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Measurement of the Forward-Backward Asymmetry in
the Production of B* Mesons in pp Collisions

Julie Managan Hogan

Abstract

We present a measurement of the forward-backward asymmetry in the production of B*
mesons, App(B*), using B* — J/¢K* decays in 10.4 fb™! of pp collisions at /s = 1.96
TeV collected by the DO experiment during Run II of the Tevatron collider. A nonzero
asymmetry would indicate a preference for a particular flavor, i.e., b quark or b antiquark,
to be produced in the direction of the proton beam. We extract Apg(B*) from a maximum
likelihood fit to the difference between the numbers of forward- and backward-produced
B* mesons, using a boosted decision tree to reduce background. Corrections are made for
reconstruction asymmetries of the decay products. We measure an asymmetry consistent
with zero: App(B%) = [—0.24 + 0.41 (stat) £ 0.19 (syst)]%. The standard model estimate
from next-to-leading-order Monte Carlo is A3¥(B*) = [2.31 4 0.34 (stat.) £ 0.51 (syst.)]%.
There is a difference of ~ 3 standard deviations between this prediction and our result,
which suggests that more rigorous determination of the standard model prediction is needed

to interpret these results.
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Chapter 1

Creating Asymmetries: the Standard Model and
Beyond

My family are fans of a television show called “How It’s Made”, which documents the
manufacturing process of any item you could ever be curious about. All of science seeks to
answer that basic question — how and why do things work? Particle physicists have a great
luxury: the thing we seek to understand is not merely a new computing system or advanced
material, but the universe itself. For thousands of years knowledge of the fundamental
particles of the universe has been unfolding like a set of Russian dolls, as scientists discovered
smaller and smaller particles inside what was previously believed to be indivisible. The pace
of discovery exploded in the 20th century, and now all the results of study and experiment

are summarized in a theory called the “standard model”.

1.1 Standard Model of Particle Physics

The standard model (SM) describes the properties of the twelve elementary particles, four
force carrying gauge bosons, and the electroweak symmetry breaking Higgs boson (Fig. 1.1) [1].

The box structure of Fig. 1.1 is not just an aesthetic choice: the twelve particles shown
on the left side of the figure are joined by type, quark or lepton, as well as “family” or

“generation”. Quarks and leptons are distinguished by the forces with which they interact.



Fermions: spin = 1/2 particles

Wector Bosons: spin = 1 particles

Forces

fundamental
scalar particle

Letons

Figure 1.1 : Particles of the Standard Model. Figure from [2].



Through studying electrons and their structure within atoms the property of “spin”, a parti-
cle’s intrinsic angular momentum, was discovered. Particles with half-integer spin values are
called “fermions”: they are observed to obey Fermi-Dirac statistics where no two particles
can occupy the same quantum mechanical state. All quarks and leptons have spin equal to
1/2, the smallest conventional unit.

The first generation of fermions contains the lightest quarks and leptons: up (u) and down
(d) quarks which build the familiar protons (uud) and neutrons (udd), and the electron which
completes the atom. Since the electron and proton also set the conventional unit of charge,
the quarks are left with non-unit charges: up-type quarks in the top row have charge 2/3,
and down-type quarks in the second row have charge -1/3.

The electron neutrino (v,) is a neutral particle with nearly zero mass which was discovered
because of its role in radioactive decays. Neutrinos behave in very unique ways since their
mass is nearly zero and they only interact with other particles through the weak force,
described below. While neutrinos are frequently produced in radioactive beta decays or high
energy particle collisions, once produced their probability of interacting again is very small.

Particles in the second and third generations have larger masses than their partners in
the first generation, but have identical charges and properties, listed in Table 1.1. All the
fermions have corresponding antiparticles with the opposite charges (and colors, in the case
of antiquarks). Antiparticles are labeled with a bar over a particle’s symbol, such as p for
antiprotons.

The four particles in the right-hand box of Fig. 1.1 are called bosons, and have spin



Table 1.1 : Standard model fermion properties. Masses are averaged by the Particle Data Group [3].

Quarks Leptons
Gen.
Symbol Charge (e) Mass (MeV) | Symbol Charge (e) Mass (MeV)

u +2/3 ~ 2 e -1 0.511
1st

d -1/3 ~ 5 Ve 0 <2eV

c +2/3 95 o -1 106
2nd

s ~1/3 1275 v, 0 <0.2

t +2/3 173,210 T -1 1,777
3rd

b -1/3 4,180 vy 0 < 18.2

equal to 1. All bosons have integer spin values and obey Bose-Einstein statistics, where any
number of particles can share the same quantum state. The interactions of these particles
with matter produces what we call the fundamental forces. An electromagnetic force between
charged particles can be described as an exchange of photons (). Photons can carry energy
proportional to their wavelength, for instance the colors of light detected by our eyes, or they

4

can be “virtual” and transfer energy not allowed by classical conservation laws. A virtual
particle can transfer energy AE as long as it only exists for a time At < h/AE, where where
h is the reduced version of Planck’s constant. This quantum mechanical uncertainty means
that the energy imbalance exists for such a short time it cannot be measured.

The weak nuclear force is mediated by the Z° W, and W~ bosons. These bosons

interact with both quarks and leptons, and have been produced in high energy collisions.



They are some of the most massive particles in the SM: M (Z) = 91.2 GeV and M (W) = 80.4
GeV [3]. The weak force is unique because it is the only force that allows quarks to change
their type, or “flavor”. Up-type quarks can decay to down-type quarks (or vice versa) by
exchanging virtual W¥ particles, although the large W mass limits the range of these
energy transfers to a small fraction of a femtometer [1]. The weak decay of bottom quarks
to produce charm quarks, b — W~¢ (Fig. 1.2), is the foundation of the decays studied in

this analysis.

Figure 1.2 : Illustration of the B* — J/¢K™* decay, in which a b quark changes flavor through a
weak decay.

Gluons, which mediate the strong nuclear force, are massless like photons. They transfer
quanta of the strong force called “color charge” between quarks or other gluons. This system
was introduced when the AT baryon was discovered, containing three up quarks whose spins

couple to give the A*™ a spin of +3/2. This spin coupling is an example of a “symmetric”



state, meaning the three quark wave function is identical if any two of the quarks are swapped.
Since these three quarks (fermions) could not occupy identical quantum mechanical states,
another quantum classification had to exist which would make their wave function anti-
symmetric, so that it changes sign when two quarks are swapped. The color labels are
an analogy of light: a quark can be red (R), green (G), or blue (B). All stable quark
combinations, called hadrons, are observed to be “colorless” (or white).

In quantum mechanics, color is treated as an SU(3) symmetry group, where colorless
means that hadrons have color wave functions in the singlet state of the symmetry group.
Quark-antiquark combinations, called mesons, have equal mixtures of color and anticolor:
(49)color singlet = (RR+ GG + BB)/+/3. Hadrons with three quarks (or antiquarks) are called
baryons and have equal mixtures of all colors (or anticolors) in a fully antisymmetric color
singlet: (¢qq)color singlet = [R(GB — BG) + G(BR — RB) + B(RG — GR)]//6.

One of the great successes of the Standard Model as a theory is its ability to unify the
electromagnetic and weak forces into a joint symmetry group. In practice, this means that
photons and weak bosons interact with the same particles because they are mixtures of more
fundamental “electroweak” bosons. The standard model predicts a relationship between the
weak boson masses and a mixing angle which has been confirmed by experiments [4]. Another
important element of the Standard Model is electroweak symmetry breaking. To create a
theory with massive weak bosons and a massless photon, symmetry of the electroweak field
must be broken by choosing one of many possible ground states, or “gauges”. The result

of this process, called the Higgs mechanism, is an additional massive particle — the Higgs



boson. The Higgs boson (H") interacts with all particles, including itself, and the strength
of these interactions determines what we observe as particle masses.

After many years of slowly eliminating possible H® masses, this elusive particle was
discovered in 2012 by the experiments at CERN’s Large Hadron Collider [5]. Its mass of 126
GeV, spin consistent with 0, and frequency of interactions with various particles indicate that
H? follows the properties outlined by the standard model. Several theories that extend the
standard model include multiple Higgs bosons, and for those particles the search continues.

