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Abstract

This thesis describes the measurement of the direct CP violation in the
b — scc transition using the decay BT — J/Y K™, and in the b — dce
transition using the decay BT — J/¢nT. The decays of BT mesons are
reconstructed in approximately 2.8 fb~! of data recorded by D@ detector in
2002-2007 during Run II of Fermilab Tevatron collider. Using the unbinned
likelihood fit, a signal of 40,222+242 of BT — J/¢pK* and 1,578+119 of
Bt — J/yn" events is obtained. The corresponding direct CP violation

asymmetries are measured to be

Acp(BY — J/(1S)K™) = +0.0077 & 0.0061(stat.) & 0.0027(syst.),
and

Acp(BY — J/(18)nH) = —0.089 & 0.081(stat.) & 0.028(syst.).

The result on Acp(BT — J/1(1S)K™) is consistent with the 2007 world
average and is the most precise measurement of this asymmetry, with uncer-
tainty approaching the level of the Standard Model prediction. The result
on Acp(BT — J/1(18)n™) constitutes the first measurement of this asym-
metry at the hadron collider, with uncertainty at the level of the 2007 world
average. The measurement presented in this thesis has become possible due
to the sophisticated online and offline tracking/vertexing implemented at

D@, and the regular reversal of the polarities of the D@ detector magnets.
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Chapter 1

The Theoretical Background

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

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

This chapter is organized as follows. In Section 1.1 we list some mile-
stones that paved the way for the discovery and incorporation of CP viola-
tion into the Standard Model (SM). In Section 1.2 we concentrate on the

quantum-mechanical formalism of the particle-antiparticle mixing and in-
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troduce the relevant CP violation observables. In Section 1.3 we give the

modern motivations to pursue CP violation studies. In Section 1.4 we moti-

vate our interest in direct CP violation asymmetry in b — sc¢ and b — dce

transitions.

1.1

Symmetries in physics

1.1.1 C, P, T transformations and CPT-theorem

Let us first remind the symmetry operations we deal with:

Space reflection P: * — —x. For instance, for momentum p and

angular momentum 1 we have:
p— —p, l=xxp-ol (1.1)

The space reflection, called parity operation in quantum mechanics,
provides a general classification of vectors and scalars. Polar vectors
change sign under the parity transformation (V P, —V), and axial
vectors do not (A P, A). Among scalars, there are proper scalars

(S N S), and pseudoscalars (P L, —P).

Time reversal T: ¢t — —t:

p—— —p, 151 (1.2)

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

relativistic quantum mechanics.

It has been verified in a long list of experiments that the electromagnetic

and strong interactions are invariant under C, P, and T transformations [3].

Weak interactions, however, are not invariant under any of these transfor-

mations, but they are believed to obey the combined CPT symmetry. CPT

14



constitutes a fundamental symmetry which has a significance over and above
the three component symmetries. The corresponding CPT theorem states

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

e Locality: fields either commute or anti-commute for spacelike 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 equal masses
and lifetimes. This is a non-trivial result: it implies that weaker CPT in-
variance is enough for masses and lifetimes of particles and antiparticles to

be equal, irrespective of C or CP conservation.

1.1.2 Some history

The evolution of the Standard Model has been noticeably experiment-driven.
To illustrate this, we briefly sketch the path to the discovery of CP violation,
and its accommodation into the SM formalism. All the details can be found

in the references given.

e Quark hypothesis.

In 1964, Gell-Mann and Zweig remarked [5] that one can imagine the
then known baryons and mesons to be made up of three quarks, u,
d, and s, and three corresponding antiquarks. Then, the mesons
could be taken to be bound ¢g states, with 1S states corresponding
to pseudoscalar particles, and 3S states corresponding to the vector

particles. Baryons had to be gqqq states.
e Glashow-Illiopoulos-Maiani (GIM) mechanism.

15



By 1960s, the u, d, and s quark flavors have already shown a specific

pattern in their weak interactions [6]:

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

K- — nVem, 1 (1.3)

n — pele ~ %7

2. The strangeness-changing neutral currents are absent, at least at

the tree level: (d|s) = 0, as inferred from
Br(KY — pp) ~ 1077, (1.4)

The first finding was incorporated by Cabibbo, who suggested that u
couples to the mixed state of d and s, d = dcosfc + ssinfc. The
second finding forced Glashow, Iliopoulos, and Maiani (GIM) to hy-
pothesize the fourth flavor, the charm ¢, with (s|c) and (d|c) to exactly
cancel out (u|s) and (u|d). The u and ¢ quarks were thought to couple
to the down-type quark states rotated in the flavor space through the
Cabibbo angle 0¢:

d _ cosfc  sinfco d | (15)
s —sinfc cosfc S
All the experimental results were found consistent with a single value
of sin O =~ 0.22. The unitarity of the rotation matrix ensured both the
universality of the weak coupling and the absence of the strangeness

changing neutral currents.

e P (C) violation.

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

amplitude A should 1) contain vector (V) and axial vector (A) parts
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to accommodate Fermi and Gamow-Teller weak transitions; 2) contain

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

A = G (UVcOD) (I(c; + cy°0i)v)
i=V,A

~ VVAV-A+AV+A-A (1.6)

where G is Fermi coupling constant, U = (u,¢), D = (d,s)", | = (€, 7n),
v = (ve,v,)T, V¢ is the Cabibbo rotation matrix from (1.5), Oy = *
and Oy = iy#y® are vector and axial vector operators respectively,
and ¢; are appropriate coefficients, which accommodate the maximum
parity violation by neutrinos in ¢; = ¢;. Note that V-V and A- A
are scalars, while V' - A and A -V are pseudoscalars. Having found
a mechanism to successfully incorporate the P and C violation in the
theory, theorists were comforted by the thought that the 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, Christenson,
and Turlay in the neutral K meson system. Scientists were motivated
by the excess of Kg 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 decay K; — 7.
Their initial purpose was to set the limit [9]. Instead, they discovered
CP violation [10], observing the small rate

NKp —nrn)

N [(2.0 £0.4) x 10772 (1.7)

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

V¢ (the detailed theoretical reasoning can be found in [11], Chapter
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4). However, any complex phase in 2 X 2 unitary matrix can be rede-
fined away. To contain an observable complex phase, the quark mixing
matrix should be at least 3 x 3. Kobayashi and Maskawa first noted
this in 1973 [12], and pointed out that three quark generations provide
a natural accommodation of the CP violation discovered in K decays.
At the time of their remark, there was not yet any experimental confir-
mation of even the ¢ quark! However, during the next 22 years, all the
“needed” flavors, which we now call ¢, b, and ¢, and the corresponding
leptons were discovered. The weak amplitude then solidified to:
A=G ) (UVO,D) (I(1+~°0;)v) (1.8)
i=V,A
where U = (,¢,1), D = (d,s,b)", | = (€,1,7), v = (Ve, v, )T, and
the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix is

Vud Vus Vub
V= Vcd Vcs Vcb : (1 : 9)
Via Vis Vi

Particle Data Group (PDG) [13] uses the following parameterization
of the CKM matrix:

is13 513
512823 — €12€23S513¢€ —C12823 — S12€23S513¢€ €23€13

c12¢13 s12¢13 size” 13
V — i s
= —s12¢23 — c12823513€"°13 c12c23 — s12523513€" 713 s23C13 . (110)

Here ¢;; = cos 0;; and s;; = sin 6;;, the angles 015, 013, and 0,3 represent

77
the rotation in the three-dimensional flavor space, with 1,2,3 being the

family indices. The complex phase 913 # 0 incorporates CP violation.

1.1.3 Cabibbo-Kobayashi-Maskawa (CKM) matrix

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

should be written as:

3 3
> ViVi o= 0= Vi Vi gk=1..3 j#k (1.11)
=1 =1

3

SVl = 1 j=1..3 (1.12)
=1
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The hierarchy between the elements of V was found early: e.g. the fact that
the b quark prefers to decay to the ¢ quark, rather than to the u quark,
and the ¢ quark to the s quark, rather than to the d quark. Thus, from the

experiment we learn:

Vu|* < [Val* < [Vu|* <1, (1.13)
which implies

513 K 823 K 512 < 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 sinfo = \; up

to \* we have:

1—3A2 A AX3(p — in)
V= —A 1- 13 AN : (1.15)
AN (1 —p—in) —AN 1

The three angles and the complex phase of the PDG representation are re-
placed by four real quantities A\, A, p, and n. To be self-consistent, A, p, and
n are required to be of order unity. Note that only the V;; and V; elements
of (1.15) contain sizable complex phase, so the 2 x 2 submatrices correspond-
ing to the transitions between the adjacent generations are approximately
real, as expected.

Eq. (1.11) contains the sum of three complex numbers and can be visu-

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

Vi Vust+ Vi Ves+ Vi Vig= 0

(1.16)
O\ O(\) O(N)
ViVt Vi Vet ViVe= 0
d d b b (117)
O\ oN) O
ViVt ViVat ViVy= 0 (1.18)
oY) 00N Oon)
ViVt ViVt ViVa= 0 (1.19)
O 00 00
ViVt ViVt ViV = 0 (1.20)
O O O
ViVt ViVt ViV = 0
ud V ub d "V cb td v tb ' (1.21)

o) o) oW
Below each product of matrix elements we note their magnitude in powers

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

e The first two triangles are extremely squashed: two sides are of order
A, the third is of order A%, and the ratio of them of order A\* ~ 2-1073.
The elements V;,V,, and V¥ V., control the K° and D" mixing. The
effective weak phases there are expected to be tiny in the Standard

Model.

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

element V7, Vy, controls the BY mixing.

e 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 x 10 degrees. The triangle corresponding to (1.21) (no. 6 in
the Fig. 1.1) is precisely the one called “the Unitarity Triangle”. Note,

that its side V;};Vy, controls the Bg mixing. By convention, both sides
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Ved  Ves ~ 2

* ~15
Vg Vg=0* [ ————

* ~15
Vup" Vep ~ *

V¥ Voo~ 22

Vig* Vg ~ 2 /tsx

* 2
Vip" Vep =2

Vig* Vg ~ 23 Vis™ Vus ~ »
& (5)

N 13
Vip" Vup ~

Vg Vigy - x;f i Vig" Vip =+’
(6)

* ~ 33
Ved" Vep =+

Figure 1.1: Six unitarity triangles corresponding to (1.16)-(1.21).

of (1.21) are divided by VI,V (see Fig. 1.2). Various measurements
effectively constrain the position of the triangle’s apex, {p,n}, in the

complex plane.

The Unitarity Triangle has been subject to numerous experimental tests.
The current status is presented in Fig. 1.3, which shows the result of com-
bining the constraints on {p,n} from various measurements, as reported by
the CKMfitter group in summer 2008 [15]. The detailed explanation of the
fitting technique and the fit inputs can be found ibid. The observables which
are connected by the CKM framework represent different dynamical regimes
that proceed on very different time-scales. Yet, the results of all measure-
ments seem to be consistent with a single position of the apex, i.e. with a
single CKM phase. Thus, the CP violation observed in the interactions of
elementary particles seems to exactly fit the space left for it in the Standard
Model.

The six triangles represented by (1.11) have all very different angles, but

21



a = arg (—Vfdvtb ) = arg (—VZdV"b)
_szdvub V:dvtb
—Vdetb) ( V:dvd,)
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b & (—VZchb & Vfdvtb
ViV
= arg| —————
Y g V'V,

Figure 1.2: The Unitarity Triangle: the angles are related to the phases of

the CKM matrix. Anticlockwise direction is positive.
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Figure 1.3: CKM fit as of summer 2008.
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they all have the same area
1 * * 1 2 :
§J = §|Im Vi VouVau V| = 5 C13513C12512C23593 SN 013 (1.22)

irrespective of the family indices k, [, m, n. The phase-invariant quantity
J, appropriately normalized, provides a measure of the CP violation effects

expected from the Standard Model [16]. To observe CP violation, one needs:
T T
(912, 913, 623 75 O, 5, and (513 7é O, 5 (123)

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-type) quarks

are degenerate. So, to realize CP violation one needs:

My # Me # My #my, and mg # mg # my # my. (1.24)

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

requiring

dep = 2J(mi —mg)(me —my)(my, —m;)

X (my —m)(mg —mg)(mg —my) #0. (1.25)

s s

Justification for this requirement can be found in [16] and [11].

Taking into account the observed hierarchy between the CKM elements
(1.14), the value of invariant J in the Standard Model is J ~ 2 - 1073 sin d3
[17]. Assuming rotation angles 6;; and the CKM phase d;3 to be free para-
meters, maximal CP violating effects in the Standard Model were observed

if we had

912 =~ 013 = 923 ~ —, and sin (513 =1. (126)

T
4
It is easy to see from (1.22) that in this case we would have J = Jy4. ~
5-1072. So, maximal CP violation does not seem to be realized in nature,
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 implications of the
imaginary couplings in (1.9), following [11] and [18]. The particle-antiparticle
mixing provides a good environment for CP violation to manifest itself, since
such a mixing naturally brings into interference different amplitudes with
different complex phases. Thus, the types of CP violation and the corre-
sponding CP violation observables are conveniently defined in terms 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 flavour quantum

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

o . . . AF=1 , AF=1
e two-step transition via common intermediate state f, PY ©+— f +—

P f can be either on-shell (e.g. 77 state for kaons), or virtual off-shell

state;

e one-step transition P° = FO, as e.g. shown in Fig. 1.4 for neutral

K (F=S5),D(F=C)and B (F = B) systems.

The time evolution of the correlated PO— P' state U (t) obeys the Schrodinger
equation

0
ihW(t) = HU(2), (1.27)

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

under control. Therefore, we restrict ¥(¢) to the subspace of P and P

W (1)) = a(t)|P°) + b(t)| P"), (1.28)
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Figure 1.4: The celebrated box diagrams giving rise to AF = 2 transitions

in K (F=85),D (F=C)and B, (F = B) systems.

or, in matrix notation:

Then, the corresponding matrix for H is given by:

oM — %1—‘ _ My — %Fn Mo — %F12 ’ (1.29)
My — 5091 Moy — 519

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

of the mass matrix [20]:

CPT invariance <« Mll = MQQ, Fll = FQQ,

My = M7y, Top =T%,. (1.30)

The mixing is described in (1.29) by the non-zero off-diagonal elements:

My —i/2T15 # 0. Due to mixing, the CP eigenstates of a correlated pair
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do not correspond to the strong eigenstates:

P) = plP)+qlPY), (1.31)
=0

|P) = p|P%) —q|P). (1.32)

Here
) ,
<2> _ Ml (1.33)
p Mo — 5l2

or

g _ [Mi—sTh (1.34)

p Mo — %F12’
where the positive sign is conventionally chosen. CP invariance requires that
nature treats P° and P° “on equal footing”, e.g. ¢ =p (¢/p = 1), and |P)
and |P,) are orthogonal: (P;|Py) = 0.

The discovery of CP violation by Cronin and Fitch (1.7) can be sum-
marized by saying that the quantum mechanical state K contains a small
admixture €; = € of a CP even component, K7, in addition to its dominant
CP odd part, Ks:

(K1) = — e (| + e(F3 ). (1.35)
T 1
CPT invariance then requires that the Kg state should, in turn, contain the

admixture of K, of the same amount e; = e:

1
(Ks| = T\EP<<K1| + e(Ka|). (1.36)

Hence, in terms of (1.31) and (1.32), CP violation is described by (K| Kg) #
0 or (q/p)x # 1, which implies that the amplitudes M[S and/or I'K, acquire
complex phases, as expected from Section 1.1.2.

Let us define for future convenience AM = M, — My, AI' = T'y — I’y
(so that both AM and AT are positive in kaon system), I' = (I'y +I'y)/2,
xr=AM/T, y = AT'/(2T'). Then it is known from experiment that in the
By meson system x, &~ 0.77, and conservatively y, < 0.1 [21]. Therefore

ATy < AMy, which model-independently implies || << |M%|. For the B
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system, Al'y < I'y < AMj, so the approximation |I'j,| < [M7,| holds even
better. So, for both B; and By systems we can expand the eigenvalues and

q/p in powers of a small parameter

I-‘12

a= sin o. 1.37
T fsino (1.37)

Keeping only the terms of order a we obtain [22]:

AM = 2|My,|, AT = 2|I',|cos o,

¢ [, G
d I _eiom [1——}, 1.38
an p e 2 ( )

In (1.37) and (1.38) ¢ is the relative phase between I'j5 and Ms:

M12 M12

(2o}
ma N - 1.39
I‘12 I_‘12 ( )

and ¢y is the relative phase between ¢ and p (“mixing phase”):

Gy = arg (Q) . (1.40)
p
For both B, systems (¢ = d,s) the Standard Model predicts to a good

approximation:

¢!~ 0, and ¢, ~arg < 12) = arg (M{,). (1.41)

The only source of complex phase in the Standard Model is the CKM ele-
ments. As the Standard Model prediction for MY, is dominated by the heavy

quark in the box diagrams of Fig. 1.4 [19], we write:

MY ~ (Vi V)2 (1.42)
Using (1.15), with precision up to A\* we can write for the By system:

P4, = arg ((thVfb)2) ~ 2arg (Vi) , (1.43)
and for the B system:

oy = arg (Vs V) = 0. (1.44)
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(a) Direct CP violation.
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Figure 1.5: Three cases of CP violation: direct, in mixing, in interference.

The time evolution of states starting out as pure P° or P’ is obtained

by noting the time evolution of the mass eigenstates:

|Py(t)) = e/ ®0=5T0 Py (0)), (1.45)

|Py(t)) = e "(Mm3T2) | By 0)), (1.46)

and solving the system of (1.31) and (1.32) for |P%(¢)) and |]30(t)>. We

obtain:
[PO) = [ 1P+ [P, (1.47)
P20 = S (IP) + 27 (0)1P°), (1.48)
where
fe(t) = ;e“”lt —alit |1 g omiAME ATE (1.49)

The decay rate evolution is in general rather complex. We will consider

three simple, complementary cases:
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a)

No oscillations occur, i.e. AM = AI' = 0. The time evolution is purely
exponential in ¢. Let us denote by A( f) the transition rate of the decay
P — f, and by A(f) the transition rate of the charge-conjugate decay
P — f. CP violation can still arise if | A(f)| # [A(f)| (see Fig. 1.5(a)).
This is called direct CP violation, and can be observed as a decay rate
asymmetry:

) _ AP = AP
) AR A

| - — 7
Adr — < 1.50
! (P — f ( )

Flavour-specific decays are those coming from either P° or P’ but not
from both:
P0—>f+/—]300rP0—/+7<—]30, (1.51)

i.e. those for which
|As| = |Af| =0, [Asl = [Af] = A, (1.52)

see Fig. 1.5(b). The last equality in (1.52) is enforced by CPT in-
variance. Prominent flavour-specific channels for neutral mesons like
K, D, B are provided by the semileptonic decays, with f = [TX,
f=0X.

