1.2 GeV=¢. The remaining contamination is estimated as follows.

Using a part of available statistics corresponding to approximaty 1M
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the signal region of the wholem( K ) range, 12 <m(K ) < 1.9 GeV=C.

The t function is explained in the text.
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the signal regions of sevem( K ) bins shown in Fig. 3.10. The t function

is explained in the text.
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of D events, we reconstruct &K  decay in the channelk ! K©° |
Kol Kg! * (and the charge conjugate). From the remaining tracks
in the event, we select two forming a secondary vertex. We assigretmasses
of pions to the tracks, and require the invariant massn( ) in the window
around the K5 mass, @460< m( ) < 0:525 Ge\=¢ (see Fig. 3.12). The
K s candidate is constructed from the two pions. Its trajectory imssumed to
pass through theK s decay vertex, and to be directed along the reconstructed
momentum of the two-pion system.

The kaon candidate in the K system is assigned a pion mass, and the
invariant mass of theKs system,m(Ks ), is calculated. TheK ! Kg
signal in the signal band of the wholem( K ) range, 12 <m(K ) < 1.9
GeV=¢, is shown in Fig. 3.13. The sam& ! Kgs signal, splitinto seven
m( K ) bins of Fig. 3.10, is shown in Fig. 3.14.

To extract the K ! Kg signal, we t the m(Ks ) distributions in
Fig. 3.14 using a single Gaussian for the peak, and a third orderlpoomial
for the background. From the t in the whole m( K ) range (see Fig. 3.13),
we determine the width of theK peak: =24:7 2:2 MeV.We xthe width
of the K peak to its central value, 24.7 MeV, during the tin severm( K )
bins. The seven peaks in Fig. 3.14 contain a total of 1689 ! Kgs events.
So, the measured fraction of the decap®! *K with K | K% |
KOl Kg ! * (and the charge conjugate) in our signal is around
0.16%. We have to convert this number into the actual fractio of the
DO!  *K (K% ) decay. We take into account that the fractions of
Ks and K state in K° are 0.5 each, and from [13] we learn that BK(s !

) = 0:69. Also, the reconstruction e ciency of theKs ! decay at
D is conservatively estimated at the level of 30% [95]. Final, we estimate
the fraction of the D°! *K (K® ) decay in theD sample to be
1.6%. We assign a conservative uncertainty of1:6% to this number.

The modes 2 and 5 containing intermediate states are assumed te b

reconstructed with an e ciency 50%, to which we assign a conseree un-
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certainty of 50%. This uncertainty is propagated into the systematic uncer
tainty of the measurement of the kaon asymmetry. Using Table 3.&nd tak-
ing into account the 16 1:6% contribution from the decay *K (K° ),
we estimate the signal fraction to bdx =0:90 0:04, and the background
fraction to bef =0:10 0:04.

To estimate the pion reconstruction asymmetnA in (3.23), we proceed
as follows. The interaction cross-sections of positive and netyat pions with
matter di er by (1.3 0.3)% in the range 1 2 GeV=c[96]. We estimateA
assuming a pion crosses 5 cm of pure beryllium on its way througheth
tracking system (which is an overestimate, see the description 8MT in
Section 2.2.1). From [96] we take( d) 70 mb. We vary this number
by 1%, and from (3.13) obtain the upper limit on the pion recostruction
asymmetry A . 0:0002. Thus, we neglect the ternf A . 2 10 °%in
(3.23), and correct the measured kaon asymmetry for the samplensposition

as
Ag = Ai (3.24)
1%

So, the corrected kaon asymmetry i8x = 0:0145 0:0012(stat.). Varying
the reconstruction e ciency of the modes 2 and 5 by 50%, we obtain

a signal fraction f °°*

= 0:91. The corresponding variation of the kaon
asymmetry is A, %% = 0:0002. Varying the reconstruction e ciency of
the modes 2 and 5 by +50%, we obtain a signal fraction;>** = 0:89.
The corresponding variation of the kaon asymmetry is A>°* = +0 :0002.
Finally, we assign a symmetric systematic uncertainty of Ax = 0:0002

from the sample composition.

3.3.6 Systematic uncertainties

All the contributions to the systematic uncertainty on the kaonasymmetry
are summarized in Table 3.7. The systematic uncertainty from # choice

of the sideband in m is determined by varying the sideband limits, and

113



Source Ax

Choice of the sideband in m

Background description 0.0008
Sample composition 0.0002
Total 0.0008

Table 3.7: The systematic uncertainties o\ .

is found to be negligible. The systematic uncertainty from théackground
description is estimated by using di erent background selectig (3.20) in-
stead of (3.21). The sideband subtraction according to (3.22% repeated,
and the detector model (3.9) is solved. The result is shown in Thb3.5.
The corresponding variation of the kaon asymmetry is +0008. We assign
a symmetric systematic uncertainty, 0:0008, from this source. The system-
atic uncertainty caused by the uncertainty of the sample comsition (see
previous section) is found by varying the reconstruction e cency of modes
containing intermediate states by 50%. We assign a symmetric systematic
uncertainty  0:0002 from this source.