There are still many physical concepts which the Standard Model cannot describe. An
issue related to this analysis is CP violation. We observe that the universe is made up
primarily of matter, which indicates that matter and antimatter must be produced or interact
differently in some ways. These differences violate the fundamental symmetries of charge
conjugation (C) and parity (P). The charge conjugation operation changes all particles to
antiparticles, and vice versa. A parity operation flips the coordinate system: (z,y,z) —
(—x,—y,—z). If CP symmetry is conserved, physics processes are identical after these two
operations. The SM predicts some violation of CP symmetry, particularly in electroweak
interactions, but not enough to understand the matter/antimatter imbalance we see today.

The SM will also require modification to include neutrino masses, which must be non-
zero since we have observed neutrinos oscillating between flavors. Gravity is well understood
on a macroscopic scale, but cannot be reconciled with the other known forces into a unified
theoretical framework. Other cosmological phenomena such as dark matter and dark energy

remain even more mysterious. The Standard Model has proved itself an excellent theory,



but the door to new discoveries is certainly not closed.

1.2 Bottom Quark Production at the Tevatron

Bottom quarks can be produced at the Tevatron in several ways. Quark-antiquark collisions
can produce bb pairs by annihilation into photons, Z bosons, or gluons. Gluon collisions
can also produce bb pairs. These processes account for ~ 25 — 35% of b quarks produced
at the Tevatron [6]. A similar fraction is created by gluon interactions after the primary pp
interaction. The remaining fraction of b quarks are produced from scattering of quarks and
gluons.

The theory of interactions between quarks and gluons, called quantum chromodynamics
(QCD), is often treated as a perturbation theory where predictions are made by expanding
the theory as a power series of the coupling strength between particles. The coupling strength
is labeled « in quantum electrodynamics and a, in QCD. The primary leading-order con-

2

tribution (oc a?) is refined and augmented by calculating higher order contributions (o< a2

R

ag, etc). Higher orders represent alternate paths from the same initial state to the same
final state. A leading-order diagram for production of bb pairs at the Tevatron is shown
in Fig. 1.3(a), and an example higher order diagram is shown in Fig. 1.3(b). Perturbation
theory is an effective tool if the energy scale of the interaction is above the characteristic
QCD mass scale A ~ 210 Mev [3]. The QCD coupling strength varies according to en-
ergy (Eq. 1.4) but is generally much larger than the electromagnetic coupling, a ~ 1/137,

which means that QCD perturbation series converge more slowly and often benefit from the



complex higher order calculations.

<
Qi
<
Qi

(a) (b)

Figure 1.3 : Example diagrams of the ¢§ — bb process through (a) a “tree-level” interaction, and

(b) a one-loop higher order interaction.

Like the fabled cat in the box that may (or may not) be dead, we cannot determine
the exact process of an interaction. The final states from the diagrams in Fig. 1.3 are
indistinguishable and there are an infinite number of other possible higher order contributions
to the same process. Just as the cat is simultaneously alive and dead, we interpret the pp — bb
process as simultaneously proceeding through all the possible paths. These paths are said
to “interfere” with each other, and the overall cross section, or interaction probability, for
producing the final state particles will have contributions from all the possible interactions.
This analysis is particularly focused on how cross section contributions from various types

of interactions affect the scattering angle distributions of the final state particles.
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1.3 Forward-Backward Asymmetries

If a proton-antiproton collision reaches equilibrium the decay products will have no “mem-
ory” of the original p and p direction. By measuring a forward-backward asymmetry we are
investigating whether or not heavy quarks have a preference to follow one of particle beams.
If the SM accurately describes the interactions of quarks and gluons, then we expect a small
positive asymmetry from the sources described below.

Over the past years there has been much interest in the forward-backward asymmetry
in QCD t# production (Afy) [7], especially since initial experimental results were larger
than standard model (SM) predictions [8, 9]. These observations prompted development of
models beyond the SM that could explain the excess [10]. The corresponding asymmetry in
bb production, A%;B, has the same sources as Al but is expected to have a smaller magnitude
in the SM, making it an important probe of these new physics models [11, 12]. However, the
most recent DO measurements of A%, [13] agree with the SM [14].

In pp collisions, a forward-backward asymmetry in quark production is defined as: A%qB =
(Ngp — Ng)/(Nr + Np). The forward category indicates a quark with the longitudinal
component of its momentum in the direction of the proton beam, or an anti-quark with the
longitudinal component of its momentum in the direction of the anti-proton beam. At the
Tevatron, AtF’?B is measured by reconstructing the top quark and top antiquark and measuring

their rapidities:

1 E+p,
=1 1.1
y Qn(E_p), (L.1)

where F is a particle’s energy and p. is the component of its momentum in the direction of
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the proton beam. The difference in rapidity between the top quark and top antiquark (Ay;)

is positive for forward events and negative for backward events. The asymmetry is:

Ally = .
B N(Ay, > 0) + N(Ay,) <0

(1.2)

A closely related quantity called the ¢ charge asymmetry has been studied at the LHC [15,
16]. The LHC collides protons with protons, so there is no instinctive direction to label
“forward”. All ¢qq interactions at the LHC are between a quark from one incoming proton
and an antiquark that is produced by gluon interactions within the other proton. The quark
is expected to have much higher momentum, so when ¢¢ pairs are produced the top quark is
expected to have a broad rapidity distribution and the top antiquark is expected to have a
narrower rapidity distribution. The LHC experiments measure the difference in the absolute
values of the top and anti-top rapidities, Aly| = |y(t)] — |y(t)|. The tt charge asymmetry,

often referred to as a “forward-central” asymmetry, is defined as:

_ N(Aly| > 0) = N(Aly| <0)
N(Alys| > 0) + N(Aly| <0)

Ac (1.3)

The LHCD collaboration has recently measured the analogous charge asymmetry for b quarks,
A% [17].

A forward-backward production asymmetry is caused by interference between various
higher order processes. The gluon fusion process, gg — QQ, is symmetric at all orders
when quarks and antiquarks are switched, since protons and antiprotons have the same
gluon content. In @ <+ () symmetric interferences all color charge elements change sign

when Q and Q are switched, making the overall cross section contributions the same. The
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q@ — QQ interaction has several possible non-symmetric interferences, where the cross
section calculation contains color factors that do not change sign under the switch, making
the cross section contributions different [18]. These non-symmetric interferences generate a
forward-backward asymmetry that can be observed in the final state particles.

The dominant source of the forward-backward asymmetry is interference between tree-
level and loop diagrams for g — QQ interactions, with additional contributions from inter-
ference between initial and final state gluon radiation [18]. These interfering diagrams are

shown in Fig. 1.4.
q Q q g Q q Q q Q
g
g g
g g
q Q 1 g Q q Q 1 Q
(a) (b)

Figure 1.4 : Next-to-leading order diagrams which interfere to produce a forward-backward asym-

metry in heavy quark production.

1.4 From b Quarks to B Mesons

While bottom quarks are produced very often in collisions at the Tevatron, it can be difficult
to identify their properties directly. Bottom quarks go through a process called hadronization
before they decay. Unlike the electromagnetic force, the strong force between two quarks

does not become weaker as the particles move farther apart, it grows stronger. The strong
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force couples particles with strength a:

127
(33 — 2ny) log(Q?/A?)’

as(Q%) = (1.4)

where n; is the number of quark flavors, Q2 is the momentum transfer between particles, and
A is the QCD mass scale [1]. Because of this relationship, quarks only move freely at very
high energies across very small distance scales. At larger distances (where “large” means
only tens of femtometers) the gluon coupling the two quarks has enough energy to split
into a new quark-antiquark pair, effectively confining the quarks within bound states. The
bound states, mesons and baryons, are colorless so they do not experience further strong
interactions with other quarks or gluons. They remain bound together until they decay
through other processes, such as the weak force.

The fragmentation of bottom quarks into a quagmire (or “jet”) of mesons or baryons
has been studied extensively at eTe™ colliders and models were developed to describe the
momentum and angular distributions of the hadrons created from an initial quark. At the
Tevatron about 34% of b quarks hadronize to B* or B° mesons by combining with up or
down quarks [3]. The B* meson has a rest mass of 5.279 GeV and a mean lifetime of 1.638
picoseconds, which means it travels far enough before decaying that its decay vertex can be

distinguished from the pp vertex with current detector technology.