It can be shown [11] that the flavor-specific decay rates evolve with

time as follows:

D(P(t) = 1T+ X) ~ e "MK, (1) A% (1.53)
T(P(t) — 1=+ X) ~ etk (1) L] AP (1.54)
p
TP'(t) = 1" +X) ~ e DK, (1) A]% (1.55)
T(P'(t) > 1T+ X) ~ e K _(t) g AP, (1.56)
with
Ki(t)=14¢~T"+2 ez cos AMt. (1.57)
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From (1.53)-(1.56) it is clear that CP violation due to |¢/p| # 1 should
manifest itself as a decay rate asymmetry between the mixed P° —
P’ -1 X and P’ — P — ITX, ie. as a wrong-sign semileptonic
asymmetry:

T(PO(t) — 1= X) = T(P'(t) — I* X)

T(PO(t) — I-X) + T(P’(t) — I+X)

p/al®> —la/pP? _1—la/pl|*
Ip/al* +la/pl* 1+ |q/p/*

asy =

(1.58)

Note that agy, is independent of time. Taking into account (1.38) and

(1.37), we find:

r AT
— 2 |sing = —— tan ¢. (1.59)
M,

CLSL—Q+O( ) AM

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

experiments.

c¢) Flavour-nonspecific decays are those fed by both P° and 2
P'— f—P" (1.60)

Here the phase ¢p; = arg(q/p) becomes observable through the in-
terference between the decay and mizing (see Fig. 1.5(c)). By solving

Schrodinger equation using (1.38), one can find [22]:

DB — f) = Nyl

ATt ATt
X |:COSh —~ + Cpcos(AMt) + Aarsinh 5 + S Sin(AMt)} )

(1.61)

1+|/\f|

D(Bs(t) — f) = Nyl Asl* (1+a)e™

X {cosh % — Cycos(AMt) + Aar sinh % -5 sin(AMt)] ,

(1.62)
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where

Ap = %j—;, (1.63)
oS- WA
Aar = —%, (1.65)
Sy = —%, (1.66)

and Ny is the time-independent normalization factor. The quantity
Aar plays a role only if AT is sizable, and is not interesting for the
present discussion. The time-dependent asymmetry constructed from

these rates reads

L(By(t) = f) = T(Bs(t) = f)
D(Bi(t) — f) + T(Bs(t) — f)

~ Cfpcos AMt + Sysin AMt. (1.67)

ap(t) =

Several cases are possible. Assuming ¢ = 0 in the Standard Model,
direct CP violation |Af| # |Ay| is manifested as Cy # 0. Proper CP
violation in interference due to ¢, = arg(q/p) # 0 is manifested as
Sy # 0. Thus, CP violation in interference allows to access both the
direct asymmetry and the asymmetry due to ¢,; # 0 by fitting the

lifetime dependence of the asymmetry to (1.67).

Note that the time-integrated version of (1.50) is just
PN )+ NP —T)

(1.68)

If the mode is self-tagging (as e.g. B*¥ — J/¢K¥*), direct CP asymmetry

boils down to a simple charge asymmetry between the event yields.

1.3 More CP violation needed!

In spite of the tremendous success of the CKM description, there exist rea-

sons to actively continue the CP violation studies. One of them is theoretical,

another comes from observations.
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Theoretical ground. The Standard Model solidified around 30 years
ago, successfully accommodating C, P, and CP violation, and surviving the
toughest experimental scrutinies possible with the available tools. Although
experimentally successful, the Standard Model has some methodological is-
sues. There is a lack of “naturalness” in the observed hierarchy of coupling
constants [23], and the irritating lack of unification between the fundamental
forces [24]. A number of New Physics theories have been proposed to address
these issues. The most cited are the Supersymmetric theories (SUSY) [25],
which overcome the methodological limitations of the Standard Model at the
price of introducing additional free parameters. SUSY theories postulate a
fundamental symmetry between fermions and bosons, so that every particle
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 effect from the Standard
Model d13. So, in general, the New Physics models aiming to cure the
methodological defects of the Standard Model introduce new CP 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 matter and anti-
matter in the hot plasma of the early universe, the actual matter-antimatter

asymmetry should have been

n= "B _ fow x 10719, (1.69)
S

where ng and np denote the density of baryons and anti-baryons, and s
is the density of Cosmic Microwave Background (CMB) photons. Already
in 1967 Sakharov specified the conditions for a viable mechanism of baryon
number generation in the early universe (baryogenesis) from the initial state

with zero net baryon number [26]:

e There are baryon number violating transitions, which is obvious but
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not sufficient, since for every baryon number changing transition N —

f there is a CP conjugate one N — f, and no net asymmetry can

develop unless...

e There is CP violation:

Still, even this is not enough, since it can be shown that in the state
of thermal equilibrium the net baryon charge remains zero due to the
time-reversed reactions f — N and f — N. In other words, assuming
CPT invariance, it is impossible to realize CP violation unless T is also

violated, i.e. ...

e The system remains out of thermal equilibrium, thus acquiring an

“arrow of time”.

The Standard Model, in conjunction with the Big Bang cosmology, seems
to offer all three necessary ingredients. Baryon number violation is believed
to have taken place through non-perturbative weak interaction processes in
the hot plasma of the early universe [27]. The out-of-equilibrium state is
provided by the electroweak phase transition when the Higgs field acquires
its vacuum expectation value. The “new” vacuum nucleates in bubbles,
which expand and drive the Big Bang plasma out of equilibrium [27]. The
complex phase in the CKM matrix provides CP violation. However, the
“conventional wisdom” denies that the observed baryon asymmetry (1.69)
could have been generated all from the CKM complex phase. The baryon
asymmetry expected from the Standard Model should be proportional to the
quantity dop from (1.25). Since the asymmetry is a dimensionless number,
dcp should be divided by something with dimensions of (mass)'?. The nat-
ural mass parameter at the temperature of the electroweak phase transition:

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

~ 1072, (1.70)

Were the maximal CP violation in the Standard Model realized according
to (1.26), the prediction (1.70) would increase by an order of magnitude at
most, remaining far below the observed value (1.69). Thus, the Standard
Model as it stands, with a single CP violating phase, is believed to be unable
to account for the observed matter-antimatter asymmetry of the Universe.
The new sources of CP violation, usually parameterized in form of additional
CP violating phases, have to be searched for. Such phases naturally arise in
many New Physics models, which also address methodological defects of the
Standard Model. In conclusion, both theory and cosmological observations

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 Model CP vi-
olation (ideally), or at least to constrain the New Physics phases, introduced
either model-independently or in the frame of a particular New Physics con-
struction. The general strategy of our search for non-Standard Model effects
is as follows: we choose an observable theoretically constrained to be close to
zero in the Standard Model. Then, any non-Standard Model enhancements
can become noticeable. For this analysis we select the direct CP asymme-

try in the BY — J/1 K™ transition, Aﬂ% «+- Additionally, we measure the

direct asymmetry in Bt — J/¢r" transition, A%W.
In this section we consider in more detail the motivation, the Standard

Model estimates, and the expectations from New Physics.

1.4.1 Direct CP asymmetry in the B* — J/¢Y K" decay

The measurement of direct CP asymmetry in the BT — J/¢K™* decay has

a long history. This asymmetry is defined as a charge asymmetry between
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Figure 1.6: BT — J/¢ K (x"): Standard Model diagrams.
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the event yields of B~(bu) — J/¢K~ and B*(bu) — J/W K™ decays:

Acp(BY — J/Y(1S)K*) = A% .

_ N(B~ = J/YK") = N(B* — J/YK*") (1.71)
N(B- — JJOK-) + N(B* — J[0K*) |

The BT — J/Y K™ decay is governed by the b — sc¢ transition, which
occurs via either b — ¢ tree or b — s penguin amplitude (see Fig. 1.6). In

the Standard Model, the tree (7') and penguin (P) amplitudes are [21]:

Tye = TVaVi =0\, (1.72)

Py = E,V, Vi +FV,V, +FV,V5, (1.73)
= (Fu—F)Vu Vi + (F = F )V Vi, (1.74)
= B VuVy + B Va Vi, (1.75)
= 0\ +O(N\?).

where the unitarity of the CKM matrix is used in (1.74). The only source
of a sizable phase is the V,;,V  combination, which is strongly suppressed.
The direct CP violation in the b — sc¢ transition can be measured either in
interference between the decay and mixing by fitting the lifetime dependence

of the asymmetry to (1.67), or using direct decay. In both cases we expect

Cb—»scE ~ Adzr

b—sce

Q

0. (1.76)

Any New Physics in the b — s penguin can easily “spoil” (1.76).

The interest in the b — s penguin was triggered by the alarming pattern
of deviations from the Standard Model observed in the B — Km decays.
The complex of these deviations was collectively dubbed “B — K puzzle”.
The observables in the B — K sector (decay rates and CP asymmetries)
receive there leading contributions from the gluonic b — s(uw) and b — 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%xt) 23.94+ 1.1+ 1.0 228708 +13 18,815 7131 23.14+ 1.0
Br(Ktx0) 13.6 £ 0.6 + 0.7 12.4 £ 0.5+ 0.6 12.9722+1.2 12.9 £ 0.6
Br(Ktn™) 19.1£0.6 +0.6 19.94£0.4+0.8 18.013:3 %02 19.4 £ 0.6
Br(k%x0) 10.3 4 0.7 + 0.6 19.2+0.7799 12.875-9717 9.94 0.6

Acp(KOxt) —0.029 + 0.039 + 0.010 0.03 % 0.03 + 0.01 0.18 4 0.24 + 0.02 0.009 + 0.025

Acp(Ktx0) —0.030 £ 0.039 = 0.010 0.07 £ 0.03 + 0.01 —0.29 £ 0.23 £ 0.02 0.050 + 0.025

Acp(KT7r™) —0.107 £ 0.018 10997 —0.093 + 0.018 + 0.008 —0.04 4+ 0.16 + 0.02 —0.097 + 0.012*

Acp(K%70) —0.24 £ 0.15 4 0.03 —0.05 £ 0.14 + 0.05 —0.14 £0.11

s 0.40 £ 0.23 + 0.03 0.33 4 0.35 + 0.08 0.38 + 0.19

Table 1.1: Current experimental data for B — Km. The branching ratios
are in 107%. 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 = 0.009.

**St has been defined in (1.66).

problem initially was seen in the significant difference between the following

observables:

2131"(34r — K70)
Br(Bt — K0rt)’

1Br(BY — K*n™)

2 Br(B° — Kx0)’

R,

(1.77)

R, (1.78)

where the factors of 2 and 1/2 have been introduced to absorb the v/2 factors
originating from the wave functions of the neutral pions. In the Standard
Model R. ~ R,, which basically follows from the isospin invariance [30].
As of 2004, the measured values of R. = 1.15 4+ 0.12 and R,, = 0.78 £ 0.10
showed 2.4¢ difference [31]. As time passes R, and R, were getting closer
to each other [32]. Most recent data (see Table 1.1) show R. = 1.12 £ 0.05
and R, = 0.98 £ 0.07, consistent with the Standard Model prediction.
However, the puzzle became more severe in the difference between the
direct CP asymmetries in BT — KT7% and B — K7~ decays, AAcp =
Acp(KT7%) — Acp(K 7). Contrary to the expectations, the significance of
AAcp has been increasing over the years. From the current HFAG averages
(see Table 1.1) it is AAcp = 0.147 £ 0.028, surpassing 5o barrier.
Recently, an analytic calculation of a combined set of Standard Model

and New Physics parameters in the quark diagram approach was performed
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[29]. No specific New Physics model was assumed. The authors report that
the consistent solution given the data of Table 1.1 is possible only if the
large New Physics amplitude and the sizable associated phase are intro-
duced. The conclusions of [29] basically repeat the conclusions of previous
numerical model-independent analyzes [28, 33|, suggesting the New Physics
enhancement of the electroweak penguin amplitude, or New Physics entering
in the color-suppressed tree amplitude. Generally, the electroweak penguin
is considered better candidate for the New Physics to surface.

Further implications of possible New Physics enhancement of the elec-
troweak penguin were analyzed in a paper by Hou [34]. The author pointed
out that such an enhancement should generate sizable direct CP violating
asymmetry in BT — J/@¥ KT, and suggested this mode as especially suit-
able to verify (1.76). Due to the CKM-allowed tree diagram, the statistics is
expected to be high. Also, the decay may be triggered in the channel with
J/1 — pp using easily identifiable muons.

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

prediction more accurately. Hou parameterizes the decay amplitude as
A(B — J/YK) = ae® 4+ be ™, (1.79)

where the first term carries the strong phase difference, and the second the
weak phase difference. Then, the penguin pollution of (1.76) in the Standard
Model is [34]:

b
Cf/Az/p[KO = Ag%)[ﬁ ~ _25 singsind = 0(0.003). (1.80)

Hou estimates the penguin fraction b/a from the decay B — ¢ K, dominated
by the penguin transition b — s(s5). The strong phase is estimated from
the angular analysis of the decay B — J/¢K* to be 6 ~ 30°. Finally, the
CKM pattern is used: ¢ =~ argV,;, ~ 7.

To estimate possible New Physics enhancement of the direct asymmetry
in the BT — J/¢Y K™ decay, Hou considers a specific flavor changing neutral

coupling between b and s quarks, b — sZ’ (see Fig. 1.7). This coupling
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Y

Figure 1.7: BT — J/¥K™: hypothetical b — sZ’ transition.

arises phenomenologically in some SUSY constructions [35]. The complex
coupling of Z’ to b and s, By, introduces a new phase ¢, = arg (By,), which
enhances C ko via the common weak phase ¢ = »°M + ¢, . The authors
of [31] show that the parameters of the model may be chosen to explain the
B — K7 puzzle, predicting at the same time large direct CP asymmetry
in BT — K*r°. Hou estimates that, depending on the strong phase d, the
corresponding direct CP asymmetry in BY — J/¢ K™ may be enhanced to
A‘}%K+ = 0(0.05).

Present status

The b — scc transition was accessed at B factories using both lifetime analy-
sis of the decays to CP eigenstates using (1.67), and the direct decays. For
the lifetime analysis, as of end 2007, HFAG reports averages over the modes
with ny = —=1: J/YKQ, ¥(25)K2, xa K2, and n.K2, and with ny = +1:
J/YK?. The HFAG sources and the averages are reproduced in Table 1.2.
See [21] for the breakdown of the results in each charmonium-kaon final
state. The results using the direct decay BT — J/Y K™ are reproduced
from PDG 2007 [13] in Table 1.3. As one can see, even the level of uncer-
tainty necessary to establish the 2% asymmetry expected from the b — sZ’

coupling has not been reached yet by the B factories.
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Experiment N(BB) Chsee”

J/K°
BABAR [36] 384M +0.049 £ 0.022 £ 0.017
Belle J/¢ K" [37] 535M —0.018 £0.021 +0.014
Belle ¢(25)K° [38] 657M —0.039 £ 0.069 £ 0.049
Average 0.012 £+ 0.020

Table 1.2: Measurements of Cjy_, 4. used by HFAG for averages.
*HFAG uses BABAR sign convention: C;(HFAG) = C;(BABAR) =
—Ay(Belle).

Experiment N(BB) Aﬂif It

JIWKT
CLEO [39] 9.7M +0.018 £ 0.043 £ 0.004
BABAR [40] 124M +0.030 + 0.014 + 0.010
Belle [41] 31.9M —0.026 £ 0.022(stat+syst)
Average 0.015 +0.017

Table 1.3: Averaged Aj‘;% s+ from the direct decays, from PDG 2007.
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1.4.2 Direct CP asymmetry in the BT — J/¢Y7n" decay

In analogy to (1.71), the direct CP asymmetry in the BT — J/¢¥nt decay

should manifest itself as a charge asymmetry between the event yields:

Acp(BY — J/p(19)n") = A% .

_N(B~ — J/yn) - N(B — J/yrt) (1.81)
N(B- = Jjim) + N(B* = JJgmt)’ '

The corresponding tree and penguin Standard Model amplitudes are (see

Fig. 1.6):
Tyoqg = TVLVE =0\, (1.82)
Py = F VoV, +FVaVi, +FEVyVi (1.83)
= (Fu— F)Vu Vi + (F — F.) Ve Vi, (1.84)
= P ,VuVi,+ P ,Vu Vi, (1.85)
= 0\ +O(\?).

So, the transition amplitude contains terms with different 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 and strong

phases and the penguin fraction, reports the Standard Model prediction

A = 0(0.01). (1.86)

Present status

The b — dce transitions were studied using lifetime analysis of various final
states. Results on C,_ 4 are available from both BABAR and Belle using
final states J/¢7m°, D* D~ and D**D*~ see [21]. In Table 1.4 we reproduce
HFAG inputs and averages. The measurements using the direct decay as
listed in PDG 2007 are reproduced in Table 1.5. In general, the results are
consistent with the prediction (1.86), but the uncertainties are still large to

make any definite conclusion.
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Experiment N(BB) Co—ace”

DtD~
Belle [43] 535M —0.91 £ 0.23 £ 0.06
BABAR [44] 364M +0.11+0.22 £ 0.07
Average —-0.37+0.17

J
BABAR [45] 232M —0.21 +0.26 + 0.06
Belle [46] 535M —0.08 £0.16 = 0.05
Average -0.12+0.14

D*tD*~

BABAR [47] 383M —0.02+0.11 +0.02
Belle [48] 152M +0.26 + 0.26 £+ 0.05
Average 0.02+0.10

Table 1.4: Measurements of Cy_, 4. used by HFAG for averages.
*HFAG uses BABAR sign convention: C;(HFAG) = C;(BABAR) =
—Ay(Belle).

Our interest in this decay has been triggered by Belle measurement,
which reported large direct CP asymmetry in the B° — D*tD~ decay,
Cp+p- = —0.91 £ 0.23 £ 0.06 [43], in excess of the Standard Model es-
timate (1.86). However, this result was not confirmed by the subsequent
measurement at BABAR, which reported Cp+p- = +0.114+0.22+0.07 [44].

Thus, an additional constraint is useful.

1.4.3 Perspectives for Tevatron and Analysis strategy

Both the measurements of Af‘?f e and Af‘?/r ot boil down to the measurement
of the charge asymmetry (1.50). Both Tevatron accelerator complex (see
Section 2.1) and the DO detector (see Section 2.2) provide an excellent

environment for such a measurement:
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Experiment N(BB) Af‘g%ﬁ

J/mt
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: Averaged A?i/’;/)ﬁ from the direct decays, from PDG 2007.

e Using hadronic collisions, instead of the electron-positron collisions, re-
sults in the production rate of bb pairs which is o,;(hadronic) /o (ete™)
(as/amar)? ~ 100 times larger; this ensures much faster accumulation

of the same number of BB events.

e No production asymmetry of B hadrons is expected from the pp col-
lisions (pp collisions would produce e.g. more B*(bu) then B~ (bu),

since valence u quarks are absent).

e The polarities of DO magnets (Section 2.2) are regularly reversed dur-
ing the data-taking. In this way, the same part of the detector is ex-
posed to the flux of particles of both charges. This feature of DO helps
to effectively account for various first-order systematic effects due to
different reconstruction efficiencies of positive and negative particles,
and allows to construct the detector model to disentangle the higher

order systematic effects (Section 3.2).