The total systematic uncertainty is obtained by summing the abee con-
tributions in quadrature. Finally, the kaon asymmetry in the D sample is

found to beAx = 0:0145 0:0012(stat.) 0:0008(syst.).

3.3.7 Kaon asymmetry in other event samples

The procedure developed in the previous section can be used teasure the
kaon asymmetryAx in any sample of events with a single kaon in the nal

state. For this we should:

1. Find as many observables as possible which the kaon asymmetsr d

pends on;

2. Convolve the kaon asymmetry dependence measured in e sample

with the probability distribution functions (pdf) of these observables
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in another sample. This takes into account potentially di eent distri-
butions of the particular observable in theD sample and in the target

sample.
We consider the potential dependencies @éfx on:

1. Kaon momentumpy , since the inelastic cross-sections &f* and K

have a complicated dependence i , see [13];

2. Kaon direction in the detector, ¢, due to the following. According to

(3.13),

1 I I
Ac = - exp — exp —+— (3.25)
2 lo
In order to be reconstructed, a kaon should traverse the whole SM
and at least two inner-most CFT layers (see Table 3.1). From Fig.15,
assuming the distribution of the material in the detector is horage-

nous,

R
| = — ; 3.26
sin x ( )

whereR is the total thickness of the material traversed by a particle

emitted at 5. R is of order of several cm, the typical nuclear

2
interaction length is of order 100 cm, s&® |, holds, and (3.25) can
be approximated to:

11 1 1
lob, Iy sin k sin g’

Ax R (3.27)

NI =

To obtain the dependence of the kaon asymmetry on the kaon mome

tum, Ax (px ), we repeat the procedure of Section 3.3.3 in eigpk bins of

approximately equal statistics. The corresponding values of &a asymme-

try, corrected for the sample composition, are shown in Table 8and plotted

in Fig. 3.17. We observe an overall decrease of the kaon asymmetrith
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Figure 3.15: The dependence of the length of the kaon trajectory in the

tracking volume.

pk bin, GeV=c Ax
1 (0:7;2:7) 0:0275 0:0037
2 (1:7;2:4) 0:0191 0:0031
3 (224, 3:2) 0:0160 0:0029
4 (3:2,4:2) 0:0115 0:0027
5 (4:2;5:5) 0:0129 0:0026
6 (5:5; 7:5) 0:0104 0:0026
7 (7:5;11.5) 0:0078 0:0026
8 > 115 0:0091 0:0027

Table 3.8: The kaon asymmetry Ay, measured in eight bins of kaon mo-

mentum, px , of approximately equal statistics. Errors are statistical.
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Figure 3.16: The cross-sections of inelastic interaction of aggative and b)

positive kaons with matter. Reproduced from PDG.
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Figure 3.17: The dependence of the kaon asymmetm, on the kaon
momentum, px , in eight bins of approximately equal statistics. Errors are

statistical.

Pk , which corresponds to the decreased di erence between the fear cross-
sections (K d)and (K*d)at pc 10 Ge\E=c(see Fig. 3.16 reproduced
from PDG [13]).

The measured dependence of the kaon asymmetry onsin ¢ is shown
in Fig. 3.18. The value of £sin x = 3:0 corresponds to 1:7, close
to the boundary of the CFT acceptance. The range:Q < 1=sin ¢ < 3.0
contains 97% of the full event statistics. The expected depenume (3.27) is
not observed, most probably due to the high inhomogeneity of éhmater-
ial distribution in SMT and CFT. Because it is impossible to conalde on
the character of the dependence in Fig. 3.18, this is considdr at for the

purposes of this analysis.

3.3.8 Results and Conclusions

Using the event sample of approximately:ZM of decaysD ! D°( *K ) *
(and the charge conjugate) we perform the measurement of thadn recon-

struction asymmetry in D detector. We investigate the possible ckpen-
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Figure 3.18: The dependence of the kaon asymmetrmfx, on 1=sin .

Errors are statistical.

dences of the kaon reconstruction asymmetry on the absolute wel of the
kaon momentum and on the direction of the kaon in the detectorWe ob-
serve a pronounced dependence on the kaon momentum (see TalBea®d
Fig. 3.17). No signi cant dependence on the kaon direction is se (see
Fig. 3.18). The dependence shown in Fig. 3.17 can be used forgse mea-
surements of the kaon reconstruction asymmetry in the samplestiva single
kaon in the nal state, which then can be taken into account in ® violation

measurements using (3.15).

3.4 Measurement of direct CP violation in
b! sccand b! dcc quark transitions us-
ing B¥! J=K *and B*! J= ™ decays

According to Section 1.4.1, direct CP violation asymmetry iB* ! J=K *

decay is de ned as:

N(B*! J=K *)

AL L = ;
=K +N(B*! J=K *)

NGB ! J
: (3.28)

K )
N(B ! K )
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Figure 3.19: The invariant mass distribution of the two-muon sstem.