1.5 Measuring Arp in BT — J/(K*

We measure the forward-backward asymmetry using fully reconstructed B — J/u(—

) K* decays where the B directly identifies the quark flavor (i.e., b or b). This decay,
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shown in Fig. 1.2, occurs when a b quark decays to a W~ boson and a ¢ quark. If the W~
decays to a ¢s pair, a J/¢ meson (c¢) and K~ meson (su) can be formed from the decay
products and the @ quark that was part of the original B~ meson. The BT meson decays in
the same way, with all particles swapped for their antiparticles.

The strong force interactions that cause hadronization proceed more quickly than b quark
decays through the weak force, so most b quarks will form B hadrons before they decay. This
makes the quantity Apg(B?¥) sensitive to the same production asymmetries as A%BB since, to
a large extent, the b quark’s momentum and direction are preserved in the B* meson.

Compared to b jet reconstruction, reconstructing B* decays has the advantages that
the charge of the b quark is unambiguously determined, and there is no need to account
for oscillations which occur in the neutral B meson system through box diagrams similar
to Fig. 1.3(b). Flavor identification in b jets often involves finding a charged lepton, such
as a muon, and inferring whether it came from a b or b decay. In the b — W ~c example,
the W~ decay can produce a negative muon: W~ — u~,. This charge correlation can be
obscured by B°/B° oscillations where the b oscillates to a b before decaying, which could
create a positive or “wrong” charge muon. Sequential weak decays such as b — W~ ¢ followed
by ¢ — Ws can also cause misidentification. If the W decay creates the muon tagged
in the jet, it will have the wrong sign to correctly identify b or b. Correcting for these
misidentification probabilities generally introduces substantial systematic uncertainties to
a measurement. Reconstructing charged B* mesons avoids this difficulty, but with the

drawback of limiting the energy range of the initial bb pair. At lower energies there is
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a greater probability that bb pairs are produced from gluon interactions rather than ¢g
interactions.

We reconstruct BT mesons and categorize them as forward or backward with a variable
qrp = —qpsen(ng), where qp is the electric charge of the B mesons, sgn(z) is the sign
function, and 7p is the pseudorapidity of the B*. D@ defines a coordinate system with the
z axis along the proton beam direction, the x axis pointing away from the Tevatron center,
and the y axis pointing upwards. Pseudorapidity is defined as n = — In[tan(f/2)], where 0
is the laboratory frame polar angle. Angle ¢ is the azimuthal angle in the z-y plane.

Figure 1.5 gives examples of the forward and backward categories. The forward-backward

asymmetry of the B¥ mesons is:

N(—ggns > 0) — N(—gpns < 0)
N(—anB > O) + N(—anB < 0)

App(B*) =

1.6 Theoretical Predictions

Until recently, theoretical predictions of A%, in QCD production were limited [18]. But
interest in t¢ asymmetry measurements has lead to new predictions of A%BB in the standard
model and several new physics models. Inclusive predictions of A%EB give positive asymmetries
of ~ 0.5% [11, 19], but the mass scales of the bb pairs considered (M (bb) > 35 GeV, or p(b) >
~ 15 GeV) are more relevant for a jet-based analysis.

In the bb mass range which overlaps the most with data used in this analysis, 35 <
M(bb) < 75 GeV, [11] predicts A%, = (0.34 £ 0.10 4 0.01)%. The asymmetry increases to

~ 2% — 4% at masses near and above M (bb) = M (Z°). Several new physics models which
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Figure 1.5 : Diagrams illustrating the definitions of (a,b) forward particles with ¢gpg = +1 and

(c,d) backward particles with grp = —1.
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give non-SM values of A%, while agreeing with experimental results for A%, are shown in
Fig. 1.6 [11]. These models predict a new physics particle which could replace the gluons
in Fig. 1.4 and create interference patterns which raise or lower the value of A%, compared
to the SM value. In the 35 — 75 GeV mass range (the first bin) asymmetries from the new

physics models range from =~ 0% — 0.8%.
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Figure 1.6 : Predictions of A%EB in the SM (orange) compared to new physics models: (a) an
axigluon G’ (b) a scalar weak doublet ¢, and (c) a flavor octet vector V. Black points represent
expected experimental sensitivity in a jet-based analysis. Figures from [11].

Since no SM predictions exist for Apg(B*), we make predictions tailored to our kine-
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matics and selections by producing next-to-leading-order Monte Carlo (MC) samples for
QCD production of B* in the process pp — bbX. This simulation also allows us to com-
pare the BF system to the b (b) system. MC events are generated using MC@NLO [20] with
parton distribution function set CTEQ6M1 [21] and HERWIG [22] for parton showering and
hadronization. Detector simulation is performed using GEANT3 [23]. The analysis of this

simulation is presented in Chapter 6.
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Chapter 2

Colliding Beams and Detecting Particles

The Fermi National Accelerator Laboratory (Fermilab) is a United States Department of
Energy laboratory in Batavia, Illinois, where a wide range of particle physics experiments
are conducted. Until the LHC began running in 2009, Fermilab boasted the largest and most
energetic particle accelerator system in the world. The physics program, which was always
diverse, is now focused strongly on experiments designed to detect neutrinos. These experi-
ments will (hopefully) uncover missing elements of the standard model such as neutrino mass
ordering and CP violation [24]. Two precision muon experiments in development will probe
the existence of new physics at mass scales far beyond the reach of collider detectors [25].
But as these new experiments progress, the Tevatron collaborations have continued pro-
ducing physics results in the three years post shutdown. Legacy measurements from the
Tevatron will influence the particle physics community for a long time to come. The D) de-
tector may be inactive, but is has not closed its doors: more than 2500 students, scientists,
teachers, and members of the public have walked through the detector and the adjacent

Tevatron tunnel to learn about particle physics and detector technologies.
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2.1 Accelerators at Fermilab

A long chain of accelerators lies behind the physics knowledge that has emerged from 20+
years of running detectors like D). The Tevatron was supported by a series of accelerators,
shown in Fig. 2.1, which worked together to produce and accelerate protons and antipro-
tons [26].

FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR

TEVATRON \K
— < \ ‘\
TARGET HALL

\ / ANTIPROTON

SOURCE
\

O BOOSTER
: 7 ) — LINAC
'\ 7 ¥

COCKCROFT-WALTON

PROTON

Antiproton  Proton
Direction Direction

NEUTRINO

Fermilab 00-635

Figure 2.1 : Overview of the accelerator system at Fermilab.

The chain began with a collection of Cockcroft-Walton accelerators, which feature columns
supporting large domes charged to -750 kV where hydrogen atoms pick up electrons to be-
come H™ ions. The ions drift through the electric field and accelerate to an energy of 750

keV as they move down the columns to electrical ground. The ions are then transfered to
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the Linac, or linear accelerator, which uses a series of 12 radio frequency (RF) cavities to
increase the ions’ energy to 400 MeV. An RF cavity is a metal annulus around the beam pipe
which creates a gap where an electric field can be applied to the beam, increasing the kinetic
energy. The applied electric field and induced magnetic field of the cavity are in resonance
with each other at a frequency designed to be in the radio range of the electromagnetic
spectrum. The Linac uses increasingly longer drift tubes between cavities so that as the par-
ticles accelerate they never cross a cavity when the electric field opposes their direction of
motion. The Linac then sends 400 MeV H™ ions to the Booster, and also sends 66 MeV ions
to Fermilab’s Neutron Therapy Facility where neutrons are produced for medical radiation
treatments.