The measurement of A‘}% -+ 18 based on approximately 40,000 of Bt —
J/Yp KT decays collected at D@ by 2007. This can narrow the statistical un-
certainty on Aﬁ% s+ down to 0.005, which is better than the 2007 PDG world
average (see Table 1.3), and approaches the level of the Standard Model pre-
diction. At this level of uncertainty we can establish a 2% asymmetry due

to the b — sZ’ coupling at 4o level.
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As the experience of the B factories shows, one of the major issues of
concern in the measurements of CP asymmetry (1.50) in the direct decays
Bt — J/¢Y KT or Bt — J/¢7t is the systematic bias due to different re-
construction efficiency of positive and negative tracks. The reconstruction
asymmetry for positive and negative kaons is especially large. Different ex-
periments deal with it differently. CLEO [39] estimates the kaon reconstruc-
tion asymmetry from the detector simulation. Belle [41] measures €, /€, +
and ex- /eg+ in the data, using the samples of decays D*¥ — KTxfr® and
D — K_7T+/EO — K*n~. BABAR [40] assigns a tracking efficiency error
of 1.3% per track. All the estimates are included in the systematic uncer-
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-dominated mea-
surement of A?%K+. Large number of c-mesons are produced in the pp
collisions, which allows to have a large sample of semileptonic D° decays.

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

e The corresponding box diagrams (see Fig. 1.4(b)) induced by the vir-
tual b-quarks are suppressed by the small combination of CKM matrix
elements V7 Vy, = O(M*) (see Fig. 1.4(b)). As light quarks dominate
the box diagram, the mixing is suppressed: in 2008 HFAG reported
rp = AMp/Tp = 0.0084 £ 0.0033 [21]. Moreover, as the mixing ma-
trix is effectively reduced to nearly 2x2, no sizable CP violation in D°
mixing is possible. HFAG experimentally confirms the last conclusion,
reporting no evidence for the CP violation in the D° system at the

current precision.

e The semileptonic D decays are pure tree level and governed by a single

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

e Also, different New Physics theories [50] predict an enhancement of

AMp, but keep AI'p at its Standard Model level. Hence, the relation
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Al'p/AMp < 1 holds, which implies | ¢/p|p = 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 ~ 2.7M of
decays D* — D°(uKwv,)m, collected at DO by 2007. No CP asymmetry
between the semileptonic decay D° — p™ K~ v, and its charge conjugate is
expected, so all the asymmetry between u* K~ and x4~ K may be attributed
to the asymmetry of the kaon reconstruction. The statistical uncertainty is

expected at the level of AA = 1/4/2.8-106 ~ 0.001, therefore, it will not
contribute significantly to the statistical uncertainty of the A‘ji/“w K+

As for the yield of the BT — J/¢n™ decays, it is expected to be reduced
by the factor A ~ 0.04 relative to the Bt — J/¢ K" signal. We therefore
expect around 1600 events and the corresponding statistical uncertainty on
A‘}%ﬁ of order 0.03. The reconstruction asymmetry for positive and nega-

tive pions is tiny, and can be accounted for in the systematic uncertainty of

the measurement.

The outline of the remainder of this work is as follows: in Chapter 2 we
describe the experimental apparatus — the Tevatron accelerator complex and
the DO detector. In Chapter 3 we detail the procedure of the measurement
of direct CP violation asymmetries in b — sc¢ and b — dc¢ transitions
using the decays Bt — J/¢Y K+ and BT — J/¢m™ (Section 3.4). The kaon
asymmetry Ag, necessary for the former, is measured separately on a sample
of D’ — Kpuv decays (Section 3.3), and converted to the kaon asymmetry

measurement in the J/¢ K sample, A (J/YK).
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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 located at the
Tevatron collider at Fermilab, Batavia, Illinois, USA. In the present (2008)
state of operation, called Run II, the Tevatron accelerator complex is capable
of providing pp collisions at /s = 1.96 TeV at peak luminosity of ~ 1032

em2s7 L

2.1.1 Accelerator chain

The simplified drawing of the Tevatron accelerator complex is shown in
Fig. 2.1. The acceleration chain starts in a Cockeroft-Walton chamber [51].
Here the hydrogen atoms are ionized to make H™ ions which are then accel-
erated through the initial stages of the accelerator complex. The Cockroft-
Walton machine accelerates the ions to an energy of about 750 keV, before
feeding them to a linear accelerator, Linac, where they are accelerated to
400 MeV. Then the electrons are removed from the ions to leave protons,
by passing a beam of ions through the carbon foil. The protons then en-

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

The Main Injector performs the following functions:

e It accepts 8 GeV protons from the Booster, and 8 GeV antiprotons

from the antiproton Accumulator (see below);

e It accelerates the protons to 120 GeV and delivers them to the an-

tiproton production target;

e [t accelerates protons and antiprotons to 150 GeV and injects them

into the Tevatron.

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

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

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 x 10"
Antirotons/bunch 3.0 x 10"
Bunch length, m 0.37

Bunch spacing, ns 396
Interactions/crossing 2.3

Peak luminosity, cm =2 s~ 0.86 x 1032/3.2 x 1032
Integrated luminosity, pb~! /week 17.3/30

Table 2.1: Tevatron parameters for Run II(a/b)
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Figure 2.2: Peak luminosities during the Run II of Tevatron.
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Figure 2.3: Weekly integrated luminosity and its cumulative total during

the Run II.
2.1.2 Accelerator performance

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

The integrated luminosity delivered by Tevatron in Run II is shown in
Fig. 2.3. At the end of Run Ila 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 IIb commenced. The main parameters of
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the Tevatron in Run Ila and IIb are shown in Table 2.1. The status of the
Tevatron accelerator as of 2006 and perspectives for the rest of Run II are

summarized in [54].

2.2 DO detector

DO Run II detector (see Fig. 2.4) is a general-purpose detector positioned
around D) interaction point. Its layout is standard for detectors of this type.
From the inside out there are: tracking system inside a solenoidal magnet,
electromagnetic calorimetry, hadron calorimetry, and muon detectors. The
feature which distinguishes the D@ detector from other general-purpose de-
tectors is the toroid magnet sandwiched between the muon chambers. The
magnetic field created by the toroid magnet allows local measurements of the
muon momentum, which in turn improves the matching of central tracks to
muon hits. Also, local muon measurements open additional possibilities for
detector characterization, allowing to measure different tracking and muon
identification efficiencies.

Another important property of D@ detector is the regular (approximately
every two weeks) reversal of polarities of both solenoid and toroid magnets.
In this way, the same part of the detector is exposed to the flux of particles
of both charges. This allows to cancel many charge-dependent systematic
effects. Many D analyses, including the present one, rely on this polarity

reversal. We will give more information in Section 3.2.

The Cartesian coordinate system associated with the D@ detector has the
detector’s geometric center as its origin. The z-axis points in the direction
of the proton beam, the y axis points upwards, and the x axis is in the plane
of accelerator ring pointing outwards. The center of the detector roughly
coincides with the beam crossing region.

The detector is roughly cylindrical and forward-backward symmetric,
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Figure 2.4: General view of D@ Run II detector.

so it is often convenient to work in cylindrical (z, p, ¢) or polar (r, 6,
¢) coordinates. The z axis is the same as for the Cartesian system. The
azimuthal angle ¢ runs in the transverse (z, y) plane with ¢ = 0 being the
positive direction of the x axis. The polar angle 6 is counted from the positive

direction of the z axis. Often the angle 0 is replaced with pseudorapidity
0
n = —log tan 7 (2.1)

The choice of (7, 1, ¢) is appropriate, because it reflects the symmetries of the
experiment. Indeed, physical processes are invariant under rotation around
the unpolarized beam, making ¢ a natural choice. The pseudorapidity 7 is

the ultra-relativistic limit of the rapidity
(2.2)

It can be shown that under a Lorentz boost (§ along z axis the rapidity
transforms as ¢’ = ¢ 4+ tanh™* 3. Thus, ¢, and, therefore, 1 intervals are

Lorentz-invariant. Lorentz boosts are created by asymmetric interactions of

ol



partons in pp collisions. Therefore, it is appropriate (wherever possible) to
achieve uniform coverage in ¢ and 7 to avoid detector artifacts in kinematic
distributions. This approach is adopted at D@.

In the following we give a general description of the D() detector with
an emphasis on the elements relevant to the present analysis — the central
tracking and the muon systems. A detailed description of the D@ detector

can be found in [55].

2.2.1 Central Tracking System

A charged particle excites, or, in the limit, ionizes, atoms of matter as it
passes though it. Typically this excitation is localized near the 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 the particle’s
trajectory in the process of tracking. In High Energy Physics (HEP) exper-
iments we are interested in the momentum of the fundamental participants
of the processes (quarks, leptons, etc.), which are correlated with the mo-
mentum of the outgoing particles. So the tracking system is normally placed
inside a magnetic field to bend the tracks of charged particles and infer the
momentum from track curvatures. The motion of a charged particle in the
magnetic field is governed by the Lorentz force law:

d
d_lt) = qv x B. (2.3)

Parameterized in terms of the path length s, (2.3) is equivalent to

d?*x q\ dx we\ dx
X _[(4\X g_ (X g 2.4
ds? (p) ds <B> ds (2.4)

where w. = ¢B/p is the cyclotron frequency. For a uniform magnetic field
equation (2.4) can be integrated exactly, and the solution is a helix charac-
terized by five integration constants, three of which define the radius-vector
of the helix’s starting point, and two define the unit vector of the direction.

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

at DO :
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€* — z coordinate of the point of the closest approach to the z axis,

dubbed “longitudinal” or “stereo” impact parameter,

e? — distance from the point of the closest approach to the z axis, dubbed
“transverse” or “axial” impact parameter,

¢o — direction of the transverse momentum of the particle at the point
of the closest approach to the z axis,

tan A — ratio of the helix step to its diameter (helix pitch),

p = q/2R — helix signed curvature. The sign reflects that particles of
opposite charges bend in opposite directions in the magnetic field.

The parameters of the helix are determined at the track reconstruction
(tracking) stage. The transverse and longitudinal components of the particle

momentum, pr and p., and the momentum proper, p;,, are then calculated

as:
cB
Pr = > (25)
2[p|
p: =prtanA, (2.6)

DPtot = \/pQT +p§- (2-7)

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

using a specific mass hypothesis m:
E =/m?+ p% (2.8)
The transverse impact parameter is a signed quantity:

¢! = (/2T + i — R), (2.9)

where ¢ is the particle charge, (z.,y.) is the center of the helix as projected

onto the xy-plane, and R is helix’s radius (see Fig. 2.5).

The central tracking at DO is provided by the Silicon Microstrip 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 system
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Figure 2.5: Track parameters on a z plane.

provides coverage up to |n| < 3 and achieves the resolution of the longitudinal
projection of the impact parameter around o(e*) =35 pum. The resolution of
the transverse projection of the impact parameter is around o(e?) =15 um
for tracks with pr > 10 GeV/¢, which is better then the pitch of the SMT
silicon detectors (see next section). For low momentum tracks of pr ~ 1

GeV /c the resolution degrades to o(e?) =50 um.

SMT

For the purposes of B physics measurements (B lifetime, b-tagging) one has
to accurately measure tracks close to the interaction point. Also, 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. 2.7. In a
typical single-sided detector, finely spaced strips of strongly doped p-type
silicon (p) are implanted on a lightly doped n-type silicon (n) substrate.
On the opposite side, a thin layer of strongly doped n-type silicon (n™) is
deposited. A positive voltage is applied to the n~ side, which depletes the

n volume of free electrons and creates an electric field. When a charged
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Figure 2.6: Central tracking system of D@ Run II detector, view in (z, 2)

plane.

particle crosses the substrate it leaves a trail of electron-hole pairs from
ionization. In the electric field, holes drift to the p strips producing a well-
localized signal. The signal is then detected on a small cluster of strips,
and the particle position is extracted by weighting the strip positions by
the amount of charge collected. In this way the achieved resolution can be
better than the pitch between the strips. The n~ side can also be made in
form of read-out strips, making a double-sided detector. Moreover, the n™
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 achieve
better resolution of cluster position, the track should enter the substrate
perpendicularly. This fact motivated the general SMT design consisting of
barrels for low |n| interspaced with disks for high |n| tracks. The detector
has six barrels in the central region, each barrel contains eight silicon read-
out layers, or “ladders” (see Fig. 2.9). Ladders are mounted on beryllium
bulkheads. “Active” bulkheads contain the cooling channels and the con-

nections to the outer support cylinder. “Passive” bulkheads serve to set the
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Figure 2.8: The disk-barrel structure of the DO silicon microstrip tracker.

spacing of the ends of the ladders without read-out chips. Each barrel is
capped at high |z| with a disk of twelve double-sided wedge detectors, called
“F-disks”. Forward of the three disk/barrel assemblies on each side there is
a unit consisting of three F-disks. In the far forward region, two single-sided
large-diameter disks, “H-disks”, provide additional tracking at high n. The
outer diameter of a SMT barrel is about 10 cm. The H-disks are located at
|z| =100 and 121 cm.

Various types of silicon sensors are used throughout the SMT. Most of
the ladders are double-sided sensors, with p-side axial strips oriented parallel
to the beam, and n-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 axial detectors.
The H-disk wedges each contain two single-sided detectors mounted back-

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 mounted on the

beryllium bulkhead are shown.

strips varies between the sensor types, as shown in Table 2.2. The sensors
are characterized by the signal to noise ratio between 12:1 and 18:1.

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

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

Central Fiber Tracker

The DO Central Fiber Tracker provides coverage up to |n| < 1.7. It consists
of scintillating fibers mounted on eight concentric support cylinders and
occupies the radial space from 20 to 52 cm from the center of the beampipe.
The support cylinders are double-walled with a 6.3 mm thick core of Rohacell
[57]. The walls are constructed from linear carbon fibers impregnated with
about 40% resin. The total thickness of carbon per cylinder is 0.5 mm. To
accommodate the forward SMT H-disks, the two innermost cylinders are
1.66 m long; the outer six cylinders are 2.52 m long. Each cylinder contains

one doublet layer in which fibers are oriented parallel to the beam, and one
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Sensor Pitch, pm

Barrel axial 20
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 different silicon detectors comprising D@ Silicon Mic-

trostrip Tracker.
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\ Locating Notches —
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Connection

Figure 2.10: The design of double-sided 2° ladder. The SVXIle read-out

chips shown as dashed lines are located on the p-side of the ladder.
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doublet layer in which the fibers are at a stereo angle. The stereo angle
alternates between +3° and —3° in the adjacent cylinders.

The fibers are constructed from a polystyrene core with two claddings
and have an overall diameter of 825 pym. The polystyrene is doped with
the fluorescent dye paraterphenil and the wave-shifter dye 3-hydroxyflavon.
Excitations in the polystyrene are transferred to the paraterphenyl, which
undergoes fluorescent decay emitting light with wavelength of around 340
nm. This wavelength is quickly attenuated in the polystyrene, so the wave-
shifter dye is used to absorb it and emit the light with 530 nm, well within
the transparency window of polystyrene.

Each fiber is connected by a clear fiber waveguide to a visible light photon
counter (VLPC). The VLPCs are silicon avalanche photodiodes operating
at 9 K with high gain and high quantum efficiency, capable of detecting
single photons. The flex circuits guide the electric signal from VLPC to
the preamplifiers on the analog front-end boards (AFE). To facilitate com-
monality with SMT further downstream, the same chip is used to digitize
the CFT and SMT signals — the SVXIle. However, because the SVXIle
digitization speed is too low to generate trigger decision, a special chip, the
SIFT chip, provides a trigger pick-off.

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

fibers is known to better than 50 pm.

Solenoidal magnet

The superconducting solenoidal magnet surrounds the tracking system (see
Fig. 2.6). The solenoid was designed to optimize the momentum resolution,
dpr/pr, within the space inside the Run I calorimeter, which is still in use
in the current detector. The solenoid is 2.73 m long and 1.42 m in diameter,
and achieves 2 T by operating at the current of 1500 A. Uniform field dis-

tribution is important for tracking, so that the track trajectories were closer
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to the ideal helix, see Section 2.2.1. The magnetic field inside the solenoid
is homogeneous to within 0.5%, which is achieved by using larger winding
density at both ends of the coil.

The regular reversal of the solenoid polarity allows to cancel many charge-
dependent systematic effects due to the tracking system. Solenoid polarity is
reversed using a 5000 A DC mechanical motorized polarity reversing switch
and a switch controller. The controller confirms that the polarity reversal

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

2.2.2 Muon system

Muons directly couple to the intermediate vector bosons W and Z. As
they are clearly identifiable they may serve as an indicator of the processes
involving W — uv, or Z — p*p~, allowing to trigger on such events. In
the same way muons are the characteristic signature of the weak decays of
heavy quarks, such as b — ¢W and ¢ — sW (here W is virtual). Triggers
requiring two muons allow to collect a large sample of J/¢ — u* = decays
which constitutes the basis for a large portion of DO B physics program,
and is also extensively used for detector understanding/calibration.

D@ detector uses the system of muon drift chambers and scintillators.
The drift tubes provide precise spatial measurement, while the scintillators
produce fast signal to allow triggering. Individual muon candidates are
detected in the muon chambers from the track segments they leave. If the
local muon track matches a certain track measured by the central tracking
system, the two are combined into a “global” muon. As already mentioned,
the muon chambers are interspaced with the toroid magnet. The muon
tracks bend in the magnetic field created by the toroid, which allows the
local measurement of muon transverse momentum. This information 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 description

of the muon systems.

60



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 is a square
annulus 109 cm thick, with its inner surface about 318 cm away from the
beamline. It covers |n| < 1. End toroids are located at 454 < |z| < 610
cm. The toroid coils operate at 1500 A to achieve a magnetic field of about
1.8 T. The regular reversal of the toroid polarity allows to cancel many

charge-dependent systematic effects due to the muon chambers.