Inthe B* ! J=K * decay, there is a single kaon in the nal state, so the
measured charge asymmetry betweed ! J=K andB" ! J=K ¥,
A(J= K ) includes both A", . and the kaon reconstruction asymmetry

Ak (J= K ). According to Section 3.3,
Al L= AQ=K) Ac@=K): (3.29)

Direct CP asymmetry inb! da manifests itself as (see Section 1.4.2):

_N(B ! J= ) N(BT! J= )

Adr = ;
I= N(B ! J= )+ N(B*! J= *)

(3.30)

3.4.1 Event selection

The selection requirements are summarized in Table 3.9. Tl&" meson is
reconstructed in the exclusive decad* ! J=K * with J= decaying to

* . Each muon is required to leave signal in at least two layers ohé
muon system,nseg > 1 (see Section 2.3.3 for a detailed explanation of the
nseg variable), to have an associated track in the central trackingystem
with at least two measurements in the SMT, and a transverse momanh

pr > 1:5 GeV/c. At least one of the two muons is required to have matching
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Quantity Cut

Muons:
nseqg ;) and nseq ») > 1
nseq 1) or nseq ») > 2
Transverse momentum > 1:5 GeV=c
#hits in SMT > 1
J= candidate mass B0<m(J= )< 335 Ge\=2

Hadronic track:

Transverse momentum > 0:5 Gel=c
Total momentum > 0:7 GeV=c
#hits in SMT > 2

3-track system:
Vertex t 2 < 16 for 3 d.o.f.
The transverse projection oB* decay
length divided by its error Ly (B¥)=[Ly(B*)]> 3
Combined signi cance of theB™*

with respect to the primary vertex < 40

Table 3.9: Summary of the event selection cuts for thB* ! J= ( )K*

decay.
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track segments both inside and outside the toroidal magnetseg > 2. The
two muons have to form a common vertex and to have an invarianhass
between 2.80 and 3.35 Ge\, to form a J= candidate (see Fig. 3.19).
An additional charged hadronic track with pr > 0:5 GeV/c, with total
momentump >0.7 GeV/c and with at least two measurements in the SMT,
is selected. This particle is assigned the mass of a kaon and isuieed to
have a common vertex with the two muons, with 2 < 16 for 3 degrees of
freedom. The primary vertex of thepp interaction is determined for each
event using the method described in Section 2.3.2. The transserprojection
of the B decay length calculated from the primary vertex is requiredo
exceed 3 standard deviations.

From each set of three particles ful lling these requirementsa B* can-
didate is constructed. TheJ= mass constraint is applied to improve the
precision of the measured muon momenta. The trajectory of tH8™ is as-
sumed to pass through the reconstructed vertex and to be directealong
its momentum. The reconstructed track of theB* is used to determine the
axial, 9, and stereo, Z, projections of the impact parameter with respect to
the primary vertex, together with the corresponding errors, ( 9) and ( ?).
Since theB* track should originate from the primary vertex, the combined

signi cance of theB* with respect to the primary vertex,

d 2 z 2
SB: B B

(O T ()

is required to be less then 40. The distribution of the invaridnrmass of the

(3.31)

J= K system after the described selection is shown in Fig. 3.20.

The obtained event samples were used to construct the nal selemt
of B* I J=K * using the likelihood ratio method described below. It is
assumed that a set of discriminating variables can be constructéar a given
event. It is also assumed that the probability density functiond 5(x;) for

the signal andf P(x;) for the background can be built for each variablex;.
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Figure 3.20: Distribution of the invariant mass of them(J= K ) system after

applying the cuts of Table 3.9.

The combined tagging variabley is de ned as

" _ o)
y_ . Yi, yi - fS(Xi)

; (3.32)

A given variable x; can be unde ned for some events. In this case the
corresponding variabley; is set to 1. The selection of the signal is obtained
by applying the cuty <y max-
The following discriminating variables are used:
Minimal transverse momentum of the two muonsps™ ;

Transverse momentum of the kaonp! ;

Isolation of the J= K system, computed as

ptot(J: K E)

Isolation = D= K )+ : p}°t;

where the sum is taken over all charged particles in the cone
p

( )2+( )?<05, and and are the pseudorapidity and
the azimuthal angles with respect to theJ= K direction. The mo-
menta of nal state particles (the two muons and the kaon) are ot

included in the sum;
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The transverse projection ofB* decay length divided by its error,

ny: (ny);
The 2 of the B* decay vertex, de ned in Section 2.3.2;

Combined signi cance of theB™* with respect to the primary vertex

de ned in (3.31);

Combined signi cance of the kaon with respect to the primary wex

de ned similarly to (3.31).

The probability density functions both for signal and backgrand are ob-
tained from the data (see Fig. 3.20). The signal band is de nedsag19 <
m(J=K ) < 5:34 Ge\=¢&, and the background band is de ned as :98 <
m(J=K ) < 513 Ge\=¢ or 5:40< m(J= K ) < 555 Ge\=¢. The back-
ground probability density function for each variable is costructed using the
sum of events in the two background bands. The signal probabifitdensity
function is constructed by subtracting the background distrilntion multi-
plied by 0.5 from the distribution of events in the signal band.The obtained
distributions for all variables are shown in Fig. 3.21-3.23. i§. 3.24 shows
the distribution of the combined tagging variable de ned by he equation
(3.32). N(tot) is de ned as the integral of them(J= K ) distribution over
the signal band. N (signal) is de ned as the integral of them(J= K ) distri-
bution over the signal band after the background subtractionFor the nal
selection of theB* | J=K * decays, the cut log,y < 0:16 is applied.
With this cut the ratio N (signal):p N (tot) is very close to maximum, as
seen from Fig. 3.25. The resulting distribution of the invariahmass of the

J= K system is shown in Fig. 3.26.