In the Booster the H™ ions are stripped of their electrons and the resulting protons are
accelerated to an energy of 8 GeV. The Booster is the first circular “synchrotron” accelerator
in the chain and has 19 RF cavities. Accelerators like the Booster are called synchrotrons
because the RF cavity frequencies must increase in sync with the growing beam energy to
protect the particles from opposing electric fields, like the lengthening drift tubes in the Linac.
Dipole magnets bend the beam particles into a circular pattern, and the field strength is also
ramped up in sync with the particles’ acceleration so that the radius of curvature remains
the same. Particles in the beam continually gain energy until the RF cavities’ frequency is
set so that the beam crosses the cavities when the electric field is zero. This allows a single
ring to both accelerate particles and store them at the desired energy. The Booster transfers

8 GeV protons to the Main Injector or to fixed targets for production of neutrino beams.
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The Main Injector is a much larger circular synchrotron which has 18 RF cavities, ac-
celerating protons to 150 GeV for the Tevatron and 120 GeV for producing antiprotons and
secondary beams such as kaons, pions, muons, or neutrinos. Antiprotons are produced when
the 120 GeV proton beam strikes a nickel target and magnets are used to isolate 8 GeV
antiprotons from the spray of collision products. The antiprotons go through several stages
of “cooling” which make the beam more uniform in both space and momentum. Lower
intensity antiproton beams undergo stochastic cooling in the Antiproton Source, and are
then transfered to the Recycler, a storage ring which shares the Main Injector Tunnel. The
higher intensity antiproton beams in the Recycler are cooled using electron cooling, where
an electron beam is laid over the antiproton beam so that collisions filter out the unfocused
beam particles. Finally, the antiprotons are returned to the Main Injector for acceleration
to 150 GeV and injection into the Tevatron.

The Tevatron is the most well known of Fermilab’s accelerators. It has a one kilometer
radius and the protective berm is a well known landmark. Superconducting niobium-titanium
magnets, cryogenically cooled to near four degrees Kelvin with liquid helium, bend and focus
the particle beams, which are accelerated through 8 RF cavities to 980 GeV. The ring consists
of dipole and quadrapole magnets arranged in a repeating lattice, with four dipole magnets
between each quadrapole. The dipole magnets direct the beam into a circluar path, and
the quadrapole magnets are responsible for focusing the beam in either the x or y planes.
The focusing direction is alternated at each quadrapole magnet around the ring so the

combination produces a universally focused beam.
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The proton and antiproton beams are directed so that they collide in two detectors:
the Collider Detector at Fermilab (CDF), and DO (named for its position on the Tevatron
ring). The accelerator complex was developed over many years and represents an enormous
engineering achievement. The Tevatron run ended in September 2011 after the detectors

recorded more than 10 fb™! of integrated luminosity, or about five trillion collisions [27].

2.2 The D@ Detector

The DO detector is located on the southeast portion of Fermilab’s Tevatron accelerator. The
first data-taking run lasted from 1992 — 1996, during which time D@ recorded 120 pb~! of
data at a center of mass energy of 1.8 TeV. The top quark was discovered by the Tevatron
experiments during this time [28], and the record of high precision measurements of the W
boson mass began [29]. From 1996 — 2001 the detector was upgraded for Run II, which
lasted from 2002 — 2011 and is the data of interest for this analysis. D@ is a standard
example of modern hadron collider detectors: the beampipe sits inside a tube of tracking
detectors surrounded by electromagnetic and hadronic calorimeters and a muon tracking

system (Fig. 2.2) [30].

2.2.1 Central tracking system

The first detector element which particles from a collision encounter is the silicon microstrip
tracker (SMT) [31]. The SMT is a system of barrels and disks mounted with silicon sensors,

shown in Fig. 2.3(a). This detector was added to DO for Run II, and identifies particle
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Figure 2.2 : View of the full D@ detector in the y — z plane showing the beampipe, central tracking,
calorimetry, and muon system.



25

interaction vertices to a precision of 15 um at the center of the detector. The primary pp
interaction vertex can be located with a precision of ~ 35 um along the beam axis. This
resolution is sufficient to separate b quark decay vertices from the primary pp vertex. The
SMT covers a wide range of pseudorapidity, out to |n| < 3, so that SMT tracks can be
matched to calorimeter energy clusters and tracks in the muon system. An upgrade during
Run II called “Layer 0”7 added two more layers of silicon sensors at a radius of ~ 17 mm
from the beam axis. These extra layers were especially useful for improving the impact
parameter resolution of low momentum tracks [32] and increasing the efficiency of b quark
identification.

The second layer of the central tracking system is the central fiber tracker (CFT), il-
lustrated in Fig. 2.3(b). The CFT consists of polystyrene scintillating fibers that are 830
microns in diameter, mounted on four concentric carbon fiber cylinders. The cylinders are
placed outside the SMT and range in radius from 20 — 52 cm. Fiber direction is alternated
so that two layers of fibers lie along the beam direction and the the next two layers are offset
by small positive or negative stereo angles to provide a measurement of the z coordinate of
the track. The CFT measures track position with a resolution of about 100 pm.

Charged particles moving through the tracking detectors leave small amounts of ionizing
radiation behind, which are detected by sensitive amplifiers in the SMT readout chips and
by light produced in the CFT scintillators. Photons produced in the CFT fibers are carried
to Visible Light Photon Counters (VLPCs) which convert photons to electrical signals. The

VLPCs are operated at 9K and are capable of converting single photons to electrons with an
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Figure 2.3 : Illustrations of (a) the SMT detector and (b) a path through the CFT layers.

efficiency of greater than 75%. Signals, or “hits”, from the tracking detectors are connected
along a path to form a particle track. The amount of matter which particles pass through in
the tracking detector is small, with all the CF'T layers making up only 20% of one radiation
length. The CFT is optimized for tracking out to pseudorapidity |n| < 2.5.

Both layers of tracking detectors are encased in a =~ 1.9 T solenoid magnet which can
be operated with positive or negative polarity. Tracking a particle’s motion through the
magnetic field gives information about electric charge and momentum, which drastically
improved D@’s performance in Run II over Run I, when the detector had no magnetic field

in its tracker.

2.2.2 Preshower detectors

Outside the central tracking system and solenoid magnet are the central preshower (CPS)
and forward preshower (FPS) detectors. These detectors act as a combination of trackers

and calorimeters, and help match tracks to the calorimeter showers. They are designed to
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contain approximately two radiation lengths of material which will spark electromagnetic
showers from electrons and photons. The CPS is made of triangular scintillator strips which
are interlaced so that tracks hit multiple strips and there is no dead space. The FPS has three
layers: a minimum ionizing particle (MIP) layer where most particles deposit a relatively
small amount of energy for each unit of distance they travel, a steel absorber layer, and
a shower layer where electrons and photons will leave showers while hadronic particles and
muons continue traveling through as MIPs. These different types of behavior in the preshower

detectors provide valuable information for particle identification.

2.2.3 Calorimeters

D@’s real “workhorse” detector is a series of liquid argon sampling calorimeters, shown in
Fig. 2.4. Short distance electric fields are created across a few millimeters of liquid argon by
grounding heavy metal absorber plates and connecting electronic readout boards to a high
voltage. Shower particles created in the absorber plates ionize liquid argon atoms. Ionization
electrons drift through the electric field across the liquid argon gap to the readout boards so
their energy can be measured. The innermost calorimeter is the electromagnetic calorimeter
with 3-4 mm uranium absorber plates. As electrons and photons move through the electric
fields around atomic nuclei they create showers of other electromagnetic particles through
a combination of bremsstrahlung and e~ e’ pair production, spreading the initial particle’s
energy across many shower particles. The number of particles in the shower is proportional

to the energy of the original particle, allowing a measurement of its energy.
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Figure 2.4 : Tllustrations of (a) the calorimeter sections and (b) a calorimeter unit cell.

Hadrons also form showers as they move through detector material, mainly through
hadronic interactions with atomic nuclei. These showers are more broadly distributed than
electromagnetic showers and the measurement of the original particle’s energy is not as
precise. The outer calorimeter layer has two segments for detecting hadronic showers: the
fine and coarse hadronic calorimeters (FH, CH). The FH calorimeter has thicker absorber
plates, 6 mm uranium-niobium alloy, in which hadronic particles begin showers. The CH
calorimeter’s plates are much thicker, 46 mm, and made of copper or stainless steel. While
traveling through the calorimeter all hadronic particles will shower into cone-shaped clusters
of energy. Collections of closely spaced showers form jets which are used to trace hadronic
particles back to the original quarks from a collision and estimate their energies.

The calorimeter is split into three sections: a central barrel covering |n| < 1 and two

symmetric endcaps to extend coverage to |n| < 4. To maintain the 90K liquid argon temper-
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ature three separate cryostats are needed. Just inside each cryostat, outside the first layer
of uranium, are subdetectors called the massless gaps, which are essentially one calorime-
ter readout cell. In between the cryostats are the intercryostat detectors which are made
of scintillating tiles in light-tight aluminum boxes. The light from particles impacting the
scintillator is directed through wavelength shifting fibers to photomultiplier tubes. These

smaller subdetectors help improve the hermicity of D@.