Central muon system

The exploded view of the muon chamber is shown in Fig. 2.11. The central
muon system consists of three layers of proportional drift tubes (PDT),
which extend up to |n| < 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 approximately
10 cm across and 6 m long, filled with a gas mixture consisting of 84% argon,
8% methane, and 8% CF,. The anode wire runs through the center of each
cell, with cathode pads located above and below it. The wires are ganged

together in pairs and read out by electronics located at one end of each PDT.
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PDTs allow to measure the drift time of electrons to the anode wire,
which gives the position of the hit in (x,y) with resolution of 1 mm. The
drift time to cathode pad measures the position along z with resolution 5
mm. The “A” layer pads are fully instrumented with electronics; only about
10% of the “B” and “C” layer pads are instrumented. The reason for this
was that, first, for tracks traversing all three layers, the pad coordinate does
not improve the pattern recognition or resolution significantly, and second,
fully instrumenting the “B” and “C” layer pads was too expensive. If the
pad is not instrumented, the z position is inferred from the difference in the
arrival time of the signal pulse at the end of the hit cell’s wire and at the
end of its read-out partner’s wire, giving resolution of 10-50 cm.

The “A¢” scintillator counters cover the A-layer PDTs, those between
the calorimeter and the toroid. They provide a fast read-out for triggering on
muons and for rejecting out-of-time backscatter from the forward direction.
The scintillator hits are matched with tracks in the Level 1 trigger for high
pr single muon and dimuon triggers. A¢ scintillator counters are uniformly

segmented in ¢ and provide timing resolution of 2 ns.

Forward muon system

The forward muon system covers 1.0 < [n| < 2.0, 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 x 9.4 mm. The MDTs are arranged
similar to PDTs in the central region, with A layer inside the toroid and
B and C layers outside. The intrinsic resolution of the chamber is 350
pm, however, the hit resolution degrades to 0.7 mm due to the digitizing
electronics, which measures the signal arrival time with an uncertainty of
18.8 ns.

The muon scintillators are located inside (layer A) and outside (layers
B and C) of the toroidal magnet, uniformly segmented in ¢ and 7. The

scintillators achieve timing measurements with a resolution of better than 1
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ns.

2.2.3 Other systems
Calorimeter and Preshower

The DO uranium/liquid-argon calorimeter provides energy measurements
for electrons, photons, and jets in the absence of a central magnetic field (as
was the case during Run I of the Tevatron). Also, it assists in the identi-
fication of electrons, photons, jets, and muons and measures the transverse
energy balance in events. The Preshower detectors, Central and Forward,
are scintillator strips located right in front of the calorimeter (see Fig. 2.6).
They aid both in calorimetry and tracking, enhancing spatial matching be-
tween tracks and calorimeter showers. More information can be found in

[55].

Luminosity monitor

Luminosity monitor (LM) consists of two arrays of plastic scintillator 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 pseudorapidity range
2.7 <|n| < 4.4.

The luminosity £ is determined from the average number of inelastic

collisions per beam crossing Ny, measured by LM:

L:fmm, (2.10)

OLM

where f is the Tevatron beam crossing frequency and o, is the effective
cross-section of the luminosity monitor, which takes into account its ac-
ceptance and efficiency. The number of collisions per crossing is Poisson
distributed. So, Ny is determined from the Poisson statistics taking into
account the beam crossings with no collisions.

The fundamental unit of luminosity measurement is the luminosity block.

Each luminosity block lasts no more than 60 sec. This time lapse is short
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enough so that the instantaneous luminosity is effectively constant, and no
uncertainty is introduced in the measurement of the luminosity due to the

time slice width. Each luminosity block corresponds to a separate raw data

file.

2.2.4 Trigger system

In the Tevatron proton and antiproton bunches cross every 396 ns. Taking
into account the total pp cross-section, ~ 100 mb, this corresponds to the
order of 10° pp interactions per second. However, most processes of interest
have a cross-section of 10—100 pb or smaller, so the rate of interesting events
is correspondingly lower. So it makes sense to filter out interesting events on
the fly, according to some pre-selection criteria, and store them on tape for
the detailed offline analysis. Thus, the three level trigger design is adopted
at general purpose particle detectors, with additional buffering between the
triggers (see Fig. 2.12). At the first stage (Level 1 or L1), interesting event
signatures are looked for in different subdetectors independently. Most of
the pp collisions are rejected at this stage, and the output rate is reduced to
2 kHz. Level 2 or L2 receives the L1 information and does a more careful
analysis of the event taking longer time; this reduces the accept rate further
down to 1 kHz. The joint functioning of L1 and L2 triggers is shown in
Fig. 2.13. Only if the event is accepted in 1.2, the whole detector is read out
and the event is built by the Level 3 Data Acquisition System (L3DAQ) and
sent to the L3 farm for the limited event reconstruction. There the event
rate is reduced further to 50 Hz suitable for storing on tape. L3 decisions are
based on complete physics objects as well as on the relationships between
such objects (such as the rapidity or azimuthal angle separating physics
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 directly
with the trigger framework (for L1 and L2 triggers) and with the L3DAQ
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Figure 2.13: Block diagram of L1 and L2 trigger systems.

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

the elements important for the present analysis.

L1 trigger

L1 is implemented in the specialized hardware. The calorimeter trigger
(L1Cal) looks for energy deposition patterns exceeding programmed limits
on transverse energy deposits; the central track trigger (LICTT) and the
muon system trigger (L1Muon) compare tracks, separately and together, to
see if they exceed preset thresholds in transverse momentum. The track
reconstruction starts in the L1 central track trigger, which looks for track

patterns in CF'T, matched to the hits in the Central Preshower Detector.
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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 increased pre-
cision by utilizing the much finer spatial resolution of the SMT. L2STT is
able to measure the impact parameter of tracks precisely enough to tag the

decays of long-lived particles, specifically B hadrons.

L3 trigger

L3 trigger is a fully programmable software trigger which performs all basic
elements of detailed offline reconstruction in a limited scope. It unpacks
raw data, locates hits, forms clusters, applies calibration, and reconstructs
tracks, electrons, muons, taus, jets, vertices, and missing F7. Online moni-
toring keeps track of current beam spot information (the mean position and
spread in (x,y) along with tilts in (z,2) and (y,z) ). Using this informa-
tion, L3 can calculate a fully 3-dimensional primary vertex for each event.
By recalculating L3 track parameters using the 3-d vertex, L3 is capable of
triggering on the impact parameter of tracks. With input provided by the

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

Trigger bits

Each trigger level maintains a collection of bits which classify standard sig-
natures of interest, e.g. a muon with a pr exceeding a threshold. The Trigger
Framework (Fig. 2.12-2.13) receives signals from various parts of the detec-
tor and fires corresponding L1 bits. Upon L1 accept, the mask of L1 trigger
bits is sent to L2. Depending on run configuration, L.2 invokes a filter script
for every L1 bit. The filter script fires a corresponding L2 trigger bit if all
its conditions are satisfied. Upon L2 accept, the detector is fully read out,
and L3 runs scripts corresponding to L2 trigger bits. Most of the triggers

fire more often than the “accept” may be issued, so the trigger rates are
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artificially scaled down (“prescaled”) by a factor. The prescale factors are

chosen depending on the physics program of the experiment.

2.3 Event reconstruction

2.3.1 DORECO

The D@ Offline Reconstruction Program (DORECO ) [58] reconstructs ob-
jects used in the D@ physics analysis. It processes either collider events
recorded during online data taking or simulated events produced with the
D® Monte Carlo (MC) program. The executable runs on the offline produc-
tion farms and the results are placed into the central data storage system
for further analysis. DORECO is designed to produce two output formats.
The Data Summary Tape (DST) contains the reconstructed physics objects
together with intermediate information available at the level of subdetectors,
and is designed to be 150 kB per event. The Thumbnail (TMB) contains a
summary of the DST, and is designed to be 15 kB per event. In most cases,
the TMB format is used for the physics analyses.

DORECO is structured to reconstruct events in several hierarchical steps
(see Fig. 2.14). Step 1 involves detector-specific processing. Detector un-
packers process the raw detector information by unpacking individual de-
tector data blocks. They decode the raw information, associate electronics
channels with physical detector elements and apply detector specific cali-
bration constants. For many detectors, this information is used at step 2
to reconstruct clusters (for example, from the calorimeter and preshower
detectors) or hits (from the tracking detectors and muon chambers). These
objects use geometry constants obtained during alignment to associate detec-
tor elements with physical positions in space. The step 3 in DORECO fo-
cuses on the output of the tracking detectors. Hits in the silicon (SMT)
and fiber tracker (CFT) detectors are used to reconstruct global tracks.

This is one of the most CPU-intensive activities of DORECO , and involves
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running several algorithms. The results are stored in corresponding track
chunks, which are used as input to the step 4 of DORECO , vertexing.
First, primary vertex candidates are searched for. These vertices indicate
the locations of pp interaction and are used in the calculation of various
kinematical quantities (e.g. transverse energy). Next, displaced secondary
vertex candidates are identified. Such vertices are associated with the de-
cays of long-lived particles. The results of the above algorithms are stored
in vertex chunks, and are then available for the final step 5 of DORECO —
particle identification. This step produces the objects most associated with
physics analyses and is essential for successful physics results. Using a wide
variety of sophisticated algorithms, information from each of the preceding
reconstruction steps is combined and standard physics object candidates are
created. DORECO first finds electron, photon, muon, neutrino (missing
Er) and jet candidates, which are based on detector, track and vertex ob-
jects. Next, using all previous results, candidates for heavy-quark and tau
decays are identified. The DORECO code is organized in a complex system
of packages with many overlapping functions.

The B physics analyses, including the present one, rely mostly on track-
ing and the muon identification. Therefore, the reconstruction of tracks in
the central tracking system, and the reconstruction of the muon clusters
with subsequent matching to the central tracks, will be our main concern
in the following sections. Vertexing and identification of physics objects for
the purposes of B physics analyses is performed by a specially developed
DORECO package, BANA (see Fig. 2.14). BANA relies on the collection of
tracks and global muon candidates available after stage 3. It is optimized for
B physics studies. More information on BANA package is given in Section

3.1.2.
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Figure 2.14: Steps of D@ Offline Reconstruction Program and BANA pack-

age. See text for details.

2.3.2 Tracking at DO

The current DO tracking procedure has been developed as a result of con-
tinuous tests of different algorithms on different data and MC samples in
search for the optimal combination. It was acknowledged by a special com-
mittee [59] to be the best in terms of event reconstruction time, tracking
efficiency, rates of fake tracks, and b-tagging efficiency, and remains a de-
fault since pl4 release [60] of DORECO package. The tracking procedure
uses three algorithms (see Fig. 2.15): the Histogram Track Finding (HTF),
the Alternative Algorithm (AA), and the Global Track Finder (GTR). HTF
uses a combination of Hough transform and Kalman filter technique, where
Hough transform helps to reduce combinatorics from axial-stereo hit asso-
ciation at the early stage, then followed by a more time-consuming Kalman
filtering. The AA algorithm uses the Kalman filter technique with simplified
track propagator to facilitate track finding, and leaves accurate propagation
and determination of track parameters to the later stage. Both algorithms
complement each other, since AA has higher efficiency for low py and high

impact parameter tracks, whereas HTF has better performance for high py
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Figure 2.15: DO tracking procedure as of 2008.

tracks. The algorithms fill the common pool of track hypothesis, to which
the filter phase of AA is applied. The filtered tracks are supplied as a col-
lection of hits to the final GTR track refit stage for more accurate Kalman
fitting, taking into account multiple scattering and energy loss in the detec-
tor material. The output tracks are then used to construct physics objects:
primary and secondary vertices, jets, etc. Also, they are matched to muon
and calorimeter clusters to obtain global track fits for muons and electrons.
In what follows we will give some details about the D@ detector model
adopted for the purposes of tracking, and briefly describe the AA and HTF

algorithms.

DO Detector surfaces

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

axial and stereo hits and hence will vastly increase the reconstruction time.
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Surface Cylinder x-y plane z plane
Constant parameters — radius, r  u, ¢ (see Fig. 2.16) 2o
Position parameters o, 2o v, 2o 20, Yo
Direction parameters  «, tan A dv/du, dz/du dx/dz, dy/dz

Curvature q/pr* q/p q/p

Table 2.3: Helix parameters at different surfaces.

*q/pr is used instead of ¢/p for historical reasons.

Instead, considering the hits separately in 2D axial and stereo projections
of the detector reduces this effect substantially.

Moreover, the Kalman filtering technique is used at several stages of
the track reconstruction. It involves propagation of the current best track
hypothesis through the detector material, for which the errors of local mea-
surements in the subdetectors need to be propagated to the track parameter
errors. This transformation is more easily performed if the track parame-
ters are measured in local coordinate systems of subdetectors, defined on
the abstract surfaces. The system of surfaces at DO corresponds to the in-
ternal structure of the detector. The SMT barrels are represented by the
xy-planes, whereas the SMT disks — by z-planes, and the CFT layers —
by cylinders of constant r (see Fig. 2.16). The error on the cluster position
in the tracking system is considerably larger along z than in the transverse
plane (see Section 2.2.1), which is naturally reflected in the definition of the
local coordinate systems.

The parameters of helix track are defined separately at each surface in
local coordinate system of that surface. Although different for each type
of surface, these parameters are: two position parameters, two direction
parameters, and the curvature, ¢/p or q/pr (see Table 2.3). More details

can be found in [61].
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Figure 2.16: DO detector surfaces defined for the purposes of track propa-

gation in the Kalman filter.

Track finding by AA

AA algorithm (Alternative Algorithm) [62] implements the Kalman filtering
technique. The Kalman filter is an optimal data processing algorithm to ex-
tract parameters of an evolving system. It can incorporate the knowledge of
the system and measurement device dynamics and the statistical description
of system noises to obtain the best current estimate of parameters of inter-
est. The Kalman filter technique was for the first time proposed in radar

applications. General information about it can be found in [63], and a sim-
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ple but illuminating example is considered in [64]. Technically, the Kalman
filter is a set of equations which allows to update the current estimators of
track parameters after the new measurement on the next surface arrives.

At the first step of AA running, all possible track hypotheses are con-
structed from the seeds built from different combinations of 3 hits in different
SMT super-layers. Then, each track hypothesis is propagated to the next de-
tector surface, and the hits within £30 expectation window of the predicted
measurement are considered (see Fig. 2.17). Every hit, for which the y? of
the track fit does not increase too much, x*(Npits + 1) — X?(Npits) < Aacs
starts a new track hypothesis. One hypothesis can have several stereo pro-
jections to account for all possible combinations of stereo hits associated
with a given axial hit. This ambiguity is resolved at the later stages. In this
way the pool of track hypothesis is created.

It is also possible that the Kalman filter does not find a cluster on a par-
ticular surface because of detector gaps or inefficiencies. If the corresponding
subdetector is operational and the expectation window is completely within
the sensitive boundaries of the subdetector, a missing hit (a miss) is added
to the list of missing hits.

At the last stage the filtering is applied to the pool of track hypotheses:
hypotheses are sorted according to the number of hits, misses, and the overall
fit x?; best hypotheses are placed first. The hypotheses are considered one
by one and accepted as tracks (“AATracks”) if they do not share too many
hits with other hypotheses. Refer to [62] for the details of the “shared hits

policy”.

Track finding by HTF

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

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

parameters, or to a band, if errors are taken into account. Then, if the hits
really belong to the same track, all bands intersect in the same area in the
parameter space (see Fig. 2.18). The parameter space is divided into cells.
Cell’s dimensions reflect the parameter errors obtained by propagation of
the position measurement errors into the parameter space. As more hits are
added, the number of entries in the cells corresponding to real tracks in-
creases. Then, the peaks in the parameter space constitute track hypothesis
which are further purified by the Kalman filter.

A particle in a homogenous magnetic field in the absence of material
moves along the helix, which projects into a circle in the transverse (x,y)
plane. This circle is characterized by the curvature p, impact parameter €?,
and the direction of the track at the point of the closest approach ¢, (Section
2.2.1). A track with a negligible impact parameter, ¢¢ ~ 0, is represented
by a point in the 2D parameter space (p, ¢g). To decrease the combinatorics
from the association between axial and stereo hits, the Hough transform
from the coordinate space (r, z) has to be performed. The track with e? ~ 0
looks in (7, z) as a straight line with parameters (2o, tan \), where 2 is the
position of the track origin along z 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]:

e Hough transform (x,y) — (p, do).

e 2D Kalman filtering in (p, ¢y ). Peaks in parameter space serve as can-
didate tracks for the next stage of Kalman filtering at which multiple

scattering and energy loss are taken into account.
e Hough transform (r,z) — (2o, tan \).
e 2D Kalman filtering in (z, tan \).

e Final 3D Kalman filtering. At this stage 3D SMT tracks are built and
extrapolated into CF'T. Alternatively, the tracking may start in CFT

and propagate back to SMT.

The parameters of the Kalman filter used in HTF is similar to that of
AA. The filter can handle misses, the pool of track hypothesis is filtered
on the basis of y? of track’s fit, number of hits and number of misses on a
track. A simple interacting propagator is used to propagate tracks between

surfaces.
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GTR track refit

GTR track refit (see Fig. 2.15) accounts for energy loss and the multiple
scattering in the tracking system. The details can be found in [67]. The full
Bethe-Bloch formula is not implemented, instead, the energy loss 0F on a
distance z is modelled by a simple constant term and a small relativistic rise

with energy:
OF = (1.66 + 0.0138 x E)pz, (2.11)

where p is the density of the material. The quantities characterizing multiple
scattering are illustrated in Fig. 2.19. A Gaussian fit to the central 98% of

scattering angle 6 has a width given by [13]

00

Bp Xo

where p, § and z are the momentum (in MeV), velocity (as a fraction of

13.6 MeV
_ ey 2 {1 +0.038 log Xi} , (2.12)

0

the speed of light) and charge (in units of e) of the incident particle, z is
the thickness of the material (in cm), and Xj is the radiation length of the
material. In the case of several layers of different materials the combined z
and Xj is calculated before (2.12) is applied.

The parameter 0y describes the mean effect of scattering on the position

of a particle. It is related to 06 by

oy = % x60. (2.13)

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

The uncertainties (2.12) and (2.13) are converted to errors on five track
parameters used to describe tracks at different surfaces [67]. These mean
values are then added to the relevant terms of the error matrix of the track
parameters. The values of p and 3 corresponding to the average of incoming

(EF) and outgoing (E — 0F) 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 measurement er-
rors along z and in the transverse plane are different, the 3D impact parame-
ter is not used. Instead, its transverse (“axial”) and longitudinal (“stereo”)
projections are considered. Let € and €* be respectively axial and stereo
projection of the impact parameter of a track with respect to the primary
(secondary) vertex V. To find the 3D coordinates of primary (secondary)
vertex, V,, V,, V., a procedure developed at LEP is used [68]. The primary

vertex is found by minimizing the function

-SSR e

The first and second sums are taken over all tracks in the event. The quan-
tity o¢ is an error on the axial impact parameter, obtained by the error
propagation of the (5x5) covariance matrix of the track parameters to the
point of closest approach of a track to the vertex. The quantity o7 is an error
on the stereo impact parameter. Due to different errors in the transverse
and longitudinal directions, their contribution is decoupled in (2.14): even
if the track is not measured along z, the transverse information is still used.
The last sum corresponds to a constraint from the position of the interaction
point (the beamspot), where b; and ¢ are the beamspot position and size,
respectively.