3.4.2 Signal extraction

To extract the event yields of theB* ! J=K * andB* ! J= 7 decays,

we perform a multi-dimensional unbinned log-likelihood t & the distribu-
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Figure 3.26: The distribution of the invariant mass of theJ= K system
after the nal selection using the likelihood ratio method desibed in the

text.
tion of m(J= K ) to the sum of the following contributions:
The B* ! J=K * decay;

The re ected mass peak from theB* ! J= * decay. This peak
allows to measure direct CP asymmetry ib! dcc using theB™ !

J= " decay;

The B ! J=K *X decays, where&K * X stands for the decay prod-

ucts of e.g.K or K1(1270) of which onlyK * is reconstructed;
Combinatorial background.

The tting range is chosen to be 498<m(J=K ) m < 576 GeV/c to

ensure a stable description of the background under the peak. &ltorre-
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sponding likelihood function is:

W
L = 1Gauss-¢ (mg; s;m)+ ,Gauss= (Mgr; gr;M)
i=1

+ 3 Thresholdi=xx (m) +[1 (1+ 2+ 3)] EXpgke (M):

(3.33)

The index i runs from 1 to the number ofB candidatesN. The expected

shape inm for the J= K * contribution is a single Gaussian:

!

1 1 m mg °

Gauss-¢ (Mg; g;M)= —p—exp = & :
B 2 2 B

wheremg and g are the position and the width of theJ= K * mass peak.
The shape inm for the J= * contribution is also a single Gaussian:

|
!

m  Mgr

1 1
Gauss= (Mgr; Br;M) = —P=p 5 /(3.34)
BR

BR
where the position of the re ected peakmgg, is de ned assuming that the

hadronic track is a kaon with momentump and energyEyx = P P2+ mz:
még = (Es= + Ek)* (p= +pP)* (3.35)

m3, is shifted relatively to m3 towards higher values due to the following.

The B* ! J= * mass peak is centered ahg:
mg=mi. =(E;x +E)* (p= +p> (3.36)

whereE = P p? + m2. However, if the pion is wrongly assigned a kaon

mass, the invariant mass distribution becomes centered at
2 — 2 2.
mgr = (Es»= + Ex)® (p= + P75 (3.37)
which is shifted relative tom3 by
2 2 — 2 2 .

Note, that the position of the re ected peak depends on the kimeatics of
a particular event de ned by the energy of the di-muonE;- , and of the

kaon candidate,Ex .
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Figure 3.27: Them(J= K ) distribution obtained using Monte Carlo simu-
lationof B* ! J=K (K*X)andB* ! J=K (1270)K* X) events. The

t is a threshold function described in the text.

The shape inm for the B* | J=K "X decays is determined using
Monte Carlo simulation, which includes dominantmodeB* ! J=K (K*X)
and B* ! J=K 1(1270)K * X) [13]. The pp collisions were generated in
Pythia and passed to EvtGen for decay. The listing of the EvtGen et
cay le can be found in Appendix 3.4.7. Them(J= K ) distribution in the
B* ! J=K *X decays is shifted relative to theB mass peak to the lower
masses due to the unreconstructed systei (see Fig. 3.27). The part of
the J= K peak in the range 480< m < 5:30 Ge\=¢ is parameterized as a

threshold function of an arbitrary normalization N :
Threshold)=kx (M) = N (arctan(py(m p2)) + pP3): (3.39)

We assume the peak to vanish am = 5:30 Ge\=¢. The parameters of the
threshold function are determined from the tin Fig. 3.27, ad are xed to
their central values during the unbinned t of the m(J= K ).

The shape for the combinatorial background is an exponentialith a

slope Sgke :

Expgkg (M) = Cgrs exp : (3.40)

Seke
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where Cgkg IS a constant normalizing Exgygs to 1.

The fractions of di erent processes depend on the kinematic gperties
of the event de ned by the energy of the di-muon systent; ;- , and of the
kaon candidate,Ex . The kinematic di erence betweenB* ! J=K * and
B* ! J= ¥ decay is small, so both fractions are assumed to have the
same dependence okyx. From Monte Carlo study we also nd that the
distributions of the kaon momentum,px , and correspondingly kaon energy,
Ex = P mZ +p2,inthe B* ! J=K *X andB* ! J=K * decays are
well within statistical errors (see Fig. 3.28). So, the fractios of theJ=K
J= , and J= KX signals are assumed to have the same dependence on

Ex , which is parameterized by:

8
3 1+ iva B2 if B¢ < 3GeV,

:§ 1+ aSEK73 |f3<EK<1O Ge\/, (341)
1+ ag if Ex > 10 GeV,

with parameters a to be determined from the t. The parameterization
(3.41) is chosen \by eye", observing how then(J= K ) spectrum looks at
dierent Ex. Ex is measured in GeV, and parameters; are considered
dimensionless.The parameterization (3.41) is scaled by di erent factors 4,
o, and sfortheJ=K ,J= ,andJ= KX contributions respectively, see
(3.33). The factors are to be determined from the t.
At high energies both the mass peak resolution and the fractioof the
combinatorial background increase. The change in the resal of the B

mass peak at highEk is parameterized by:
8
< go 1+bE<+ b B ifEg < 10 GeV

B = . (3.42)
j Bo(1+ b+ by)j if Ex > 10 GeV
with parameters g, and b to be determined from the t. The parameter-
ization (3.42) is chosen \by eye"Ex is measured in GeV, and parameters
b are considered dimensionles§or small shifts of the re ectedJ=  peak

from its nominal position, the resolution is assumed to scale liady with
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the mass of the re ection:

MgpR .