2.2.4 Luminosity monitors

The luminosity monitors, illustrated in Fig. 2.5, are two arrays of twenty-four scintillating
plastic pieces and photomultiplier tubes which are mounted around the beampipe next to the
endcap calorimeters (2.7 < |n| < 4.4). They measure pp inelastic scattering to calculate the
number of collisions in the detector as well as to monitor unfocused beam “halo” backgrounds.
Luminosity is defined as:

1 dN

L=——" 2.1
T (2.1)

where dN/dt describes the rate of coincident particles in both luminosity monitors, and o,
is a constant describing the effective inelastic cross section of the luminosity monitor [27].
The integral of L over some period of time is a measure of the total number of collisions, in
the bizarre unit of “inverse barns”, which provides a normalization value for the D@ data

sample. All the inner elements of DO are shown in Fig. 2.6.
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Figure 2.5 : Tllustrations of (a) the placement and (b) the layout of the luminosity monitors, with
plastic scintillator (white trapezoids) and photomultiplier tubes (red dots).
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Figure 2.6 : Close up view of the central region of the D@ detector showing the SMT, CFT,
solenoid, preshower detectors, luminosity monitors, and intercryostat detectors.
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2.2.5 Muon tracking systems

The muon tracking system [33] is the exterior layer of the D@ detector and tracks the
momentum of muons, the only charged particles which travel through all the tracking and
calorimeter layers without stopping. Muons are more massive than electrons, so they interact
with matter quite differently. In particular, energy lost to photon radiation through the
bremsstrahlung process is many orders of magnitude smaller for muons than electrons.

The muon system has one layer within a 1.8 T iron toroid magnet and two more layers
outside the toroid (Fig. 2.7). An important measure of a reconstructed muon’s quality is
how many (and which) layers of the muon system it encounters. Drift tubes and scintillation
counters are used to make an independent momentum measurement which helps match muon
tracks to central detector tracks, and improves the muon momentum resolution. The muon
tracking system for DO was specially designed with a wide pseudorapidity coverage, out to
In| = 2, creating a large data sample for b quark decays which frequently include muons.

The polarities of both the central tracking solenoid and the muon system toroids were
reversed approximately every two weeks so that all four solenoid/toroid polarity combinations
received nearly equal beam exposure. A track which is reconstructed with a certain sign of
curvature will represent a positive particle in one polarity and a negative particle in the
opposite polarity. Reversing the polarities means that any detector inefficiencies will affect

both charges equally, removing first-order charge asymmetries from the tracking detectors.
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Figure 2.7 : The muon tracking system drift tubes.

2.2.6 Triggers and data reconstruction

Collisions are processed through three levels of triggers (Fig. 2.8) to collect events with
interesting physics processes and reduce the massive stream of data to a manageable rate.
The first level is a series of hardware triggers which make decisions to keep or reject events
based on calorimeter energy deposits or track momentum above certain thresholds. These
triggers accept an average of 2000 events per second, or a rate of 2 kHz. The second
trigger level combines hardware triggers with computer processors which can form physics
objects such as leptons or quark jets, match tracks to calorimeter clusters, and calculate
quantities such as missing transverse energy or a track’s impact parameter with the beam.

This information is used to look for known signatures across the subdetectors and reduce
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the accepted event rate by half. The Level 3 trigger is a farm of microprocessors which make
more detailed calculations and study relationships between objects in the event to reduce
the acceptance rate to 50 — 100 Hz. This final output rate is acceptable for the tape record

system and promotes high quality physics data samples.

Detector L1 Buffe L2 Buff
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Figure 2.8 : Graphical outline of the trigger framework.

Events passing all three trigger levels are processed through D@’s reconstruction algo-
rithms which create physics objects (tracks, jets, leptons, etc) from tracker hits or calorimeter
energy deposits. The data can be broken up based on information from the trigger frame-
work into smaller samples containing events with similar objects or conditions. The data
used for this analysis require single muon or dimuon triggers since muons are a final state
particle in a vast array of heavy flavor decays.

D@ collected data with very high efficiency while the Tevatron was running. Several
shutdown periods for upgrades or maintenance are used to mark divisions in the data. Run

I1a refers to the first 1.1 fb~! of luminosity collected before the upgrade of the tracking
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detector in 2006. All the data collected from 2006 — 2011 is called Run IIb, which is further
split into four subsets: Run IIb1l, Run IIb2, etc (Fig. 2.9). Of the 11.9 fb~! of integrated
luminosity delivered by the Tevatron, DO recorded 10.7 fb=1. All the data is monitored
for quality control in the various detector components. In this analysis we use data passing

quality control cuts for the central tracking and muon systems; a total to 10.4 fb~.
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Figure 2.9 : Delivered and recorded luminosity of Run II.
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Chapter 3

Finding B* — J/¢y K=

3.1 Data Samples and Event Selection

We select events containing B — J/1K* candidates from the full D@ Run II dataset,
using data samples in which each event contains at least one muon. The D@ flavor physics
software framework reads data events and constructs a “box” of particles which can be passed
through selection criteria to find decays of interest based on their kinematics.

Candidate B* — J/1K®* decays are reconstructed by identifying a pair of oppositely
charged muons (decay products of the .J/t) meson) which meet a charged track (the K*
candidate) at a common vertex which is significantly displaced from the pp interaction ver-
tex. In each event the pp interaction vertex is identified by calculating the position which
minimizes the distance between all tracks which pass the beam intersection point within
0.2cm.

The first pass through the box of particles determines which pairs of muons form J/v
candidates. Muon track segments are reconstructed in the three layers of the muon tracking
system, and the segments are joined into a track. The trajectory can be extrapolated back
toward the center of the detector and matched with a track reconstructed from hits in the

central tracking system. The resulting muon object has information from both tracking
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systems. The muons must be oppositely charged and lie within the coverage regions of
the central and muon tracking systems, |n| < 2.1. They must have transverse momentum
pr > 1.5 GeV/c and at least two hits in each of the SMT and CFT detectors. At least one
of the muons must have reconstructed segments in both the inner and outer layers of the
muon tracking system. Finally, the differences in z(u), ¢(1), and n(p) between the central
and muon trackers must match the following criteria: Az(p) < 100 cm, Ap(p) < 0.4 rad,
and An(p) < 0.6.

If a muon pair meets these criteria, a J/v candidate is formed at the p*u~ vertex.
The vertex algorithm finds the distance of closest approach between the two muons tracks,
extrapolating back toward the pp vertex if necessary, and averages the track position vectors
to assign a vertex point. Vertices which are actually just track crossings are rejected by
requiring less than two total hits (on both muon tracks combined) located between the pp
vertex and the J/1 vertex. The algorithm also sets a limit on how much extrapolation of
the track trajectories is allowed: the muon tracks must begin within four central tracking
detector layers of the J/1 vertex.

J /1 candidates with invariant mass from 2.7 to 3.45 GeV/c? are accepted. The invariant
mass is calculated from the known mass (m,) and measured momentum vectors (P, Pp,)

of the muons:

M(I/$) = /(B + Bu)? = (B + B (3.1)

E, = \/m2 + [B,/> (3.2)

The distance from the pp vertex to the J/¢ — ptpu~ vertex in the z-y plane is called the
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transverse decay length, L,,. The decay length L,,(J/1) must have uncertainty less than
0.1 cm. Particles reconstructed with momentum vectors which point back toward the pp
vertex are removed by a cut on the pointing angle, which is the angle between a particle’s
momentum vector and the vector from the pp vertex to the particle’s decay vertex. This
angle can be calculated from either two- or three-dimensional vectors. The cosine of the J/
meson’s two-dimensional pointing angle must be greater than zero.

With each of the J/v¢ candidates we take another pass through the box of particles to
choose kaon candidates. The K* track must have |n| < 2.1 and pr > 0.7 GeV/c. If the
K* candidate meets the x4 and p~ tracks at a common vertex, a B* candidate is formed.
Since D@ cannot distinguish between charged hadrons we assign the kaon mass of 0.494
GeV to the K* candidate track in order to calculate the B candidate mass. We constrain
the ptp~ invariant mass to the world average of M (J/¢y) = 3.097 GeV [3] by correcting
the muon momenta. The B* candidate invariant mass is then calculated by combining the
masses and momenta of these three particles, as in equation 3.1. Candidates with mass from
4.0 to 7.0 GeV /c? are accepted.