The position of a beamspot in zy-plane is parameterized as a function
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of z, since the beams have a small tilt angle with respect to the nominal z
axis, and primary interactions occur over the large range of z. The parame-
terization is obtained by measuring the positions of 1000 primary vertices
in each run and performing a fit to the distribution. The typical width of
this distribution in a usual run is about 40 ym along x and y. Results are
stored in the databases and can be sent automatically to the main accelera-
tor control room for improvement of the beam alignment. The uncertainty
in the beamspot position affects the quality of the offline primary vertex
reconstruction using (2.14), and therefore influences the b tagging efficiency.

Most of the tracks in the event come from the primary vertex (PV). So,
for PV searches, the “tear down” approach is adopted: initially all tracks are
used in (2.14), and then excluded one by one until x*(Ny1) — X*(Nipp — 1) <
Anaz, Where A, is a pre-set algorithm parameter. Multiple interaction
may result in several PVs in the event, these are found among the tracks
excluded during the previous PV search. In this way the list of PV positions
is obtained. The secondary vertices (SV) may include two tracks only (“V-
seed”), so opposite “tear up” approach is used: tracks are added to the good
V-seeds until x?(Ngp + 1) — X*(Nipr) > Appin. In this way the list of SVs is
formed.

Two following quality parameters of the vertex fit are often used for event

selection:

e \2./ndf of the vertex, where 2, is a residual x? after minimizing

(2.14), and ndf= 2Ny, — 3;

e The combined significance of a track with respect to the found primary

vertex:

S = /[e1/od)2 + [e#/o?]2, (2.15)

where €7, €%, 0%, 0% have been defined in the beginning of this section.
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Figure 2.20: Muon local segments from drift circles.

2.3.3 Muon identification

Muons are important objects for B physics, which allow to perform tagging
and to measure semileptonic B decays and B decays involving J/¢. So,
muons need to be identified among the central tracks. For this the hits
in the muon drift tubes and the muons scintillator are used to form local
muon candidates. Then their local trajectories are extrapolated through the
detector to match with tracks from the tracking system and form global
muon candidates.

The local trajectories are found by the linked list algorithm [69] from the
timing information measured by the PDTs and MDTs (Section 2.2.2). The
electron drift distance is calculated for each wire registering a hit, and the
drift circles are plotted around the wires (see Fig. 2.20). A hit candidate is
assigned at each point where a drift circle intersects with a wire plane, hence
two hit candidates are associated with each wire hit. The algorithm then
connects the pairs of hits with straight link segments, and tries to unite those
segments which are compatible with a straight line. A set of algorithms are
then used to associate A layer segments (inside the toroid) with those in
either or both of B and C layers (outside the toroid). These algorithms take

into account the energy loss as a function of the momentum, and the multiple
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Number Muon Type Central track matching
of layers algorithm
(nsegq)
3 Central track Muon to central if local
+ local muon track muon track fit 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 number of seg-

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

scattering in the material [70]. If the measurements inside and outside the
toroid are combined, local momentum measurements are obtained from the
deviation angle. Such muon candidates with measured momentum are then
propagated backwards to the cental tracking system, and associated with
a track. In the case of successful association the measurements of track
parameters are combined in a global measurement, and the error matrix is
recomputed.

However, the local measurement may not be complete (e.g. only A or
BC measurements may be present with no local momentum information), or
local fit may not converge. In this case the tracks from the central tracking
with the associated error matrices are extrapolated to the muon chambers,
and the parameters of central tracks are assigned to the matched muons.
The possible cases of track-muon matching are listed in Table 2.4.

Reconstructed muon candidates are classified by muon type and quality
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[71]. The type is given by the number of layers in the muon system, nseg,
associated with the muon candidate. A positive value of nseg indicates that
the muon reconstructed in the muon system (“local muon”) was matched to
a track in the central tracking system. A negative value of nseg tells that
the local muon could not be matched to a central track. The absolute value
of [nseg| = 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 definitions are

as follows:

e Tight muons. Tight muons must have |nseg| = 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 fit.

e |nseg| = 3 Medium/Loose muons. When |nseg| = 3 muon candidate
fails the Tight criteria it may still be Medium or Loose. An |nseg| = 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 |nseg| = 3 Loose muon is defined as a Medium muon but allowing

one of the above tests to fail.

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

requires:
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— at least one BC layer scintillator hit;

— at least two BC layer wire hits.

An |nseg| = 2 muon is defined as Medium if it fulfills the above re-

quirements and it is located in the bottom part of the detector.

e |nseg| = 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 |nseg| = 1 muon is Medium if it fulfills the above requirements and

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

If no segment can be formed, the muon is classified as having nseg = 0 (see

Table 2.4). The classification of wire and scintillator hits can be found in

72].

2.4 D@ upgrade for RunlIb

The 2006 shutdown marks the transition from Run IIa to Run IIb configu-

ration of D@ detector. The major changes to the tracking system included:

e Installation of the additional radiation-hard layer of SMT (Layer 0,

LO0) in the inner-most part of the detector.

e Upgrade of the read-out electronics of the fiber tracker to read out the

time-of-flight information for every fiber.

Also, Trigger/DAQ was upgraded to meet higher luminosity requirements
expected in Run IIb. The DORECO and the DORECO file formats were

modified accordingly.
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Figure 2.21: The L0 design. The six blue (dark-grey) planes near the beam
pipe indicate the sensors, other six light-brown (light-grey) planes indicate

the analog cables.

The addition of the SMT Layer 0 is the most important modification for
the purposes of this work. LO improves the resolution of the displaced ver-
tices and provides increased redundancy for failures in the existing detector
[73, 74]. The severe space constraints determined the LO design. It had to
be fit between the beam pipe (r = 15 mm) and the inner-most SMT support
(r =23 mm). The solution was to deploy two layers of single-sided detectors
on a carbon fiber support (with pitches 71 pum for the inner and 81 pm for
the outer), with the read-out chip mounted outside the fiducial region. The

LO design is shown in Fig. 2.21.

2.5 Event simulation

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

The simulation of the physics processes is performed by one of the sev-
eral event generator programs. These use theoretical knowledge and Monte
Carlo techniques to generate different processes in the event. All samples

used in the presented analysis were produced by Pythia [75]. Pythia uses
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the leading order predictions in perturbation theory to model the interac-
tion of two partons inside a proton and antiproton, using the experimentally
known parton distribution functions (PDF). Then the hadronization of out-
going quarks is performed using a non-perturbative model. The decays of
the unstable particles are also computed in Pythia. However, in the case of
b-hadrons, Pythia is usually prevented from performing a decay. Instead, the
decay is calculated by the EvtGen package [76], which uses the decay ampli-
tudes to correctly model various phenomena in b-decays, including angular
distributions of the products and CP-violation effects.

The events containing the decays of interest are selected at the generation
stage and run through the DO_MESS (D@ Monte Carlo Event Selection Sys-
tem) package [77]. DO_MESS applies some adjustment cuts, which usually
require the presence of a specified particle, which may also be required to
originate from a specified parent. Some soft momentum and pseudorapidity
cuts are normally applied here.

The response of the DO detector to each selected event is then mod-
elled. At the first stage the energy deposits in various detector subsystems
are calculated in DOGSTAR [78] (DO GEANT Simulation of the Total Ap-
paratus Response), an implementation of the CERN GEANT package [79].
DOGSTAR contains a model of DO detector built from many small volumes
of specified materials, through which the generated particles are propagated.
Then, a package called DOSIM [80] models the detector electronics to in-
clude the effect of the read-out: detector noise, inefficiencies, and the effects
of data digitization.

The output of DOSIM is finally passed to DORECO for reconstruction
using the same methods as used for data. The output format is identical
to real data, except that the TMB also contains the generated Monte Carlo
information, in order to allow comparison of reconstructed and generated

objects.
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Chapter 3

Data analysis

3.1 Tools

The measurement presented in this dissertation is based on a sample of
pp collisions corresponding to an integrated luminosity of 2.8 fb~!, 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 sample was
reconstructed using version pl7 of DORECO, with the first production re-
lease p17.03 [81]. The Runllb part was reconstructed using version p20 of
DORECO, with the first production release p20.03 [82]. The p20 release of
DORECO reflects the DO 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 controlled by spe-
cial triggers, used for B 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 triggers. These trig-
gers identify long-lived mesons by requiring a significant impact pa-

rameter. The requirement of having a significant impact parameter
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enriches data samples with events containing high lifetime mesons.
Consequently, such data samples cannot be used to measure lifetimes

and, correspondingly, bias B tagging.

. Unbiased single inclusive muon triggers [85]. These triggers do not
have requirements on the impact parameter, and therefore do not pro-
duce biased event samples. The unbiased single inclusive muon triggers
are distributed over all three levels of DO trigger system (see Section
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 types of
trigger bits, scintillator- and wire-based [72]. At Levels 2 and 3 muons
are classified as Loose, Medium, or Tight (see Section 2.2.2). At Level
2 the transverse momentum, obtained from the muon system, can be
required to be above a given threshold. At Level 3 the cut is made
on the py 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 for B physics require Medium muons with a
pr > 2,3 or 4 GeV/c. Additionally, the position of the primary vertex
is required to satisfy |z| < 35 cm, to reject the halo interactions. The
triggers are prescaled at Level 1, usually by a factor of 2 at a luminos-

ity above 20 x 10%° sm=2s™!, and turned off at a luminosity of 40 x 103

sm2s L.

. Di-muon triggers are used to look for B decays involving J/¢ or Y.
The di-muon triggers in general require at least two track-matched
muons of Loose or Medium quality, with py > 2 GeV/c each. Primary
vertex is required to be within |z| < 35 ecm. The Level 1 bits require
simultaneous presence of two CFT tracks and two local muons in the
event. The Level 2 bits may in addition require n — ¢ separation
between the tracks. Level 3 requires muons matched to central tracks.

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

recorded by D@ in the current Run II.

Level 3 di-muon trigger which requires invariant mass of the two muons
between 2.5 and 2000.0 GeV/c?. This trigger runs unprescaled up to

2

a luminosity of 60 x 10%° sm~2s~!, at which it is turned off.

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

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

3.1.2 BANA package

The analysis presented in this dissertation has been performed using the
BANA package [86] that is used for many B physics analyses at DO. The
package can access data in DST and TMB DORECO formats, but is nor-
mally used with the stand-alone format AADST. AADST contains only the

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

e Triggers block;
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e Muon ID block.

The files in this compact format can be stored directly on disk. As it is not
necessary to retrieve data from the database, the development and debugging
of the analysis code greatly speed up.

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

e (Calculation of transverse and longitudinal projections of impact para-
meters of tracks, with errors; calculation of the combined significance

of a track with respect to the primary vertex according to (2.15);
e Reconstruction of jets using the DURHAM clustering algorithm [87];

e Reconstruction of particle decays by assigning masses to non-muon
tracks and combining them into parent particles. The position of decay
vertex, invariant mass, and momentum of a parent particle can be
calculated by the methods provided; in this way one can reconstruct
basic B decays e.g. By — Dgyuv, B — Dn, B — J/YK, decays of
D, K, J/¢ and A,

e Constraining momenta of daughter particles from parent’s mass, which

allows to improve the mass resolution;
e Flavor tagging.

The defined observables can be stored in PAW [88] or ROOT [89] trees for

further analysis.

3.1.3 Inclusive muon skim

From the events satisfying the ORed unbiased single muon and di-muon
triggers the single muon skim was selected and stored on disk in AADST

format. The skimming requirements were [90]:

38



e Muon candidate with segments in the BC or ABC layers of the muon

system; local muon fit should converge;
e Matched central track with > 1 SMT hits and > 1 CFT hits;
o pr(u) > 1.5 GeV/e.

This combination of requirements provides the broadest selection of events

for B physics studies.

3.2 Detector-induced asymmetries

As it was shown in Section 1.2, the measurement of direct CP violation
in b — scé transition using Bt — J/¢Y KT (in b — dcc transition us-
ing BT — J/¢7") technically reduces to the measurement of the charge
asymmetry between J/¢Y K™ (J/int) and J/¢p K~ (J/¢7~) final states re-
constructed from charged B decays. The measurement of the kaon recon-
struction asymmetry using the decay D* — D°(uKwv,)m also reduces to
the measurement of the charge asymmetry, this time between (u* K~ v, )7t
and (u~K*v,)7~ coming from D**. However, the detector can introduce
apparent charge asymmetries. This happens if the detector has global or
local differences in the acceptance and efficiency for positive and negative
particles.

An example of global difference may be a forward-backward asymmetric
production of charged particles (e.g. of muons (electrons) from the decays
of asymmetrically produced W bosons), which then convolves with asym-
metric reconstruction efficiency to give an apparent charge asymmetry. Let
us consider this effect in closer detail. The dominant subprocess of W+
production in pp collisions is u + d — W™, whereas of W~ production is
u+d — W~. Since the valence u quark carries more proton momentum than
the d quark, and, moreover, there are two valence u quarks, the W+ (W ™)

should preferably be produced in the proton (anti-proton) direction. The
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Figure 3.2: Polarity reversal helps reduce systematic effects by exposing

different parts of the detector to the same flux of oppositely charged particles.

same correlation should be observed in their decay products — muons and
electrons. This effect was measured at CDF by looking at the pseudorapidity
distribution of the electrons produced in the decays of W [91]. If, in addi-
tion to the forward-backward asymmetric production of charged particles,
the detector itself is forward-backward asymmetric, we observe an apparent
charge asymmetry of the W decay products.

The local difference may arise if e.g. the tracks bending in opposite direc-
tions inside the solenoid/toroid are reconstructed with different efficiencies
due to specific distribution of the dead material.

As noted in Section 2.2, the polarities of D) magnets, those of both the
solenoid and the toroid, are regularly reversed during the data-taking. After
the magnet polarity is reversed, the same part of the detector is exposed to
the flux of particles of the opposite charge (see Fig. 3.2). So, the net effect
of the global differences in reconstruction efficiencies of positive and nega-
tive tracks cancels if we consider data samples that have equal event counts
for each toroid/solenoid polarity. In practice, however, it is not possible
or desirable to reduce the data sample collected at one polarity to bring it
in correspondence with the data sample collected at the opposite polarity.
Instead, to account for the different size of samples collected at the oppo-
site polarities and for possible detector-induced asymmetries we proceed as
follows. We divide the initial sample of events into subsamples according
to the polarity of the toroid/solenoid, (3, the particle’s direction, v (y = +1

for n > 0), and its charge, ¢. There are 23 = 8 subsamples corresponding
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to 8 possible combinations of (3, 7, and ¢. In the ideally symmetric process
measured by an ideally symmetric detector on equal amount of data at both

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

1 1

where ¢ = % is the fraction of signal events with toroid/solenoid polarity £.

Now, if the number of positively charged events differs from the number
of negatively charged events due to the physics asymmetry A (for example,
due to CP violation asymmetry) then the sizes of subsamples of opposite

charge ¢ differ proportionally:
1
ng = §N(1 + qA). (3.2)

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

the charge asymmetry:

ny —n-

A= (3.3)

ny tns
However, in the case of the asymmetric forward-backward particle produc-
tion, there may be a different number of particles of fixed sign ¢ reconstructed
in the forward (v > 0) and backward (y < 0) parts of the detector. Thus,
we will observe asymmetry between the number of events with ¢y > 0 and
gy < 0, Ayy = Ap. The number of events in subsamples will differ in

addition due to Ay
1
ny = ZN(l + qA)(1+ gvAp). (3.4)

For small asymmetries, neglecting higher orders, the system (3.4) can be

considered linear:

1

ni = Z;N(l + A+ Ap) (3.5)
1
1

ni = N(L+A=-Ap) (3.7)
1

n_ = ZN(l—A—}—Afb). (38)
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Then the solutions for A and Ay, decouple: we add (3.5) and (3.7) to solve
for A, and add (3.5) and (3.8) to solve for Ay, However, we do not know
in advance the size of detector asymmetries. So, for the sake of generality
and exactness, the system (3.4) should be solved explicitly using numerical
methods.

To complete the model, the following detector asymmetries have to be

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

e Asymmetry accounting for the change in the reconstruction efficiency
of particles of charge ¢ after toroid polarity flip. This is therefore the
asymmetry between the number of events with ¢f8 > 0 and ¢f < 0,

Ags;

e Detector north-south asymmetry accounting for the different distribu-
tion of dead material, and, therefore, different reconstruction efficiency

in the northern (v > 0) and southern (v < 0) parts of the detector,
A

¥
e Asymmetry accounting for the range-out of particles in the magnet.
This effect is most pronounced for muons in the toroid: magnetic field
pulls the muons passing close to the toroid end into the gap between
the central and the end toroid, where the reconstruction efficiency for
muons drops (see Fig. 3.3). The range-out effect is expected to be the
dominant detector asymmetry for muons due to the detector geometry.
For particles reconstructed in the tracking system inside the solenoid
(e.g. kaons) there is no range-out and the corresponding asymmetry
is expected to be negligible. As inferred from Fig. 3.3, the range-out
effect changes sign if ¢, 3, or v changes sign, so this is an asymmetry

between events with g3y > 0 and those with g8y < 0, Ags, = Ayo;

e The last asymmetry that completes the system accounts for any detector-

related forward-backward asymmetries which remain after toroid po-
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Figure 3.3: The range-out changes when the sign of either ¢, 3, or v changes.

larity flip. This is therefore an asymmetry between the events with

By >0 and By <0, Ag,.

To summarize, the number of events in eight 3vq subsamples may differ
due to the unequal number of event counts at different magnet polarities,
B £ %, to the physics charge asymmetry A, and to various detector-related

asymmetries A;. This is reflected in the following detector model:

1
ny = ;lNeﬁ(l + qA) (14 gy Ap) (1 + vAder) (1 4 87 Apy) (1 + qBAs)

X (1+874s). (3.9)

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

tries:

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

binations of particle charge, ¢, pseudorapidity, v, and magnet polarity,
B
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2. In every subsample we extract the number of signal events, nqm, by
whatever method is appropriate (mass peak fit, sideband subtraction

of the background under the peak, etc.);

3. Then we solve the system (3.9) for N, €’ and six asymmetries. In
this way we account for the difference in the signal counts at different
magnet polarities and disentangle the detector-induced asymmetries

at all orders of magnitude.