— (3.43)

BR — B

The change in the background slope at highdfx is parameterized by:
8
< SBKGO 1+C1%+C2 EI—EZ |fEK<1OGe\/‘,

SBKG = . (344)

Sgkg 0(1+ ¢+ ) if Exk > 10 GeV,
with parameters Sgkg o and ¢ to be determined from the t. The parame-
terization (3.44) is chosen \by eye"Ek is measured in GeV, and parameters
¢ are considered dimensionlessAs event count at high energies drops, in
(3.41), (3.42), and (3.44) we parameterize, g, gr,andSgks as constants
for Ex > 10 GeV.

The result of the tis shown in Fig. 3.29. The corresponding opinal
values of the t parameters, for energy of the kaon candidate easured in
GeV, are listed in Table 3.10. The number of events in each chaglnis
summarized in Table 3.11. Note, that as botll= K and J=  signals fall
into the mass t window, we should expect

N(B*! J= *) Br(B*! J= *)
N(B*! J=K*) Br(B*! J=K *)

(3.45)
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Figure 3.29: Result from the unbinned t of invariant mass distibution of

the J= K system.

where BrB* ! J=K *)[Br(B* ! J= 7)]are the branching fractions of
the corresponding decays as reported by PDG [13]. Indeed,frdfable 3.11
we obtain N(B* ! J= *)=N(B* ! J=K *) = [3:92 0:30(stat)]

10 2, which is conrmed by PDG: Br(B* ! J= *)=Br(B*! J=K *)=
(4:86 0:62) 10 2. However, this is not the case with thel= KX decay,
which falls only partially into the mass t window. Besides, otler B !
J= X decays which may contribute to theJ= KX nal state in the mass
t window create an uncertainty on the J= KX contribution. We account
for the uncertainty of the J= KX contribution in the systematic uncertainty

of the measurement.

3.4.3 Solving the detector model

To measure the asymmetries (1.71) and (1.81), the yields(B ! J=K )
andN(B ! J= ) are extracted from the normalization of theB !

J=K andreectedB ! J= peaks of Fig. 3.29. To disentangle pos-
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parameter value

J=K peak parameters:

Mg o GeV=¢ 5:2728 0:0003
B o GeV=¢ 0:0245 0:0005
by 2:0908 0:1522
b 0:3830 0:1178

signal fraction parameters:

1 0:5136 0:0025
2 0:0205 0:0016
3 0:0693 0:0027
ai 0:3799 0:0898
a 1:0975 0:1436
az 0:0142 0:0187

background parameters:

SekG 0 GeVv=c 0:5223 0:0266
C1 0:9571 0:0921
C 0:9600 0:0902

Table 3.10: Parameters of the unbinned t shown in Fig. 3.29.

Channel #events
J=K 40,222 242
J= 1,578 119
J= KX 5,429 217
Combinatorial Bkg 33,192 425
Total 80,422

Table 3.11: Result from the unbinned t shown in Fig. 3.29: numbr of

events in each channel.
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sible detector e ects, the procedure described in Section 32used. As the
whole tracking is performed inside the solenoid, the initial saple is divided
into eight subsamples corresponding to eight combinations dfg¢ solenoid
polarity, kaon pseudorapidity, and kaon charge. The invariat mass distri-
bution of the J= K system in every subsample is tted using (3.33). The
number of events in theJ=K , J= , and J= KX channels, and in the
combinatorial background, extracted from the ts in eight q subsamples,
are shown in Table 3.12. During the ts in the subsamples, all thegrame-
ters of the mass model (3.33), apart from the fraction of thd= K decays,

1, the J=  decays, ,, and theJ= KX decays, 3, are xed to the values
determined from the t in the whole sample (see Table 3.10).

To extract the asymmetries in the signal channelsl= K andJ= , the
master equation (3.9) is solved with common®. The resulting asymmetries
are shown in Table 3.13. The measured charge asymmetry in tie K
channelisA(J=K )= 0:0070 0:0060(stat), and thatintheJ=  channel
isA(J= )= 0:0887 0:0807(stat).

Note, that the number ofJ=  events uctuates considerably among the

g subsamples (see Table 3.12). Therefore, the asymmetry measurethis
channel is subject to high systematic uncertainty due to ttingprocedure.
The number of J= KX events also undergoes uctuations, although at a
lower level. The statistical uctuations between the q subsamples in any
particular channel may in uence the asymmetries determinedh this and
other channels. This e ect is accounted for in the systematic wertainty

from the mass model parameterization.