The B* vertex is a combination of three tracks, formed in the same way as the .J /9 vertex.
Each track will be slightly displaced from the vertex position so a x? statistic is constructed
by adding in quadrature the displacement for each track divided by its uncertainty. The
combination of u*, u~, and K* tracks to form the B* meson vertex must have y? < 16 for
three degrees of freedom. The cosine of the B* meson pointing angle is required to be above

0.8. Finally, the B* transverse decay length significance, defined as S, = Ly, /0(Ls,), must
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be greater than 3. This displacement of the B* decay from the pp vertex is an essential
identifier of B* candidates.

Because the definitions of forward and backward are tied directly to sgn(ng), the ambigu-
ous region near 7 = 0 must be considered. Simulated MC events provide two levels of particle
information: generated particles with kinematic properties based only on the physics pro-
cesses which created them, and reconstructed particles which have been processed through
the detector simulation. To determine the effect of the detector material on the ng mea-
surement we compare the quantity at generation level and reconstruction level. The sample
of MC@QNLO events is passed through the B* — J/9K* selection described above and the
reconstructed muon and kaon tracks are matched kinematically to B¥ — J/¢K* decays
from the MC generator. This matching removes all background events from the MC sample.
Based on the range of n(generated) — np(reconstructed), shown in Fig. 3.1(a), we reject B
candidates with |np| < 0.1. This cut removes all B mesons reconstructed with incorrect
grp while rejecting only 2% of the data sample.

We can also compare the difference between the direction of the reconstructed B* meson
and its parent b(b) quark. To simulate the reconstruction of b jets, we choose the MC b
particle produced closest to the pp interaction which has a maximum distance from the B*
meson of AR = 0.5, where AR = \/m is the angular separation between tracks.
This requirement mimics the jet algorithm which clusters calorimeter energy deposits into
cones of size AR < 0.5. Figure 3.1(b) shows the difference n,(generated) —np(reconstructed),

which has an RMS width of 0.11. After the cut which removes candidates with |ng| < 0.1,
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more than 99.9% of reconstructed BT mesons have a gpg value which matches the parent
quark. This indicates that the B* mesons have very similar kinematics to the quarks, making

Apgp(B¥) a good estimate of A%,
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Figure 3.1 : Distributions of (a) n(generated B¥) — n(reconstructed B¥) and (b) n(b, b quark) —

n(reconstructed B¥) in MC@NLO. Events with |ng+| < 0.1 are rejected.

3.2 Maximum Likelihood Fit

A maximum likelihood fit incorporating a signal probability density distribution and three
background distributions is used to extract Apg(B*). The distributions are functions of the

reconstructed B* mass M 7wk and the kaon energy Ef.
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3.2.1 Signal and background distributions

The signal distribution S(M/yk, Ex) is modeled by a double Gaussian function where both

Gaussians have the same mean value (mp) but different widths (oq, 09):

S(Myyx, Ex) = chat exp (_(M‘W’K _ mB)Q) f exp (_(MJ/wK ~ mB)2> :

+
o1V 2 202 o9V 2T 2032
(3.3)
The widths of the double Gaussian depend on Fk:
g1 = Co(l + CleicQEK), (34)
09 = C301. (35)

The formula in equation 3.4 was determined empirically by performing fits in several bins
of F, with all dependences on Fx removed from the distributions (e.g., setting ¢; to zero).
Figure 3.2(a) shows fitted values of ¢ in each bin of Ex with the best fit exponential curve.
The final result from the unbinned maximum likelihood fit is drawn for comparison.

We have observed differences between n < 0 (the “north” side of the detector) and
n > 0 (the “south” side) in the invariant mass distributions of several particles, as shown
in Fig. 3.3. The shifts are statistically significant but very small compared to the overall
width of the distribution. The magnetic field of the D@ solenoid is not symmetric along the
beam direction, but the reconstruction code uses a simplified symmetric field map to improve
computation speed. This results in small differences in reconstructed invariant masses on
the north and south sides. To allow for these differences a unique set of parameters (mg, f,

co — c3) is used on each side, labeled with a superscript, such as m¥ or m#%. The likelihood
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Figure 3.2 : Formulas for (a) the width o; of the signal distribution and (b) the slope S of the
combinatorial background were derived by fitting the data in bins of Ex. The shapes from the

unbinned fit (parameters in Table 5.1) have been overlaid for comparison.

function for any given B* candidate includes only one set of signal parameters, depending
on the pseudorapidity of the B meson. These mass shifts are not taken into account
when correcting the J/1¢ invariant mass to the world average in the B* mass calculation,
but adjusting the reconstruction code to include this results in only negligible change to
App(B¥).

The background distribution P(M,yk, Ex) describes B= — J/¢n® events in which the
pion is misidentified as a kaon, resulting in an artificially high reconstructed B* mass. The
distribution P is a reflection of S with the mean value shifted to account for the K /7 mass

difference and the widths scaled by a ratio of the mean values. The mean value of P is
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Figure 3.3 : Demonstration in M(.J/v) of particle mass differences between the north and south

sides: (a) north and south overlaid, and (b) north — south.

denoted mp, and is calculated for each candidate according to [34]:

my, —my = 2E;,(Ex — Ex) +mj —m? (3.6)

EK,7r = \/ m%ﬂﬂ' + ‘5K|27

T

(3.7)

where mp is the fitted mean value of the signal distribution, Ej;/, is calculated using the

reconstructed mass and momentum of the dimuon pair, |px| is the reconstructed momentum

of the kaon, my = 0.494 GeV/c?, and m, = 0.140 GeV/c%. The widths of P are:

Ol =

Oor =

(3.8)

(3.9)

With this construction, P does not introduce any floating parameters into the fit. The full
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functional form is:

1 — —(Myjpic — me)? —(Myjgic — mipy)?
P(Mjypi, Ex) = / exp( (Mypxc = mpr) (M mB)).

f (
+ ex
017V 2m 20_%# ) 027V 2m P 20_%71’
(3.10)

The background distribution 7T'(M 4k ) describes all partially reconstructed B mesons.
If a B meson decays to a final state with four or more particles, the reconstructed candidate
will be missing a portion of its mass. These decays are modeled using a hyperbolic tangent
threshold function with the slope parameter fixed from MC simulations [35] and a floating

inflection point ¢:

1-— tanh[25(MJ/¢K - t)]

Y
Tnorm

T(Mppx) = (3.11)

where Tpom is the integral of the numerator over the mass range 5.05 — 5.65 GeV/c*:

1 cosh[25(¢ — 5.05)]
Toomm = 0.6+ —1 . 3.12
T (cosh[25(t ~5.65)] (312)

Finally, the background distribution E(M;/yk, Ex) describes the combinatoric back-
ground. It is modeled using an exponential function, with a slope which depends on Fx

(Fig. 3.2(b)):
oS (M7 K —5.05)

E(M i, Fx) = 7 ;

(3.13)
S = s5(1 + sy %2FK), (3.14)
where Epom is the integral of the numerator over the mass range 5.05 — 5.65 GeV/ 2

(3.15)

The value of S in E and Eyom, is calculated for each B* candidate using the specific value

of EK
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3.2.2 Likelihood function

Fits are performed using the ROOT TMinuit package [36], which varies parameters according
to the MIGRAD algorithm to find the minimum value of a test statistic. In practice, our
maximum likelihood fit is a minimum negative-log-likelihood fit, where the test statistic is
called LLH. This quantity is the negative log of a likelihood function £, summed over N

selected B* candidates, each with weight w,, (sec. 4):

LLH = -2 "w, In(L,). (3.16)

n=1

The function £,, depends on the four probability density functions S, P, T, and E. They
are each assigned a sample fraction f; and a forward-backward asymmetry A;. Until the
analysis method was finalized and systematic effects were studied, the parameters A; were
blinded by adding to them unknown random offsets. £,, has 26 parameters and is normalized

to 1:
L, =o|fs(1+ qreAs)S(Mjpi, Ex) + fp(1 4+ qrsAp)P(M )y, Ex)

+ fr(1 + grAr)T (M /i) | + [1 — alfs + fp+ fr)](1 + grAe) E(M /i, Ex),

(3.17)

where « describes the dependence of the sample fractions on Ex. The form of « follows that

used in previous analyses [37, 34]:

(

1+p0(EK —3)/3+p1(EK — 3)2/9 EK < 3GeV

@=9N1+ps(Ex —3)/7 3GeV > Fx < 10 GeV (3.18)

1+ po Ex > 10 GeV.
\
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3.3 Boosted Decision Tree

To improve separation of signal from background we use a Boosted Decision Tree (BDT)
multivariate technique [38]. A BDT is trained by comparing distributions of given input
variables in signal and background samples. It makes a chain (or “tree”) of decisions using all
the input variables to determine to what extent a given candidate is signal-like or background-
like. After training, candidates in the analysis data sample are processed by the BDT,
which returns a discriminant ranging from negative (background-like) to positive (signal-
like) values.