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

3.3 Measurement of the kaon charge asym-
metry using the decay D' — " K v,

As mentioned in Section 1.4.3, a sizable kaon reconstruction asymmetry
(from now on dubbed simply “kaon asymmetry”) is expected, because pos-
itive and negative kaons have different cross-section of inelastic interaction
with matter. For kaons, o(K~d) > o(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 X7 (uus) and A°(uds), but KT (su)

does not. Thus, the negative kaon asymmetry develops,

N(K-) — N(K*)

A = N(K-)+ N(K*)

< 0. (3.10)

Ay is a function of the material distribution in a particular detector, which
can be seen as follows. The nuclear interaction length of a particle in the

material is

A
~ oNup’

lo (3.11)

where A is an atomic weight of the material, p is the density of the material,
N4 = 6.02 x 10* mol™! is the Avogadro number. The loss of particles AN

in the length [ due to inelastic interactions is

AN . (3.12)
N - exp L) .
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where N is the initial number of particles, [y is a nuclear interaction length.
Let us assume that the positive and negative particles of the type i are
produced in the charge conjugate processes in the equal amount, N, and
are lost only due to the inelastic interactions with nuclei in the detector
material. Then the reconstruction asymmetry A; developing on the length
[ is:

N-— N+

N-+ N+

(N —AN-) — (N — AN")

N —AN-)+ (N — AN*)
A

(
85 - () - ().

where I, (IJ) is a nuclear interaction length of negative (positive) particle

in the material.

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

Bt — J/WK™:

N =

nq —

Neglecting higher order terms, (3.14) can be written as:

Q

NI RN RN

Ng (1+qAcp + qAk)

[1+q(Acp + Ak)]

(1+qA).

E.g. in the case of BT — J/¢Y K™ decay, A is the kaon charge asymmetry
in the J/1¢ K sample, and A is the charge asymmetry between B~ — J/¢ K~
and BT — J/¢K* as measured in the detector. The CP violation asymme-

try is therefore simply:

Acp = A — Ag. (3.15)
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3.3.1 Choice of the decay channel

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

¢ — s quark transition in the decay chain
¢c— DY = D%t D’ — w Ky, (3.16)

and in the charge conjugate process, using the muon charge as a D* flavor
tag. As shown in Section 1.4.3, it is theoretically very safe to attribute all
the asymmetry between ™K~ 7" and p~ K7~ measured in this channel to

the kaon asymmetry.

3.3.2 Event selection

The D* — D°(uvK)rw events are selected from the 2.8 fb~! sample collected
by the DO experiment in Run IT of the Fermilab Tevatron collider. The selec-
tion cuts are summarized in Table 3.1. Muons are required to have the trans-
verse momentum pr > 2 GeV/c, and to leave signal in at least two layers of
the muon system, nseg > 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 invariant mass of
the two tracks is required to be in the window 1.2 < m(uK) < 2.2 GeV/c?.
The requirement m(uK) < 2.2 GeV/c? is chosen to include the sideband
of D° peak. The requirement m(uK) > 1.2 GeV/c* suppresses the events
D — K*uv, with subsequent decay K*~ — K% ~. If a 7~ is wrongly
identified as a K, a D" candidate is formed from a muon and a pion.
The invariant mass distribution of the pum 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 contamination
from this process in the sample composition.

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 significance of the pion track

with respect to the primary vertex Sy <9

D? candidate:
mass m(ukK) 1.2 < m(pK) < 2.2 GeV/c?
The angle between the D momentum
and the direction from the primary vertex
to the D° vertex in the transverse plane COS(O&?O) > 0.9
Combined significance of the D° track
with respect to the primary vertex Spo < 16

Distance to the primary vertex

in the transverse plane L.y (D%)/o[L, (D)) >3

D* candidate:

mass difference Am = m(uKn) — m(uk) Am < 0.22 GeV/c?

Table 3.1: Summary of the event selection cuts for the D* — D(uvK)m

decay.
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Figure 3.4: The combined significance of the D® with respect to the primary
vertex for the events with 1.35 < m(uK) < 1.65 GeV/c* (“DV signal”),
and 1.90 < m(uK) < 2.20 GeV/c? (“D background”). The invariant mass
distribution of the puK system, m(uK), is shown in Fig. 3.5. The vertical

line shows the cut applied in this analysis.

the invariant mass of the uK7 system is computed and the mass difference
Am = m(uK7) — m(uK) is required to be Am < 0.22 GeV /2.

All tracks are required to have signals in both SMT and CFT and to form
a common vertex using a method described in Section 2.3.2. The primary
vertex of the pp interaction is determined for each event using the method
described in the same section. The pion track is used to determine the
axial, €?, and sterco, €, projections of the impact parameter with respect to
the primary vertex, together with the corresponding errors, o(e?) and o(€*).
The combined significance of the pion with respect to the primary vertex is

defined according to (2.15):

To reduce the combinatorial background from b decays, we require S, < 9.

The track of the D? is assumed to pass through the reconstructed vertex
and to be directed along the momentum of the K system. The combined
significance of DY, Spo, is defined similarly to (3.17). The distribution of
Spo for the events with 1.35 < m(uK) < 1.65 GeV/c? (“D° signal”), and
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1.90 < Am < 2.20 GeV/c* (“D° background”) is shown in Fig. 3.4. The
requirement on Spo is less tight, Spo < 16, since neutrinos from D° decay
escape detection and introduce an uncertainty in the D track reconstruc-
tion.

To ensure that the DY comes from the primary vertex, the cosine of
the angle between the D° momentum and the direction from the primary
vertex to the D? vertex is required to be greater than 0.9. The distance Ly,
in the transverse plain from the primary vertex to the D° decay vertex is
required to satisfy L,,/0(L,,) > 3, to ensure the selection of the long-lived
DY mesons.

The D* mesons can come from the decays of BY mesons, which are CP
asymmetric. However, only the semileptonic CP asymmetry does not vanish
when integrated over time [92]. The semileptonic asymmetry in B® mixing
is predicted theoretically at the order of 107 [93], and experimentally mea-
sured to be consistent with zero (see the review of the measurements as of
end 2007 in the HFAG report [21]). This asymmetry is diluted by the frac-
tion of the semileptonic decays in the inclusive BY — D*X sample, estimated
from [13] to be Br(B* — D*uv,)/Br(B° — D*X) < 0.24. The semileptonic
asymmetry in the selected sample is further diluted by the contribution from

decays of other b hadrons, and can be safely neglected.

3.3.3 Signal extraction

The invariant mass distribution of the puK system for all selected events
is shown in Fig. 3.5. It has a peak shifted to the lower values from the
D° mass, m(D°) = 1.86 GeV/c?, and smeared due to the neutrino from
D® — puKv which escapes detection. The D* resonance is easily observed
in the mass difference Am = m(uKn) — m(ukK), due to the cancellation of
the mass shifts from the neutrino loss (see Fig. 3.6). No charge correlations
are required at this stage.

We select signal (background) subsamples by requiring the charge cor-

99



350

events

300F

250

200F
150F
100

50

oL— Ll Ll Ll \ ‘
1.2 1.4 1.6 1.8 2 2.2

m(pK), GeV/c?

Figure 3.5: The invariant mass distribution of the K system. The wide
peak is due to the resonance from the decay D° — pKuv,, smeared by the

neutrino loss.
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Figure 3.6: The distribution of the mass difference Am = m(uKm)—m(ukK),

which allows to clearly see the resonance D* — (uKv)w.
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relations which do (do not) match the topology of the D* decay (3.16). To

select the D* signal we require:
qu - qx <0 and g, - ¢z > 0. (3.18)

To describe the combinatorial background under the D* peak, we require
qu - gk > 0. At this point we can further require g, - ¢ > 0 or g, - ¢g= < 0.

Among the three choices

4Gu-qx > 0, (3.19)
qu 9k > 0Oand g, ¢ <0, (3.20)
9 qr > 0and g, g >0, (3.21)

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

“Background 1”7 consists of the events from the sideband of the D° peak,
1.9 < m(puK) < 2.2 GeV/c?, which satisfy the charge correlation (3.18). The
Am distribution of the events in the “Background 17 is shown as a histogram
with error bars in Fig. 3.7, a), ¢), e). “Background 2” consists of the events
from the full m(uK) region, 1.2 < m(uK) < 2.2 GeV/c?, which satisfy the
alternative charge correlations (3.19)-(3.21). The corresponding Am distrib-
utions are shown as solid histograms in Fig. 3.7, a), ¢), e). On the right-hand
part of Fig. 3.7, b), d), f), the two corresponding histograms from the left
are compared by dividing and fitting to a straight line. As one can see,
requiring tracks of different charges by (3.19) and (3.20) allows a resonance
process to get through. However, requiring all three tracks to have the same
charge by (3.21) is the best way of describing the combinatorial background

in the sidebands of the D° peak, as it was expected beforehand.

From now on we call “right sign” the events selected by (3.18), and

“wrong sign” the events selected by (3.21). The m(uK) distributions for
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Figure 3.7: Am distributions in the sideband of the D° peak of Fig. 3.5. a),

c), e):

histogram with error bars — after requiring the charge correlation

(3.18); solid histograms — after requiring the charge correlations (3.19)-

(3.21) respectively. b), d), f): ratio of the two histograms, fitted to a straight

line.
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Figure 3.8: The distribution of the pK invariant mass for right sign (RS)
events, selected by ¢, - qx < 0, ¢, - ¢- > 0, and wrong sign (WS) events,

selected by ¢, - qx > 0, q, - ¢ > 0.

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

The combinatorial background under the D* peak of Fig. 3.9 is renor-
malized and sideband subtracted as follows. The sideband is chosen far from
the D* peak, in the range 0.19 < Am < 0.22 GeV/c% The signal band is
chosen from Am = 0.14 GeV/c? to the upper bound which is varied to max-
imize the signal significance S/v/S + B, where S and B are defined below.
Let N, S%S and N5 be the number of wrong sign events in the signal and
the sideband. Let N2 and N/ be the number of right sign events in the
signal and the sideband. To obtain the number of signal events in the D*
peak, we renormalize the number of wrong sign events in the signal band,
N8, to the number of right sign events in the sideband, N7, and subtract

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

NR;ig ws RS
B:WNsig 5 S:Nsig —B (322)

side
We optimize the position of the upper bound of the signal band by maxi-
mizing the significance S/+/S + B.
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Figure 3.9: The Am distribution for right sign (RS) and wrong sign (WS)

events.

Note, that the width of the Am peak, and, therefore, the optimal posi-
tion of the upper signal bound, is different in different m(ukK’) regions (see
Fig. 3.10). Therefore, using just one common upper bound would result in
the loss of significance. To avoid this, we divide the range 1.2 < m(uK) <
1.9 GeV/c? in seven equal bins, and investigate the dependence of the sig-
nal significance on the position of the upper signal bound in each bin (see
Fig. 3.11). Using the optimal upper signal bound in every m(uK) bin, we
determine S according to (3.22) separately in seven m(ukK') bins. The to-
tal number of signal events is obtained by summing the numbers S over
seven m(pK) bins. The total number of background events is obtained by

summing the numbers N over seven m(uK) bins.

3.3.4 Solving the detector model

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

A between the D** — DY(u*K~v,)r" and D*~ — bo(/fKJTu)ﬂ_ events
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Figure 3.10: Signal distribution (solid line) and background distribution
(dashed line) for different m(uK) bins. The background distribution is
rescaled to fit the tail of the signal distribution for visual clarity. The side
band is chosen in the range 0.19 < Am < 0.22 GeV/c*. The signal band
is defined from Am = 0.14 GeV/c? to the optimal cut (vertical line) which
maximizes the significance S/v/S + B, where S and B are defined in the

text.
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Subsample ng g’

Byq (Signal, events) (Backgr, events)
+++ 331,060 & 839 32,267 4 179
NI 348, 247 + 870 34,216 + 185
++ - 358,092 £ 880 34,278 £185
+ - — 332,842 4+ 836 31,661 £ 178
-+ + 345,522 £ 870 35,622 =189
- —+ 323,732 £ 827 32,456 £ 180
L 337,379 £ 842 32,698 + 180
- —— 356,122 £ 874 35,011 £ 187

Table 3.2: The numbers of D* events né” in eight subsamples for the signal

and the background. Nominal definition of the background according to

(3.21) is used.

106




Signal Backgr
N 2,733,000+ 2,000 268, 200 £ 500
et 0.5014 £ 0.0004 0.4938 £0.0010
A —0.0131 £ 0.0009 0.0034 £0.0019
App —0.0006 £ 0.0009 0.0029 £ 0.0019
Adet 0.0042 £+ 0.0009 0.0057 £ 0.0019
Ao —0.0304 £ 0.0009 —0.0374£0.0019
Ayp 0.0048 +0.0009 0.0009 £ 0.0019
Ag, 0.0014 £+ 0.0009 —0.0005 £ 0.0019

Table 3.3: The physics and detector asymmetries for the D* and the back-

ground events (MINUIT output). Uncertainties are statistical.

using muon charge as a D* flavor tag. According to the method described in
Section 3.2, the event sample is divided into eight subsamples, corresponding
to all possible combinations of the toroid polarity g = 41, the sign of the
muon pseudorapidity v = +1, and the sign of the muon charge ¢ = £1, see
Table 3.2. The number of events in the D* peak and in the combinatorial
background under the peak is obtained in each subsample by the sideband
subtraction method described in the previous section. The extracted num-
bers of D* events are used to disentangle the detector-induced asymmetries
by solving Eq. (3.9) using MINUIT [94]. The results are presented in Table
3.3, separately for the D* events and the background. We see that the mea-
sured charge asymmetry of D* events, A = —0.0131 + 0.0009, is negative as
expected. Also, the largest detector asymmetry for both the D* signal and
the background is the range-out asymmetry A,,, as expected. Note, that
the charge asymmetry in the combinatorial background, 0.0034 4 0.0019,
deviates from zero by not more than two standard deviations.

For the cross-check, the analysis is repeated with background selected by
(3.20), see Tables 3.4 and 3.5. Note, that the charge asymmetry calculated

with alternative background differs from the nominal value, —0.0131, by
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Subsample ng K 7157
Bvq (Signal, events) (Backgr, events)
+ o+ 357,195 + 776 40,279 + 201
+ -+ 376,141 £ 802 41,121 £ 205
++ - 386,439 £ 812 42,055 £ 205
+ — — 358,612 £ 774 38,730 £ 197
R 373,622 £ 802 44,064 £ 210
- —+ 349, 229 4+ 766 40,013 £ 200
— 4+ — 363, 460 £ 780 39, 883 + 200
- —— 384,024 £ 807 43,158 £ 208

Table 3.4: The numbers of D* events ng”’ in eight subsamples for the signal

and the background. The background is defined according to (3.20).

Signal Backgr
N 2,949,000 = 2,000 330,300 £ 570
et 0.5014 4 0.0004 0.4942 4+ 0.0009
A —0.0123 £+ 0.0007 0.0082 £ 0.0017
App —0.0005 % 0.0007 0.0061 +0.0017
Ader 0.0044 + 0.0007 0.0069 +0.0017
Ao —0.0311 +0.0007 —0.03774+0.0017
Ags 0.0048 + 0.0007 0.0021 +0.0017
Ag, 0.0009 % 0.0007 0.0026 +0.0017

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

ground events, background selected by (3.20). Uncertainties are statistical.

108



No Mode Br, %

1 ut K- v 3.51 +£0.11
2 (Km0 0.72 £ 0.05*
3 pt K (K77 )v see text

4 ptrry 0.28 £ 0.02
5 wrp (m 70w 0.19 £ 0.04

Table 3.6: D* sample composition: contributing D° decay modes.

*Br(p"K* (K 7%)v) =1/3Br(p™K*v).

only +0.0008. This difference is assigned as a systematic uncertainty from
the background description. Note also, that there is a significant charge
asymmetry, 0.0082 £ 0.0017, in the background selected by (3.20). This is
not surprising, since, as already shown, (3.20) does not provide the best
description of the combinatorial background, and some charge asymmetric

signal can penetrate.

3.3.5 Sample composition

The measured charge asymmetry of D* events is A = —0.0131 + 0.0009. It

is related to the kaon asymmetry Ax via

where fx is a fraction of modes with a kaon in the final state, f, is a
fraction of modes with a pion in the final state, which contribute since a
pion may be misidentified as a kaon. The branching fractions of the leading
D° decay channels are taken from PDG [13] and listed in Table 3.6. Modes
1 and 2 constitute a signal, modes 3-5 are included into background. The
contribution of the decay putK* v, where K*~ subsequently decays into
K%r~, and a pion is misidentified as a kaon, is suppressed kinematically for
m(puK) > 1.2 GeV/c% The remaining contamination is estimated as follows.

Using a part of available statistics corresponding to approximately 1M
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Figure 3.13: The distribution of the invariant mass of the Kg¢m system in
the signal region of the whole m(uK) range, 1.2 < m(uK) < 1.9 GeV/c2.

The fit function is explained in the text.
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the signal regions of seven m(uK') bins shown in Fig. 3.10. The fit function

is explained in the text.
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of D* events, we reconstruct a K*~ decay in the channel K*~ — K%,
K° — Kg — n"r~ (and the charge conjugate). From the remaining tracks
in the event, we select two forming a secondary vertex. We assign the masses
of pions to the tracks, and require the invariant mass m(77) in the window
around the Kg mass, 0.460 < m(7m) < 0.525 GeV/c? (see Fig. 3.12). The
K candidate is constructed from the two pions. Its trajectory is assumed to
pass through the K¢ decay vertex, and to be directed along the reconstructed
momentum of the two-pion system.

The kaon candidate in the uK 7 system is assigned a pion mass, and the
invariant mass of the Kgm system, m(Kgm), is calculated. The K* — Kg7m
signal in the signal band of the whole m(uK) range, 1.2 < m(uK) < 1.9
GeV/c?, is shown in Fig. 3.13. The same K* — Kgr signal, split into seven
m(uK) bins of Fig. 3.10, is shown in Fig. 3.14.

To extract the K* — Kgr signal, we fit the m(Kgnr) distributions in
Fig. 3.14 using a single Gaussian for the peak, and a third order polynomial
for the background. From the fit in the whole m(uK') range (see Fig. 3.13),
we determine the width of the K™ peak: 0 = 24.742.2 MeV. We fix the width
of the K* peak to its central value, 24.7 MeV, during the fit in seven m(uK)
bins. The seven peaks in Fig. 3.14 contain a total of 1639 K* — Kgm events.
So, the measured fraction of the decay D° — pt K* v, with K*~ — K,
K’ — Kg — 7wtm~ (and the charge conjugate) in our signal is around
0.16%. We have to convert this number into the actual fraction of the
DY — ptK* (K% )y, decay. We take into account that the fractions of
Kg and K, state in K" are 0.5 each, and from [13] we learn that Br(Kg —
7mm) = 0.69. Also, the reconstruction efficiency of the Kg — mm decay at
D@ is conservatively estimated at the level of 30% [95]. Finally, we estimate
the fraction of the D* — ptK*~(K°r )y, decay in the D* sample to be
1.6%. We assign a conservative uncertainty of +1.6% to this number.

The modes 2 and 5 containing intermediate states are assumed to be

reconstructed with an efficiency 50%, to which we assign a conservative 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 3.6, and tak-
ing into account the 1.64+1.6% contribution from the decay u™K*~ (K7~ )v,
we estimate the signal fraction to be fx = 0.90 £ 0.04, and the background
fraction to be f; = 0.10 4 0.04.