3.4.4 Kaon asymmetry in the J=K sample

The kaon asymmetry in theJ= K sample is found by convolving the mo-
mentum dependence of the kaon asymmetry measured in the sample (see

Table 3.8) with the probability distribution function of the kaon momentum
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q J=K J= J= KX Combinatorial Bkg
+++ 5 ;104 87 337 44 692 77 4079 151
+ + 5;131 87 222 42 689 78 4170 151
++ 4,999 85 212 40 767 76 3978 149
+ 5,098 86 144 38 523 77 4395 150

++ 4;973 86 158 41 578 78 4397 151

+ 5;039 86 127 39 663 78 4281 150

+ 4,965 85 242 41 794 76 3880 148

4,906 84 138 39 724 75 4006 147
Total 40;222 242 1578 119 5429 217 33192 425

Table 3.12: Number of events in thel= K , J=

and in the combinatorial background, in dierent q subsamples.

, and J= KX channels,

J=K J= J=KX Combinatorial Bkg

N 40,217 243 1577 118 5433 217 33189 424
* 0:5060 0:0030 04912 0:0206 05010 0:0064
A 0:0070 0:0060 0:0887 0:0807 00294 0:0411 0:0205 0:0128
Atp 0:0013 0:0060 Q0453 0:0890 00756 0:0409 0:0170 0:0128
Adet 0:0033 0:0060 02061 0:0826 00425 0:0411 0:0158 0:0128
Aq 0:0050 0:0060 0:0207 0:0873 00186 0:0412 0:0024 0:0128
Aq 0:0001 0:0060 0:1896 0:0823 0:0719 0:0410 00274 0:0128
A 0:0030 0:0060 00499 0:0801 00540 0:0411 0:0145 0:0128

Table 3.13: Physics asymmetryA and detector asymmetries for di erent

channels after solving the system (3.9). The number of eventstine J= K

and J=

channels are tted to (3.9) simultaneously with common .

corresponds to the range-out asymmetry, negligible in the saled.
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in the J= K sample:

X (J=
AK (J: K ): AK;i %:

(3.46)

Here the sum runs ovempk bins, Ak is the kaon asymmetry measured in
the D sample in thei-th px bin of the Table 3.8,N;(J= K ) is the number
of J= K events in this bin, andN (J= K ) is the total number of J= K
events, reported in Table 3.11. The numbers af= K events inpx bins,
N;i(J= K ), are determined from the unbinned log-likelihood t in eab pg

bin using the likelihood function (3.33) (see Fig. 3.30). We nasure:
Ac(J=K )= 00147 0:0012(stat). (3.47)

The statistical uncertainty on Ax (J= K ) is calculated by propagating the
statistical uncertainties onAg;; (see Table 3.8) N (J= K ) (see Table 3.11),
and N;(J= K ) (see Fig. 3.30) into the convolution. The systematic uncer-
tainty on Ax (J= K ) includes the systematic uncertainty of 0.0008, calcu-
lated in Section 3.3.6. Additionally, the choice of the kaon omentum bins
introduces a systematic bias. The convolution is repeated witfour bins
of equal statistics instead of eight. The deviation from the nomal value,
Ak (J= K ) =+0 :0014, is assigned as a symmetric systematic uncertainty
from the choice of binning. The total systematic uncertainty,0.0016, is

obtained by summing the above contributions in quadrature. iRally:

Ac(J=K )= 00147 0:0012(stat) 0:0016(syst.) (3.48)

3.4.5 Systematic uncertainties

The systematic uncertainties onAS", . and Ajr . originate from the
systematic uncertainties on the measured charge asymmetries(J=K )
[A(J= )]. In addition, the systematic uncertainty on A" . has a con-
tribution from the systematic uncertainty on the kaon charge aymmetry,
Ak (J= K ) (see previous section). All contributions are summarized in

Table 3.14.
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the number of events in theJ= K peak versus the kaon momentum bin,

using the same bins in which the kaon asymmetry is measured (seet®ec

3.3).

Source A Al
1 variation of the parameters

xed during the tin g subsamples 0.0002 0.0004
Choice of the tting range 0.0004 0.0129
Likelihood parameterization
of theJ= andJ= KX decays 0.0025 0.0252
Asymmetry of the kaon reconstruction 0.0016
Asymmetry of the pion reconstruction 0.0002
Total 0.0030 0.0283

Table 3.14: The systematic uncertainties oA, . (A ).
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Model variation A(J=K) A(J= ) A(J=KX ) A(Bkg)
1 J=KX dropped 0:0082 0:1139 0:0103
2  A@J= )! A(Bkg) 0:0070 0:0249 0.0421 0:0240
3 A@=KX )! A(Bkg) 0:0085 0:1039 0:0095 0:0097
4 A@Q= )AQ=KX )

I A(Bkg) 0:0095 0:0123 0:0121 0:0121

Table 3.15: A(J= K ): the systematic e ect from the mass parameteriza-
tion. The nominal value ofA(J=K )is 0:0070. The maximal variation is

0:0025.