We train two BDTs, one for Run Ila and another for Run IIb. The signal sample is a
leading-order signal MC simulation in the analysis mass range of 5.05 — 5.65 GeV/c®. The
background sample is data from sidebands above and below the analysis mass range, 4.0 —

5.05 GeV/c? and 5.65 — 7.0 GeV /2.

3.3.1 Monte Carlo Selection and Reweighting

Leading order B — J/¢K* MC is generated using PYTHIA [39] with setting msel = 1, which
includes both direct bb production and gluon splitting into bb pairs. The MC is processed
using the same reconstruction code as for data, adding MC particle identification information
(an integer value number assigned to each type of particle [3]) so that reconstructed pu and K*
tracks can be matched to tracks from true B* — J/¢K* decays. The MC sample initially
contains 219705 Run Ila events and 239395 Run IIb3 events, which is the D@ standard for

simulating all of Run IIb data. After the selection cuts we retain 37561 Run Ila events (17%
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efficiency) and 35726 Run IIb events (15% efficiency).

MC events which are used to train a BDT should reflect the signal in data as accurately as
possible. To create a data sample of estimated signal events within the analysis range of 5.05
—5.65 GeV we must remove the background contribution beneath the B* — J/¢K* peak.
We choose two sideband sub-ranges above and below the peak which contain approximately
the same number of B¥ candidates as there are background candidates under the peak.
Distributions of BDT input variables (e.g., muon pr) created from sideband events are
then subtracted from distributions created from peak events, leaving distributions which
model the estimated signal contribution in the data. Figure 3.4 shows the ranges chosen
for peak and sidebands, as well as the signal and background fits (these initial fits had no
asymmetry parameters). In the peak range, the background curves have an integral of 12683
B¥* candidates, and there are 12653 candidates in the two sideband ranges.

The MC events are weighted to correct for trigger turn-on effects in the transverse mo-
mentum of both muons. We label the muon with larger momentum p; and the muon with
smaller momentum ps. A weight is also applied to the transverse decay length significance
Sy (B%). These weights were developed by Masato Aoki [35] in an earlier analysis using this

decay channel. The functions are shown below, with coefficients given in Table 3.1:

mo

W = 7 g lerf(mafpr(pn) —mal) +ma], (3.19)
Wy, = 5+ [erf(ms[pr(12) — me]) +ma] (3.20)
Ws,, = Ms exp|—moS,,(B*)]. (3.21)

To improve the effects of these weights on our specific samples, we test agreement be-
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Figure 3.4 : Analysis range data showing the choice of peak sub-range and 2 sideband sub-ranges.
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signal peak.

Table 3.1 : MC muon trigger weight coefficients

wy, (Eq. 3.19 wy, (Eq. 3.20 ws,, (Eq. 3.21

Run Period | mg m Mo ms my ms Mg My mg My

Run ITa 0.674 0.723 3.638 1.056 | 0474 1.6 2.5 3.09 | 1.189 0.00896

Run ITb 0.693 1.38 3.591 1.054 | 0.373 1.29 2.78 4.18 | 1.306 0.01081
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tween distributions of sideband subtracted data and signal MC in all the BDT variables.
Additional weights are derived for several key variables to match the distributions in MC to
the distributions in data: pr(u1), pr(BF), pr(K*), and x? of the BF vertex fit. We also
apply a weight to the highest bin of two “isolation” variables, where isolation is defined as
a particle’s momentum divided by the sum of the particle’s momentum plus the momentum
of all other tracks in a cone of size AR < 1. Isolation is calculated for the B candidate as

well as the two muons:

p(B*, 1)

p(BE, ) + > pltrack)
AR=1

I(B* p) =

(3.22)

If there are no other tracks within the given cone, Z = 1. The MC does not model the
fraction of completely isolated particles well, so events in those bins are reweighted using a
discrete value.

The weighting functions are created in sequence after the previous weight has been ap-
plied, resulting in a combination of weights which produce good data/MC agreement in all
BDT variables. The pr(B¥*) distribution (Fig. 3.6) has an unusual shape at low pr caused
by the sideband subtraction procedure. This distribution is only reweighted above 5 GeV/c
and is replaced with p(B*) in the BDT. Figures 3.5 — 3.10 compare sideband subtracted

data to signal MC before and after the application of weights.

3.3.2 BDT training and cut selection

To choose BDT input variables, reweighted signal MC is contrasted with data in the back-

ground sidebands to determine if a variable has meaningful separation between signal and
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Figure 3.5 : Distributions of pr(p1) in data (black) and MC (red) for Run Ila (a) before and (b)

after reweighting, and Run IIb (c¢) before and (d) after reweighting.
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Figure 3.7 : Distributions of py(K¥) in data (black) and MC (red) for Run Ila (a) before and (b)

after reweighting, and Run IIb (c¢) before and (d) after reweighting.
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Figure 3.8 : Distributions of BT vertex x? in data (black) and MC (red) for Run Ila (a) before and

(b) after reweighting, and Run IIb (c) before and (d) after reweighting.
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Figure 3.9 : Distributions of Z(B¥) in data (black) and MC (red) for Run Ila (a) before and (b)

after reweighting, and Run IIb (c¢) before and (d) after reweighting.
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Figure 3.10 : Distributions of Z(u1) + Z(u2) in data (black) and MC (red) for Run Ila (a) before

and (b) after reweighting, and Run IIb (c) before and (d) after reweighting.
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background. Comparisons of sideband-subtracted data, MC signal, and background data
for all input variables are shown in Appendix A. For Run IIb the BDT uses 35726 signal
MC events and 2764049 background events. For Run Ila the BDT uses 37561 signal events
and 534764 background events. In both run periods, 850 boosted decision trees are trained
using 12000 of the signal MC events and 12000 of the background events. The performance
of the BDT is then tested on the remaining events. Figure 3.11 compares BDT values in
the training and testing samples for both run periods. Variables were added or removed
from the Run IIb BDT until the best performance was achieved. Figure 3.12 demonstrates
the performance of the BDT, comparing the percentage of background events rejected to
the percentage of signal events retained. After optimization the BDT for Run Ila is trained
using the same set of variables. The final BDT contains 40 input variables, the first 10 of
which are listed in Table 3.2 in order of their importance.

To choose a cut on the BDT discriminant, a sequence of 50 fits is performed using different
cuts. Each fit used a unique random number to blind gpg in the data, and the set of 50
fits was duplicated five times. Figure 3.13(a) shows the statistical uncertainty on the signal
asymmetry, Ag, at different BDT cuts. To minimize the statistical uncertainty we accept
events with BDT > —0.01 into the final data sample. This cut gives an expected uncertainty
on Ag of approximately 0.41% and also a high fraction of signal events in the final sample

(Fig. 3.13(b)).
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Figure 3.11 : Distributions of BDT values in the signal and background samples for (a) Run Ila

and (b) Run IIb. The training samples (points) match the testing samples (histograms) well.

3.3.3 Fit validation

To validate the statistical uncertainty returned by the fit we use an ensemble test of 1000
trials, where the values of grg are randomized, with a unique random number generator seed
for each trial. Figure 3.14 show the values of Apg(B¥) measured in each trial. The Gaussian
distributions is centered at Apg(B¥) = 0, as expected for randomized data, and the width
of (0.40 £ 0.01) is consistent with the statistical uncertainty of 0.41% from the fit.