To estimate the pion reconstruction asymmetry A, in (3.23), we proceed
as follows. The interaction cross-sections of positive and negative pions with
matter differ by (1.3£0.3)% in the range 1-2 GeV/c [96]. We estimate A,
assuming a pion crosses 5 cm of pure beryllium on its way through the
tracking system (which is an overestimate, see the description of SMT in
Section 2.2.1). From [96] we take o(n*d) ~ 70 mb. We vary this number
by 1%, and from (3.13) obtain the upper limit on the pion reconstruction
asymmetry A, < 0.0002. Thus, we neglect the term fr A; < 2 x 107° in
(3.23), and correct the measured kaon asymmetry for the sample composition

as

_4
I

So, the corrected kaon asymmetry is Ax = —0.0145+£0.0012(stat.). Varying

Ak (3.24)

the reconstruction efficiency of the modes 2 and 5 by —50%, we obtain
a signal fraction ff}m% = 0.91. The corresponding variation of the kaon
asymmetry is AAI_(%% = —0.0002. Varying the reconstruction efficiency of
the modes 2 and 5 by +50%, we obtain a signal fraction f;E’O% = 0.89.
The corresponding variation of the kaon asymmetry is AA}?O% = +0.0002.
Finally, we assign a symmetric systematic uncertainty of AAx = +0.0002

from the sample composition.

3.3.6 Systematic uncertainties

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

of the sideband in Am is determined by varying the sideband limits, and
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Source AAg

Choice of the sideband in Am —

Background description 0.0008
Sample composition 0.0002
Total 0.0008

Table 3.7: The systematic uncertainties on Ag.

is found to be negligible. The systematic uncertainty from the background
description is estimated by using different background selection, (3.20) in-
stead of (3.21). The sideband subtraction according to (3.22) is repeated,
and the detector model (3.9) is solved. The result is shown in Table 3.5.
The corresponding variation of the kaon asymmetry is +0.0008. We assign
a symmetric systematic uncertainty, £0.0008, from this source. The system-
atic uncertainty caused by the uncertainty of the sample composition (see
previous section) is found by varying the reconstruction efficiency 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 above con-
tributions in quadrature. Finally, the kaon asymmetry in the D* sample is

found to be Ax = —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 to measure the
kaon asymmetry Ay in any sample of events with a single kaon in the final

state. For this we should:

1. Find as many observables as possible which the kaon asymmetry de-

pends on;

2. Convolve the kaon asymmetry dependence measured in the D* sample

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

sample.
We consider the potential dependencies of Ax on:

1. Kaon momentum pg, since the inelastic cross-sections of K+ and K~

have a complicated dependence on p, see [13];

2. Kaon direction in the detector, 0k, due to the following. According to

(3.13),

o () e (1) a9

In order to be reconstructed, a kaon should traverse the whole SMT
and at least two inner-most CFT layers (see Table 3.1). From Fig. 3.15,
assuming the distribution of the material in the detector is homoge-

nous,

R
[ — 3.26
sin QK ’ ( )
where R is the total thickness of the material traversed by a particle
emitted at ¢ = 7. R is of order of several cm, the typical nuclear
interaction length is of order 100 cm, so R <[5 holds, and (3.25) can

be approximated to:

1 (1 1\ 1 1
Agr~—=R[—— =) —— . 2
K 2R<zo— zg)sineK“ Sin 0y (3:27)

To obtain the dependence of the kaon asymmetry on the kaon momen-

tum, Ag(pk), we repeat the procedure of Section 3.3.3 in eight px bins of

approximately equal statistics. The corresponding values of kaon asymme-

try, corrected for the sample composition, are shown in Table 3.8 and plotted

in Fig. 3.17. We observe an overall decrease of the kaon asymmetry with
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CFT = .ﬁ 5

SMT /<5K IR

Figure 3.15: The 6 dependence of the length of the kaon trajectory in the

tracking volume.

pr bin, GeV/c Ax
| (0.7,1.7) —0.0275 £ 0.0037
2 (1.7,2.4) —0.0191 £ 0.0031
3 (2.4,3.2) —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 > 11.5 —0.0091 £ 0.0027

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

mentum, pg, of approximately equal statistics. Errors are statistical.
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Figure 3.17: The dependence of the kaon asymmetry, A, on the kaon

momentum, pg, in eight bins of approximately equal statistics. Errors are

statistical.

Pk, which corresponds to the decreased difference between the nuclear cross-
sections o(K~d) and o(K*d) at px ~ 10 GeV/c (see Fig. 3.16 reproduced
from PDG [13]).

The measured dependence of the kaon asymmetry on 1/sin g is shown
in Fig. 3.18. The value of 1/sinfx = 3.0 corresponds to n ~ 1.7, close
to the boundary of the CFT acceptance. The range 1.0 < 1/sinfx < 3.0
contains 97% of the full event statistics. The expected dependence (3.27) is
not observed, most probably due to the high inhomogeneity of the mater-
ial distribution in SMT and CFT. Because it is impossible to conclude on
the character of the dependence in Fig. 3.18, this is considered flat for the

purposes of this analysis.

3.3.8 Results and Conclusions

Using the event sample of approximately 2.7M of decays D* — D%(u* K~ v,)n*

(and the charge conjugate) we perform the measurement of the kaon recon-

struction asymmetry in D@ detector. We investigate the possible depen-
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Figure 3.18: The dependence of the kaon asymmetry, Ag, on 1/sinf.

Errors are statistical.

dences of the kaon reconstruction asymmetry on the absolute value of the
kaon momentum and on the direction of the kaon in the detector. We ob-
serve a pronounced dependence on the kaon momentum (see Table 3.8 and
Fig. 3.17). No significant dependence on the kaon direction is seen (see
Fig. 3.18). The dependence shown in Fig. 3.17 can be used for precise mea-
surements of the kaon reconstruction asymmetry in the samples with a single
kaon in the final state, which then can be taken into account in CP violation

measurements using (3.15).

3.4 Measurement of direct CP violation in

b — scc and b — dcc quark transitions us-
ing B" — J/¢Y K" and BT — J/¢Ynt decays

According to Section 1.4.1, direct CP violation asymmetry in Bt — J/i K™

decay is defined as:

v N(B~ = J/WK) = N(B" — J/YK")
Aforcr = N(B- — J/WK=)+ N(Bt — J/{HK+)’ (3:28)
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Figure 3.19: The invariant mass distribution of the two-muon system.

In the BT — J/¢¥ K™ decay, there is a single kaon in the final state, so the
measured charge asymmetry between B~ — J/¢ K~ and BT — J/Y KT,

A(J/yK) includes both A?%K+ and the kaon reconstruction asymmetry
Ak (J/YK). According to Section 3.3,

Afruer = AU/WK) — A (J/YK). (3.29)

Direct CP asymmetry in b — dcé manifests itself as (see Section 1.4.2):

gir _ N(B~ = J/Yr7) = N(BT = J/yr)
Alfoms = N(B= — J/ym=) + N(Bt — J/imt)’ (3:30)

3.4.1 Event selection

The selection requirements are summarized in Table 3.9. The B™ meson is
reconstructed in the exclusive decay BT — J/Y K™ with J/v decaying to
w . Each muon is required to leave signal in at least two layers of the
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 tracking system
with at least two measurements in the SMT, and a transverse momentum

Pl > 1.5 GeV/c. At least one of the two muons is required to have matching
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Quantity Cut

Muons:
nseg(p) and nseg(ps) > 1
nseg(p1) or nseg(u2) >2
Transverse momentum > 1.5 GeV/c
#hits in SMT > 1
J/v candidate mass 2.80 < m(J/v) < 3.35 GeV/c?

Hadronic track:

Transverse momentum > 0.5 GeV/c
Total momentum > 0.7 GeV/c
#hits in SMT > 2

3-track system:
Vertex fit y? < 16 for 3 d.o.f.
The transverse projection of BT decay
length divided by its error L,,(B%)/o[Ly,(B")] >3

Combined significance of the BT

with respect to the primary vertex < 40

Table 3.9: Summary of the event selection cuts for the BT — J/u(up) K+

decay.
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track segments both inside and outside the toroidal magnet, nseg > 2. The
two muons have to form a common vertex and to have an invariant mass
between 2.80 and 3.35 GeV/c?, to form a J/1 candidate (see Fig. 3.19).
An additional charged hadronic track with pr > 0.5 GeV/c, with total
momentum p >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 is required to
have a common vertex with the two muons, with y? < 16 for 3 degrees of
freedom. The primary vertex of the pp interaction is determined for each
event using the method described in Section 2.3.2. The transverse projection
of the BT decay length calculated from the primary vertex is required to
exceed 3 standard deviations.

From each set of three particles fulfilling these requirements, a B* can-
didate is constructed. The J/t¢ mass constraint is applied to improve the
precision of the measured muon momenta. The trajectory of the B is as-
sumed to pass through the reconstructed vertex and to be directed along
its momentum. The reconstructed track of the B* is used to determine the
axial, €?, and stereo, €, projections of the impact parameter with respect to
the primary vertex, together with the corresponding errors, o(€?) and o(€?).
Since the BT track should originate from the primary vertex, the combined

significance of the Bt with respect to the primary vertex,

is required to be less then 40. The distribution of the invariant mass of the
J/YK system after the described selection is shown in Fig. 3.20.

The obtained event samples were used to construct the final selection
of Bt — J/¢ K™ using the likelihood ratio method described below. It is
assumed that a set of discriminating variables can be constructed for a given
event. It is also assumed that the probability density functions f*(z;) for

the signal and f°(z;) for the background can be built for each variable x;.
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Figure 3.20: Distribution of the invariant mass of the m(.J/¢ K') system after

applying the cuts of Table 3.9.

The combined tagging variable y is defined as

y=[lv: w flai) (3.32)

Pl YT )

A given variable x; can be undefined for some events. In this case the

corresponding variable y; is set to 1. The selection of the signal is obtained
by applying the cut ¥ < ¥maz-

The following discriminating variables are used:

e Minimal transverse momentum of the two muons, p7"™";

e Transverse momentum of the kaon, p¥;

e Isolation of the J/¢¥ K system, computed as

P (J/YK)
ptot(J/wK) + Zpgot ’

Isolation =

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

V(Ap)?2 + (An)?2 < 0.5, and A¢ and An are the pseudorapidity and
the azimuthal angles with respect to the J/¢ K direction. The mo-
menta of final state particles (the two muons and the kaon) are not

included in the sum,;
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e The transverse projection of B decay length divided by its error,

Lay/0(Lay);
e The y? of the B decay vertex, defined in Section 2.3.2;

e Combined significance of the BT with respect to the primary vertex

defined in (3.31);

e Combined significance of the kaon with respect to the primary vertex

defined similarly to (3.31).

The probability density functions both for signal and background are ob-
tained from the data (see Fig. 3.20). The signal band is defined as 5.19 <
m(J/YK) < 5.34 GeV/c?, and the background band is defined as 4.98 <
m(J/YK) < 513 GeV/c? or 540 < m(J/¢YK) < 5.55 GeV/c?. The back-
ground probability density function for each variable is constructed using the
sum of events in the two background bands. The signal probability density
function is constructed by subtracting the background distribution 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. Fig. 3.24 shows
the distribution of the combined tagging variable defined by the equation
(3.32). N(tot) is defined as the integral of the m(J/¢¥K) distribution over
the signal band. N(signal) is defined as the integral of the m(J/¢¥ K) distri-
bution over the signal band after the background subtraction. For the final
selection of the BT — J/¢ K™ decays, the cut log;qy < —0.16 is applied.
With this cut the ratio N(signal)/+/N(tot) is very close to maximum, as
seen from Fig. 3.25. The resulting distribution of the invariant mass of the

J/WK system is shown in Fig. 3.26.

3.4.2 Signal extraction

To extract the event yields of the Bt — J/¢Y KT and BT — J/¢n" decays,

we perform a multi-dimensional unbinned log-likelihood fit of the distribu-
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Figure 3.26: The distribution of the invariant mass of the J/¢¥K system
after the final selection using the likelihood ratio method described in the

text.

tion of m(J/¢¥K) to the sum of the following contributions:

The BT — J/¢Y K™ decay;

e The reflected mass peak from the BT — J/¢nt decay. This peak
allows to measure direct CP asymmetry in b — dc¢ using the BT —

J/prt decay;

e The BT — J/¢pKTX decays, where KX stands for the decay prod-

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

The fitting range is chosen to be 4.98 < m(J/YK) = m < 5.76 GeV/c? to

ensure a stable description of the background under the peak. The corre-
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sponding likelihood function is:
N
0% = H (0] [ﬁl Gaussj/¢K(mB, Jp, m) + 52 Gaussj/¢ﬂ(mB7R, OB,R, m)
i=1

+ 5 Threshold j/yx x (m)] + [1 — a(B1 + B2 + B5)] Exppra(m).
(3.33)

The index ¢ runs from 1 to the number of B candidates N. The expected

shape in m for the J/¢) K™ contribution is a single Gaussian:

a ( ) 1 1 (m—m3>2
auss mg,0g, M) = exp| —=| — ,
J/yk\MpB, 0B or o p 5 on

where mp and op are the position and the width of the J/¢ KT mass peak.

The shape in m for the J/¢7* contribution is also a single Gaussian:

1 1 /m-— 2
Gauss/yz(mpr,0pr,m) = ————=—=exp [ —= (w) ,(3.34)
OBR 2T 2 OBR

where the position of the reflected peak, mpgg, is defined assuming that the

hadronic track is a kaon with momentum p and energy Fx = \/m:
myp = (B + Ex)? — (pysp +0)°. (3.35)

m%p, is shifted relatively to m% towards higher values due to the following.

The BT — J/¢nt mass peak is centered at mp:
mp =m%u. = (Espg + Ex)* — (0w +0)°, (3.36)

where E, = /p?>+m2. However, if the pion is wrongly assigned a kaon

mass, the invariant mass distribution becomes centered at

myp = (B + Ex)? — (pyjy + )%, (3.37)
which is shifted relative to m% by

myp —my =2E;,(Ex — Er) +mi —m2 > 0. (3.38)

Note, that the position of the reflected peak depends on the kinematics of
a particular event defined by the energy of the di-muon, Ej/y,, and of the

kaon candidate, F.
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Figure 3.27: The m(J/¢K) distribution obtained using Monte Carlo simu-
lation of Bt — J/¢YK*(K*X) and BT — J/¥K;(1270)(K*X) events. The

fit is a threshold function described in the text.

The shape in m for the Bt — J/Y KX decays is determined using
Monte Carlo simulation, which includes dominant modes BT — J/¢YK*(K*X)
and BT — J/¢YK;(1270)(K*X) [13]. The pp collisions were generated in
Pythia and passed to EvtGen for decay. The listing of the EvtGen de-
cay file can be found in Appendix 3.4.7. The m(J/¢K) distribution in the
Bt — J/YK*X decays is shifted relative to the B mass peak to the lower
masses due to the unreconstructed system X (see Fig. 3.27). The part of
the J/¢ K peak in the range 4.80 < m < 5.30 GeV/c? is parameterized as a

threshold function of an arbitrary normalization N:
Threshold j/yx x (m) = N (arctan(p; (m — ps2)) + ps) . (3.39)

We assume the peak to vanish at m = 5.30 GeV/c?. The parameters of the
threshold function are determined from the fit in Fig. 3.27, and are fixed to
their central values during the unbinned fit of the m(J/yK).

The shape for the combinatorial background is an exponential with a

slope SBKgi

m
Exppra(m) = Cpreexp <— SBKG) ; (3.40)
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where Cpg¢ is a constant normalizing Exp g to 1.

The fractions of different processes depend on the kinematic properties
of the event defined by the energy of the di-muon system, Ej/,, and of the
kaon candidate, Ex. The kinematic difference between Bt — J/¢ K™ and
Bt — J/yr" decay is small, so both fractions are assumed to have the
same dependence on Fx. From Monte Carlo study we also find that the
distributions of the kaon momentum, pg, and correspondingly kaon energy,
Ex = \/m% + p%, in the BY — J/YK*X and Bt — J/YK* decays are
well within statistical errors (see Fig. 3.28). So, the fractions of the J/¢Y K,
J/¢m, and J/1pKX signals are assumed to have the same dependence on

Ex, which is parameterized by:

1+ a B5=2 4 ay (B£=3)? if Bie < 3 GeV,

o= 1+ ay8= if 3 < Ex <10 GeV, (3.41)
1+ a if B > 10 GeV,

with parameters a; to be determined from the fit. The parameterization
(3.41) is chosen “by eye”, observing how the m(J/¢K) spectrum looks at
different Ex. FEx is measured in GeV, and parameters a; are considered
dimensionless. The parameterization (3.41) is scaled by different factors /3,
Bs, and [3 for the J /¢ K, J/¢m, and J/¢¥ KX contributions respectively, see
(3.33). The factors are to be determined from the fit.

At high energies both the mass peak resolution and the fraction of the
combinatorial background increase. The change in the resolution of the B

mass peak at high Ey is parameterized by:

‘030 (1 + 51% + b (%)2)‘ if Fg <10 GeV, (3.42)

op =
|O'BO (1 + by +b2)| if EFx > 10 GeV,

with parameters ogy and b; to be determined from the fit. The parameter-
ization (3.42) is chosen “by eye”, Ex is measured in GeV, and parameters
b; are considered dimensionless. For small shifts of the reflected .J/¢m peak

from its nominal position, the resolution is assumed to scale linearly with
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Figure 3.28: Distributions of BY — J/¢ K+ and BT — J/¢YK*X have

similar dependence on pg.

the mass of the reflection:

MpBR
mp '

OBR = 0B

(3.43)

The change in the background slope at higher Ex is parameterized by:

SBKGO (1 + C1E1—IO‘ + ¢ (El—g)2> if B <10 GeV,

SBKG = (3.44)

Sprao (14 c1 + o) if B > 10 GeV,
with parameters Sgrao and ¢; to be determined from the fit. The parame-
terization (3.44) is chosen “by eye”, E is measured in GeV, and parameters
¢; are considered dimensionless. As event count at high energies drops, in
(3.41), (3.42), and (3.44) we parameterize o, 05, 0ggr, and Spx¢ as constants
for g > 10 GeV.