Model variation AJ=K) A@J= ) A(J=KX ) A(BKg)
1 J=KX dropped 0:0082 0:1139 0:0103
2 A=K )! A(Bkg) 0:0111 0:0725 0:0081 0:0109
3 A(J=KX )! A(Bkg) 0:0085 0:1039 0:0095 0:0097
4 A=K );AJ=KX )
I A(Bkg) 0:0094 0:0807 0:0090 0:0093

Table 3.16: A(J= ): the systematic e ect from the mass parameteriza-

tion. The nominal value ofA(J= )is 0:0887. The maximal variation is

0:0252.

139



There are two sources of the systematic uncertainty oh(J= K ) [A(J= )]
the one coming from the unbinned t procedure, and the one fra the pa-
rameterization of the invariant mass distributions of theJ= [J=K ] and
J= KX decays. The uncertainty from the unbinned t procedure is esti
mated as follows. Some parameters of the tsinq subsamples are xed to
the values determined from the t in the whole sample, listed ifmTable 3.10.
To determine corresponding systematic uncertainties ok, . andAj" .,
we vary these parameters by 1 in all possible combinations, repeat the ts
in q subsamples using (3.33), and extract asymmetries using (3.9). We
assign maximum variations ofAJ" . and A ., 0.0002 and 0.0004, as
respective uncertainties from the unbinned t procedure. Tk tting range
is varied by 0.03 GeV/c? from both sides to determine the corresponding
uncertainties: 0.0004 forAS" ., and 0.0129 forAJ" ..

The charge asymmetries under studyA(J=K ) and A(J= ), are sys-
tematically in uenced by the mass parameterization of all deays taken into
account in the t. E.g., the invariant mass distribution of the J= KX decay
is parameterized using Monte Carlo simulation, which possiblyogs not in-
clude all the processes contributing to thd= KX nal state. To estimate
a corresponding uncertainty, we drop the contribution of theJl= KX signal
and repeat the t. The corresponding variation in the signal asgnmetries,
A(J=K ) and A(J= ), can be read o from the rst row in Tables 3.15
and 3.16. Also, the signal asymmetrie®y(J=K )and A(J= ), can be sys-
tematically shifted by the uctuations in eight g subsamples. To estimate
this shift, we vary the mass model (3.33) as follows. From the tn the
whole sample, we determine the ratio of the fraction af=  decays to the
fraction of the combinatorial background. We repeat the tsin q sub-
samples keeping this ratio xed to the value determined fromhe t in the
whole sample. This e ectively includes thel=  signal in the background
description. All the asymmetries are shown in Table 3.15, seconow. Note

that A(J= ) A(BKg), as expected. The correspondind(J= K ) does
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not change from its nominal value. Next, we x the ratio of the faction of
J= KX decays to the fraction of combinatorial background. The resting
asymmetries are shown in Table 3.15, third row. Finally, we x bth the
ratios of the J=  and J= KX fractions to the fraction of combinatorial
background. The result can be seen in Table 3.15, fourth row. €hmaxi-
mal variation of A(J= K ) from its nominal value, A(J=K )= 0:0025,
Is assigned as a symmetric systematic uncertainty ofi(J= K ) from the
mass model parameterization of thd=  and J= KX decays. A similar
procedure is used to estimate the systematic shift of th®(J= ) due to the
parameterization of theJ= K and J= KX decays (see Table 3.16). The
maximal variation of A(J= ) is foundto be A(J= )= 0:0252, which
is assigned as a symmetric systematic uncertainty from the mass nebga-
rameterization of theJ= K and J= KX decays.

To review the estimation of the systematic uncertainty on the kan asym-
metry in the J= K sample,Ax (J= K ), see Section 3.4.4. FoA(J= ), we
also take into account the charge asymmetry of the pion reconattion,
A 0:0002, estimated in Section 3.3.5, which we assign as a systematic
uncertainty from this e ect.

The total systematic uncertainty for both A(J=K ) and A(J= ) is
obtained by summing the contributions in quadrature. This idargely dom-

inated by the uncertainty from the mass parameterization.

3.4.6 Consistency check

We perform the following consistency check. We calculafg" . separately
in two subsamples of events with kaon momenturpy < 4:2 GeV=c and
pk > 4:2 GeV=g in which the kaon asymmetry is correspondingly high
and low (see Fig. 3.17) and the statistics is approximately the sge. The
result is shown in Table 3.17. The di erence between two asymmeds is

A" . =0:0152 0:0130, which is consistent with a statistical uctuation.
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A=K ) Ak Adr

pc < 4:2 GeV=c 0:0044 0:0079 0:0187 0:0016 00143 0:0081

pc > 4:2 GeV=c 0:0112 0:0101 0:0103 0:0014 0:0009 0:0102

Table 3.17: A", . separately forpc < 4:2 GeV=cand px > 4:2 GeV=c

3.4.7 Results and Conclusions

To summarize, the charge asymmetry betweeB ! J=K andB~* !
J=K " is measured to beA(J=K ) = 0:0070 0:0060(stat.). The kaon
asymmetry in theJ= K sample is measured to bk (J=K )= 0:0147
0:0012(stat.). Finally, direct CP asymmetry in theb! scc transition, as

measured in theB* ! J=K * decay, is:

Al = A=K ) Ac(J=K)