The result of the fit is shown in Fig. 3.29. The corresponding optimal
values of the fit parameters, for energy of the kaon candidate measured in
GeV, are listed in Table 3.10. The number of events in each channel is
summarized in Table 3.11. Note, that as both J/¢Y K and J/¢m signals fall

into the mass fit window, we should expect

N(B* — J/¢n")  Br(BT — J/¢n")

N(B+ — J/¢YK+) ~ Br(Bt — J/YK+) (3:45)
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Figure 3.29: Result from the unbinned fit of invariant mass distribution of

the J/¢ K system.

where Br(BT — J/YK™) [Br(BT — J/¢nt)] are the branching fractions of
the corresponding decays as reported by PDG [13]. Indeed, from Table 3.11
we obtain N(BT — J/¢n™)/N(BT — J/¢K*) = [3.92 4+ 0.30(stat)] x
1072, which is confirmed by PDG: Br(B*™ — J/¢7")/Br(BT — J/YK*) =
(4.86 4 0.62) x 1072. However, this is not the case with the J/¢ KX decay,
which falls only partially into the mass fit window. Besides, other B —
J/1 X decays which may contribute to the J/¢K X final state in the mass
fit window create an uncertainty on the J/¢K X contribution. We account
for the uncertainty of the J/¢K X 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 N(B* — J/¢yK*)
and N(B* — J/yn*) are extracted from the normalization of the B* —

J/YK* and reflected BT — J/¢7r* peaks of Fig. 3.29. To disentangle pos-
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parameter value

J/YK peak parameters:

mgo GeV/c? 5.2728 £ 0.0003
0Bo GeV/c? 0.0245 £ 0.0005
by — 2.0908 £ 0.1522
bo — —0.3830 £0.1178

signal fraction parameters:

B — 0.5136 = 0.0025
B2 — 0.0205 £ 0.0016
B — 0.0693 £ 0.0027
ay — —0.3799 4 0.0898
o — —1.0975 £ 0.1436
as — —0.01424+0.0187

background parameters:

SBKGO GeV/02 0.5223 +0.0266
c1 — —0.9571 £ 0.0921
Co - 0.9600 £ 0.0902

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

Channel #events
JIVK 40,222 + 242
J /Y 1,578 119
JIVKX 5,429 + 217
Combinatorial Bkg 33,192 £425
Total 80,422

Table 3.11: Result from the unbinned fit shown in Fig. 3.29: number of

events in each channel.
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sible detector effects, the procedure described in Section 3.2 is used. As the
whole tracking is performed inside the solenoid, the initial sample is divided
into eight subsamples corresponding to eight combinations of the solenoid
polarity, kaon pseudorapidity, and kaon charge. The invariant mass distri-
bution of the J/¢¥K system in every subsample is fitted using (3.33). The
number of events in the J/¢Y K, J/¢m, and J/¢KX channels, and in the
combinatorial background, extracted from the fits in eight 3vqg subsamples,
are shown in Table 3.12. During the fits in the subsamples, all the parame-
ters of the mass model (3.33), apart from the fraction of the J/¥ K decays,
B1, the J/iym decays, (B, and the J/¢ KX decays, (s, are fixed to the values
determined from the fit in the whole sample (see Table 3.10).

To extract the asymmetries in the signal channels, J/¢ K and J/¢m, the
master equation (3.9) is solved with common e*. The resulting asymmetries
are shown in Table 3.13. The measured charge asymmetry in the J/¢K
channel is A(J/¢K) = —0.0070£0.0060(stat), and that in the J/¢7 channel
is A(J/ym) = —0.0887 + 0.0807(stat).

Note, that the number of J/17 events fluctuates considerably among the
[ryq subsamples (see Table 3.12). Therefore, the asymmetry measured in this
channel is subject to high systematic uncertainty due to fitting procedure.
The number of J/¢YK X events also undergoes fluctuations, although at a
lower level. The statistical fluctuations between the §vq subsamples in any
particular channel may influence the asymmetries determined in this and
other channels. This effect is accounted for in the systematic uncertainty

from the mass model parameterization.

3.4.4 Kaon asymmetry in the J/¢K sample

The kaon asymmetry in the J/¢ K sample is found by convolving the mo-
mentum dependence of the kaon asymmetry measured in the D* sample (see

Table 3.8) with the probability distribution function of the kaon momentum
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Bvq JIYK J/pm JIVKX Combinatorial Bkg
+++ 5,104£87 337 +44 692+ 77 4,079+ 151
+ -4+  5,1314+87 222 442 689 £+ 78 4,170 £ 151
++ = 4,999£85 212440 767+ 76 3,978 +£ 149
+—— 5,098 £86 144 4+ 38 523 £ 77 4,395+ 150
—++  4,973£86 158 41 578 £ 78 4,397+ 151
——+  5,039£86 127+ 39 663 + 78 4,281 £ 150
—+ - 4,965+£85 242+ 41 794+ 76 3,880 + 148
——— 4,906+ 84 138 + 39 724 +75 4,006 £ 147
Total 40,222 + 242 1,578 2119 5,429+ 217 33,192 4425

Table 3.12: Number of events in the J/Y K, J/¢r, and J/¢ KX channels,

and in the combinatorial background, in different $vq subsamples.

J/WK J/om J/WKX Combinatorial Bkg

N 40,217 4243 1,577 £ 118 5,433 + 217 33,189 +£424
€ 0.5060 +£ 0.0030 0.4912 4+ 0.0206 0.5010 £ 0.0064
A —0.0070 £0.0060  —0.0887 4 0.0807 0.0294 4+ 0.0411 —0.0205£0.0128
Ay 0.0013 £ 0.0060 0.0453 4+ 0.0890 0.0756 £ 0.0409 —0.0170£0.0128

Adet —0.0033 = 0.0060 0.2061 £ 0.0826 0.042540.0411 —0.0158 £0.0128
Agpy®  —0.005040.0060 —0.0207 £0.0873 0.0186 +0.0412 —0.0024 £0.0128
Ay 0.0001 +£0.0060  —0.1896+£0.0823  —0.0719+£0.0410 0.0274+0.0128
Agy —0.0030 £ 0.0060 0.0499 = 0.0801 0.0540 +0.0411 —0.0145£0.0128

Table 3.13: Physics asymmetry A and detector asymmetries for different
channels after solving the system (3.9). The number of events in the J/¢Y K
and J/1¢7 channels are fitted to (3.9) simultaneously with common €.

* corresponds to the range-out asymmetry, negligible in the solenoid.
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in the J/¢¥ K sample:

Ni(J/¢YK)
N(J/YK)

Here the sum runs over pg bins, Ag; is the kaon asymmetry measured in

x(J/VK) = Z AR T oTe) (3.46)

the D* sample in the i-th pg bin of the Table 3.8, N;(J/¢K) is the number
of J/¢K events in this bin, and N(J/¢K) is the total number of J/¢Y K
events, reported in Table 3.11. The numbers of J/¢K events in px bins,
Ni(J/YK), are determined from the unbinned log-likelihood fit in each px

bin using the likelihood function (3.33) (see Fig. 3.30). We measure:
Ag(JJYK) = —0.0147 £ 0.0012(stat). (3.47)

The statistical uncertainty on Ag(J/9¥K) is calculated by propagating the
statistical uncertainties on Ay ; (see Table 3.8), N(J/¢K) (see Table 3.11),
and N;(J/YK) (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 momentum bins
introduces a systematic bias. The convolution is repeated with four bins
of equal statistics instead of eight. The deviation from the nominal value,
AAg(J/YK) = +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. Finally:

A (J/YK) = —0.0147 £ 0.0012(stat.) & 0.0016(syst. ). (3.48)

3.4.5 Systematic uncertainties

The systematic uncertainties on A%%K+ and Aj‘ﬁ.%ﬁ originate from the
systematic uncertainties on the measured charge asymmetries, A(J/¢YK)
[A(J/¢m)]. In addition, the systematic uncertainty on A%’/Tw -+ has a con-
tribution from the systematic uncertainty on the kaon charge asymmetry,

Ak (J/YK) (see previous section). All contributions are summarized in

Table 3.14.
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Figure 3.30: Momentum distribution in the B — J/¢ K sample, defined as

the number of events in the J/¢¥ K peak versus the kaon momentum bin,

using the same bins in which the kaon asymmetry is measured (see Section

3.3).
Source AA%’" K AAC}%ﬁ
410 variation of the parameters
fixed during the fit in Gvq subsamples 0.0002 0.0004
Choice of the fitting range 0.0004 0.0129
Likelihood parameterization
of the J/¢m and J/Y 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 on A%Tw o+ (Aii/rwﬁ)'
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Model variation A(J/YK) A(J /) A(J/WKX) A(Bkg)
1 J/WKX dropped ~0.0082  —0.1139 - ~0.0103
2 A(J/yr) — A(Bkg) —0.0070  —0.0249 0.0421  —0.0240
3 A(JJYKX) — A(Bkg)  —0.0085  —0.1039  —0.0095  —0.0097
4 ATfgm), AUTJUEX)
. A(Bkg) ~0.0095  —0.0123  —0.0121 ~0.0121

Table 3.15: A(J/¢K): the systematic effect from the mass parameteriza-

tion. The nominal value of A(J/¢¥K) is —0.0070. The maximal variation is

—0.0025.
Model variation AJJWK)  A(J/yr)  A(J/YKX)  A(Bkg)
1 J/WKX dropped —0.0082 —0.1139 - ~0.0103
2 A(J/YK) — A(Bkg) —0.0111 —0.0725 0.0081 ~0.0109
3 A(J/YKX) — A(Bkg) ~0.0085 ~0.1039 ~0.0095 ~0.0097
4 A(JWK), A(J/YKX)
— A(Bkg) —0.0094 —0.0807 —0.0090 —0.0093

Table 3.16: A(J/v¢m): the systematic effect from the mass parameteriza-
tion. The nominal value of A(J/¢7) is —0.0887. The maximal variation is

—0.0252.
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There are two sources of the systematic uncertainty on A(J/¢YK) [A(J/¢m)]:

the one coming from the unbinned fit procedure, and the one from the pa-
rameterization of the invariant mass distributions of the J/¢m [J/¥ K] and
J/YKX decays. The uncertainty from the unbinned fit procedure is esti-
mated as follows. Some parameters of the fits in G~q subsamples are fixed to
the values determined from the fit in the whole sample, listed in Table 3.10.
To determine corresponding systematic uncertainties on Af‘;% o+ and A?%ﬁv
we vary these parameters by 10 in all possible combinations, repeat the fits
in Bvq subsamples using (3.33), and extract asymmetries using (3.9). We
assign maximum variations of A?%K+ and A?%WH 0.0002 and 0.0004, as
respective uncertainties from the unbinned fit procedure. The fitting range
is varied by £0.03 GeV/c? from both sides to determine the corresponding
uncertainties: 0.0004 for Af}i/’;b s+ and 0.0129 for AC}Z'/T,W*‘

The charge asymmetries under study, A(J/¢K) and A(J/ym), are sys-
tematically influenced by the mass parameterization of all decays taken into
account in the fit. E.g., the invariant mass distribution of the J/¢ KX decay
is parameterized using Monte Carlo simulation, which possibly does not in-
clude all the processes contributing to the J/¢ K X final state. To estimate
a corresponding uncertainty, we drop the contribution of the J/¢) K X signal
and repeat the fit. The corresponding variation in the signal asymmetries,
A(J/YK) and A(J/¢n), can be read off from the first row in Tables 3.15
and 3.16. Also, the signal asymmetries, A(J/¢YK) and A(J/¢7), can be sys-
tematically shifted by the fluctuations in eight 3vq subsamples. To estimate
this shift, we vary the mass model (3.33) as follows. From the fit in the
whole sample, we determine the ratio of the fraction of J/i¢7 decays to the
fraction of the combinatorial background. We repeat the fits in Fyg sub-
samples keeping this ratio fixed to the value determined from the fit in the
whole sample. This effectively includes the J/¢7 signal in the background
description. All the asymmetries are shown in Table 3.15, second row. Note

that A(J/¢ym) ~ A(Bkg), as expected. The corresponding A(J/¥K) does
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not change from its nominal value. Next, we fix the ratio of the fraction of
J/PK X decays to the fraction of combinatorial background. The resulting
asymmetries are shown in Table 3.15, third row. Finally, we fix both the
ratios of the J/¢m and J/Y KX fractions to the fraction of combinatorial
background. The result can be seen in Table 3.15, fourth row. The maxi-
mal variation of A(J/¥K) from its nominal value, AA(J/YK) = —0.0025,
is assigned as a symmetric systematic uncertainty on A(J/¢¥K) from the
mass model parameterization of the J/i¢7m and J/¢Y KX decays. A similar
procedure is used to estimate the systematic shift of the A(.J/¢7) due to the
parameterization of the J/¢ K and J/¢ KX decays (see Table 3.16). The
maximal variation of A(J/v¢m) is found to be AA(J/¢7m) = —0.0252, which
is assigned as a symmetric systematic uncertainty from the mass model pa-
rameterization of the J/¢ K and J/¥ KX decays.

To review the estimation of the systematic uncertainty on the kaon asym-
metry in the J/¢ K sample, Ay (J/WK), see Section 3.4.4. For A(J/¢m), we
also take into account the charge asymmetry of the pion reconstruction,
A, ~ 0.0002, estimated in Section 3.3.5, which we assign as a systematic
uncertainty from this effect.

The total systematic uncertainty for both A(J/¢YK) and A(J/¢m) is
obtained by summing the contributions in quadrature. This is largely dom-

inated by the uncertainty from the mass parameterization.

3.4.6 Consistency check

We perform the following consistency check. We calculate A(‘}% i+ separately
in two subsamples of events with kaon momentum pyx < 4.2 GeV/c and
pr > 4.2 GeV/e, in which the kaon asymmetry is correspondingly high
and low (see Fig. 3.17) and the statistics is approximately the same. The
result is shown in Table 3.17. The difference between two asymmetries is

AA%% s+ = 0.0152£0.0130, which is consistent with a statistical fluctuation.
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A(J/YK) Ax A%erJr

pr <42 GeV/e —0.00444+0.0079 —0.0187+0.0016 0.0143 £ 0.0081
px > 4.2 GeV/e —0.01124+0.0101  —0.0103+0.0014  —0.0009 £ 0.0102

Table 3.17: A%”wK+ separately for px < 4.2 GeV/c and px > 4.2 GeV/c.

3.4.7 Results and Conclusions

To summarize, the charge asymmetry between B~ — J/¢ K~ and BT —
J/WK™T is measured to be A(J/¢YK) = —0.0070 £ 0.0060(stat.). The kaon
asymmetry in the J/¢ K sample is measured to be Ax(J/YPK) = —0.0147+
0.0012(stat.). Finally, direct CP asymmetry in the b — sc¢ transition, as

measured in the BT — J/¢ K+ decay, is:

AT e = A(JJYEK) — Ak (J/VK)

= 40.0077 + 0.0061(stat.) = 0.0030(syst.), (3.49)

with the uncertainty approaching the level of the Standard Model predic-
tion (4-0.003). Our result is consistent with the PDG-2007 world average,
Acp(Bt — J/¥(1S)K™) = 40.015 £ 0.017 [13], but has a better precision
by a factor of two, thus providing the most stringent constraints for new
models predicting large values of Aﬂ% - Our result disfavours large direct
CP asymmetry in the b — scc transition possible from the flavor-changing
neutral coupling b — sZ’.

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

Bt — J/yrT decay, is
A7 = —0.089 + 0.081(stat.) + 0.028(syst.). (3.50)

The systematic uncertainty of both measurements is largely dominated by

the uncertainty from the mass model parameterization.
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Conclusions

Using the sample of the BT — J/¢(1S)K™* decays, collected in Runlla
and RunlIb of Fermilab Tevatron collider, we measure direct CP violation

asymmetry in the b — sc¢ transition, using the decay BT — J/¢pK™:

Acp(BY — J/Y(LS)K™) = A%

= 40.0077 £ 0.0061(stat.) £ 0.0030(syst.),
and in the b — dc¢ transition, using the decay B™ — J/¢7t:

Acp(BY — J/p(1S)rT) = A%’;M+

— —0.089 + 0.081(stat.) & 0.028(syst.).

The measurement of A%% -+ potentially constraints the contribution from
the New Physics processes which may surface in the tree or penguin dia-
grams, governing the b — scc transition. The results of the measurement
reported in this dissertation were published in the Physical Review Letters
[97], and reviewed in the context of New Physics searches in [98].

Despite having backgrounds much higher than those at B factories, the
world-best statistical precision is achieved in the Bt — J/¢ K™ channel due
to the high yield of the signal events in the hadronic collisions. Also, the
availability of the calibration channel for the precise measurement of the
kaon reconstruction asymmetry removes a severe source of the systematic
uncertainty suffered by the similar measurements at B factories.

For the purpose of the present analysis, a new method of measuring the
charge asymmetries in the environment of the DO detector is developed. The
method strongly relies on the reversal of the polarities of the D() magnets
during the data taking to disentangle the detector-induced asymmetries.
The method, however, does not need to be specific to D@, and can be used
in other detectors which exploit the similar polarity flip. The use of Monte
Carlo simulation in the present analysis is quite reduced, which makes the

corresponding systematic uncertainty largely insignificant.
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Due to the constant efforts to decrease the systematic uncertainty, the
precision of our measurement is statistically dominated. So, the simplest
way of improving the measurement is by using a larger event sample. Cur-
rently, DO has 4 fb=! of data on tape, and another 4 fb=! are expected
by the end of Run II of Tevatron. Assuming that the number of events
scales with integrated luminosity, with 8 fb™! the statistical uncertainty
on A(‘}% s+ can be brought down to 0.003, which directly probes the level
of the Standard Model penguin pollution, see (1.80). Besides, with larger
event samples, the fluctuations among 3vq subsamples reduce. This in turn
tames the dominant systematic uncertainty of the measurement arising from
the parameterization of the J/1 K mass peak.

Further reduction of statistical and systematic uncertainties of the mea-
surement of the direct CP violation in the Bt — J/¢K* and BT — J/¢nt
decays has probably to wait until the LHC experiments, LHCb in particular,
will reach their full physics capabilities. The era of the LHC will bring many
additional possibilities and challenges for the studies of CP violation, so the
coming years look very promising both from experimental and theoretical

side of the subject.
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Appendix

Decay file

Listing of the EvtGen file used to generate the BT — J/{) K1 X events:

#
# B+ -> J/Psi Kx+ 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 myKx+ Kx+
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;

145



Enddecay

Decay myK_1+

0

0

o

o O

0

Enddecay

.2800
.1400
.1067
.05633
.1100
.1444
.1244

.0412

rho+ KO
rho0 K+
Kx0  pi+
myK*x+  pi0
omega K+

K+ pi+ pi-
KO pit+ piO

K+  pi0 pi0

Decay myJ/psi

1.000000

Enddecay

End

mu+ mu-

VVS_PWAVE 1
VVS_PWAVE 1
VVS_PWAVE 1
VVS_PWAVE 1
VVS_PWAVE 1
PHSP;

PHSP;

PHSP;

PHOTOS VLL;
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.0 0.0 0.0 0.0 0.0 0.0;
.0 0.00.00.00.00.0;
.0 0.0 0.00.00.00.0;
.0 0.0 0.0 0.0 0.0 0.0;

.0 0.00.00.0 0.0 0.0;
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