=+0:0077 0:0061(stat.) 0:0030(syst.) (3.49)

with the uncertainty approaching the level of the Standard Mdel predic-
tion (+0.003). Our result is consistent with the PDG-2007 worldaverage,
Acp (BT ! J= (1S)K*) =+0:015 0:017 [13], but has a better precision
by a factor of two, thus providing the most stringent constrains for new
models predicting large values 04\?:' « +- Our result disfavours large direct
CP asymmetry in theb! sct transition possible from the avor-changing
neutral couplingb! sz°

CP violating asymmetry in the b! dcc transition, as measured in the

B*! J= ¥ decay,is
AT, = 0089 0:081(stat.) 0:028(syst.) (3.50)

The systematic uncertainty of both measurements is largely danmated by

the uncertainty from the mass model parameterization.
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Conclusions

Using the sample of theB* ! J= (1S)K* decays, collected in Runlla
and Runllb of Fermilab Tevatron collider, we measure direct € violation

asymmetry in theb! scc transition, using the decayB* | J=K *:

Acp(B* ! J= (IS)K*) Adr .,

=+0:0077 0:0061(stat.) 0:0030(syst.)
and in the b! dcc transition, using the decayB* ! J= *:

Acp(B* ! J= (1S) ") A .

= 0:089 0:081(stat.) 0:028(syst.)

The measurement ofAY", . potentially constraints the contribution from
the New Physics processes which may surface in the tree or penguia-d
grams, governing theb ! scc transition. The results of the measurement
reported in this dissertation were published in the Physical Résw Letters
[97], and reviewed in the context of New Physics searches in [98]

Despite having backgrounds much higher than those & factories, the
world-best statistical precision is achieved in th8* ! J=K * channel due
to the high yield of the signal events in the hadronic collisian Also, the
availability of the calibration channel for the precise measement of the
kaon reconstruction asymmetry removes a severe source of the systdc
uncertainty su ered by the similar measurements aB factories.

For the purpose of the present analysis, a new method of measurirget
charge asymmetries in the environment of the D detector is deeloped. The
method strongly relies on the reversal of the polarities of thB magnets
during the data taking to disentangle the detector-induced symmetries.
The method, however, does not need to be specic to D, and candused
in other detectors which exploit the similar polarity ip. Th e use of Monte
Carlo simulation in the present analysis is quite reduced, whicmakes the

corresponding systematic uncertainty largely insigni cant.
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Due to the constant e orts to decrease the systematic uncertaipt the
precision of our measurement is statistically dominated. So, ¢hsimplest
way of improving the measurement is by using a larger event sareplCur-
rently, D has 4 fbo ! of data on tape, and another 4 fb! are expected
by the end of Run Il of Tevatron. Assuming that the number of everg
scales with integrated luminosity, with 8 fb ! the statistical uncertainty
on A", . can be brought down to 0.003, which directly probes the level
of the Standard Model penguin pollution, see (1.80). Besidesijtlwlarger
event samples, the uctuations among q subsamples reduce. This in turn
tames the dominant systematic uncertainty of the measurementiaing from
the parameterization of theJ= K mass peak.

Further reduction of statistical and systematic uncertaintiesof the mea-
surement of the direct CP violationintheB* ! J=K *andB* ! J= *
decays has probably to wait until the LHC experiments, LHCb in pdicular,
will reach their full physics capabilities. The era of the LHC wi bring many
additional possibilities and challenges for the studies of CHolation, so the
coming years look very promising both from experimental andheoretical

side of the subject.
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Appendix

Decay le

Listing of the EvtGen le used to generate theB* ! J=K "X events:

#
# B+ -> J/Psi K*+ OR B+ -> J/Psi K+ OR B+ -> J/Psi K_1+
# J/Psi -> MuMu
# K*+ -> K pi or some K gamma
# K_1+ -> many channels
#
noMixing
Alias myJ/psi J/psi
Alias myK*+ K*+
Alias myK 1+ K_1+
Decay B+
1.410 myJ/psi myK*+
SVV_HELAMP PKHplus PKphHplus PKHzero
PKphHzero PKHminus PKphHminus;
1.800 myJ/psi myK_ 1+ PHSP;
Enddecay

Decay myK*+

0.6660 KO pi+ VSS;
0.3330 K+ pi0 VSS;
0.0010 K+ gamma VSP_PWAVE;
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Enddecay
Decay myK_1+

0.2800 rho+ KO VVS_PWAVE 1.0 0.0 0.0 0.0 0.0 0.0;
0.1400 rho0 K+ VVS_PWAVE 1.0 0.0 0.0 0.0 0.0 0.0;
0.1067 K*O0 pit VVS_PWAVE 1.0 0.0 0.0 0.0 0.0 0.0;

0.0533 myK*+ pi0 VVS_PWAVE 1.0 0.0 0.0 0.0 0.0 0.0;
0.1100 omega K+ VVS_PWAVE 1.0 0.0 0.0 0.0 0.0 0.0;
0.1444 K+ pi+ pi- PHSP;

0.1244 KO pi+ pi0 PHSP;

0.0412 K+ pi0 pi0 PHSP;

Enddecay

Decay myJ/psi

1.000000 mu+ mu- PHOTOS VLL;
Enddecay

End
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