The fit method was tested for bias by injecting a series of 100 test asymmetries into the
blinded data. At each test point the values of grg were assigned randomly, and then ¢pp
was flipped in a percentage of randomly chosen events to generate an asymmetry. The test

was repeated five times and the results combined. Figure 3.15 shows that the fit succeeds
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Figure 3.12 : Comparisons of background rejection versus signal efficiency in BDTs for (a) Run ITa
and (b) Run IIb. The optimal BDT has the highest percentage of background rejection for a given

value of signal efficiency.

in returning the input asymmetry values. The adjustments to Apg given by this calibration

line are added as a systematic uncertainty since they are consistent with zero.



o8

Table 3.2 : Run IIb boosted decision tree variables. Impact parameter denotes a particle’s distance
of closest approach to the pp vertex, in the a-y plane (transverse) or along z (longitudinal). Impact

parameter significance is the value divided by its uncertainty.

Rank Variable Fraction of Decisions
1 B# transverse impact parameter (IP) 0.2404
2 B* transverse IP significance 0.2347
3 J /1 transverse IP significance 0.0956
4 pr(K¥) 0.0364
5 Or+ — Py 0.0352
6 Opr — Pk 0.0307
7 U 0.0305
8 L, (B¥) 0.0291
9 Suy(BF) 0.0286

10 K* longitudinal IP 0.0252
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Figure 3.14 : Values of Apg(B*) from an ensemble test of 1000 fits to data with ¢pp randomized.
The mean value is zero, as expected, and the width of (0.4040.01)% is consistent with the statistical

uncertainty of 0.41% returned by the fit.



S | Dbpg L=10416"
2 4
< [
'O |
L 2
o
2 %2/ ndf 99.9/ 98
- p0  -0.01636* 0.01830
-4 pl 0.9989%+ 0.0063
reé
| A | A | | | | A
4 2 0

2, 4
input AFB (%)

60

Figure 3.15 : Fitted values of App versus the injected values, in data with ¢pg randomized. The

data points combine five sets of fits with unique random seeds for each input asymmetry. The

best fit line has an offset consistent with zero and a slope consistent with one, which shows the fit

measures the expected asymmetries.
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Chapter 4

Removing Detector Asymmetries

There are no production asymmetries that we expect as backgrounds to Apg(B¥), but asym-
metries in detector material and J/v or K* reconstruction can result in an apparent Apg.
A forward-backward asymmetry is, in essence, a combination of an asymmetry between the
numbers of positive and negative particles and an asymmetry between the numbers of parti-
cles on the north side (7 < 0) and the south side (n > 0) of the detector. The reconstruction
of B¥ — J/¢K¥ decays must not introduce either form of asymmetry, which would bias the

measurement of the production asymmetry.

4.1 Magnet polarity weights

To remove charge asymmetries, A = (Nt — N7)/(N* + N7), from the tracking detectors
we use a weight to equalize the number of B* candidates in each of four magnet polarity
settings. In one polarity a B is reconstructed with the same sign of curvature as a B~ in the
opposite polarity, so with this weighting any detector inefficiencies will affect both charges
equally. We also equalize the number of BT and B~ candidates in the final data sample,
which eliminates the need to correct for different K+ and K~ interaction cross sections in
the detector [40]. Negative kaons contain a strange quark which can interact with detector

matter to form hyperons, and positive kaons have no corresponding interaction. This creates
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higher tracking efficiency for positive kaons and therefore a charge asymmetry, which is ~ 1%
integrated over |n| and pr.

After removing events with BDT < —0.01, 163765 events remain in the final data sample.
We combine the four magnet polarity settings and two B* charges into a group of eight
(solenoid polarity) x (toroid polarity) x (B¥ charge) settings. The weight for setting i is
w; = N;/Nmin, where Ny, is the number of candidates in the smallest setting. Because DO
took data with regular magnet polarity reversal, all the weights are larger than 0.96. The

polarity-charge weights are shown in Table 4.1.

4.2 J/¢ north-south asymmetry

To account for differences in efficiency between the north and south sides of the detector we
measure north-south asymmetries for both decay products in data samples which are not

expected to have a production asymmetry. A north-south asymmetry is defined as:

Ny — Ng

Ang = ———.
NS NN“‘NS

(4.1)

To measure Ang(J/v), a sample of prompt J/1» — p*pu~ decays is collected using the
selection criteria described in previously (sec. 3.1), adding the requirement that the S,,(J/v)
must be less than 1.5. This requirement guards against .J/¢ mesons from various types of
B decays, which may have a production asymmetry, such as Apg(B¥). We estimate the
remaining fraction of non-prompt particles by comparing distributions of J/1 mesons with
positive versus negative decay lengths. Negative decay length is an artifact of Gaussian

detector resolution, and indicates particles whose true decay length is very near zero. By
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Table 4.1 : Magnet polarity and charge weights

Solenoid Polarity Toroid Polarity B* Charge N Events Weight

-1 -1 -1 20318  0.986564
-1 -1 +1 20795 0.963934
-1 +1 -1 20813  0.963100
-1 +1 +1 20852 0.961299
+1 -1 -1 20045 1.0

+1 -1 +1 20121 0.996223
+1 +1 -1 20403  0.982454
+1 +1 +1 20418  0.981732

mirroring the negative S,, distribution across S,, = 0 and subtracting it from the positive
S,y distribution we can calculate the fraction of non-prompt particles, which form a tail out
to large positive S;, (shown in Fig. 4.1). For a maximum S,, of 1.5 we find ~ 2% non-
prompt particles. Calculation of Ang(J/v) has been tested at several maximum S,,, values
and there is no significant dependence on this cut.

After all selection cuts the J/1) sample has very little background. Sideband subtraction
is used to remove background events under the peak from 2.9 — 3.3 GeV/c?. Sideband ranges

are set for each bin of || and are shown in Fig. 4.2. Histograms in bins of J/¢ pr and |n|
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Figure 4.1 : Distribution of Sgy(J/%), showing a tail in positive values due to non-prompt J/1)

production. The number of mesons with negative decay length (solid black) can be mirrored onto

positive values (dashes) and subtracted from the number of mesons with positive decay length

(solid red), allowing calculation of the non-prompt event fraction.
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are used to compute the North-South asymmetries as follows:

Ny (peak) — Ny (sidebands) — Ng(peak) 4+ Ng(sidebands)
Ny (peak) — Ny(sidebands) + Ng(peak) — Ng(sidebands)

Ans = (4.2)

Values of Axs(J/v) are shown in Fig. 4.3 and listed in Table 4.2. The large asymmetries
seen in the lowest bins of py(J/v) appear to be caused by differences in detector material.
Figure 4.4(a) shows muon placement in bins of n(u) and ¢(u) when pr(J/¢) < 5.5 GeV
and |n(J/¢)| < 1.2. There is a distinct difference between the north and south sides, with
a deficiency of muons on the north side. Figure 4.4(b) shows the momentum distribution of
these muons. Muons on the north side have (p(u)) = (4.039 £ 0.002) GeV while muons on
the south side have (p(u)) = (4.018 £ 0.002) GeV, suggesting that something on the north
side of the detector is causing a larger momentum threshold for muon reconstruction. Since
muons in this low momentum range are just able to traverse the calorimeter and reach the
muon tracking systems, we expect that they are quite sensitive to interactions with inactive
detector material (such as cable bundles) which is not placed symmetrically on both sides of
the detector. However, the bins of large Ang(J/%) are a small fraction of the data sample.

Integrated over pr and |n| we measure Axs(J/1) = (—0.41 £ 0.04)%.

4.3 K7 north-south asymmetry

The ¢ — K"K~ decay is used to measure Ays(K*). Events are selected in which two
oppositely charged tracks form a vertex with a mass between 0.99 and 1.06 GeV/c?. The
tracks are selected using criteria which mirror the properties of the kaon candidates in the

B* — J/¢K* sample. Each track must have 3 hits in the SMT detector, 4 hits in the CFT



> x10° D@, L=10.4 fb*
E 450? : —— Data
400 :
Z asd b — I — py
0 M A
Q F H Background
& 300 b 9
S 20 o |
S 200 | B
o 200? :| |
150 b |
100- Low : I High
F Sideband: ;
500 H | Slldebanj
T o T — S
97 28 20 3 31 32 33 34
M(up) (GeV)
(a)
> x10° D@, L =104 b
o 14
E > — Data
Z — I —
§ 10 7] Background
('5 -
S 8 [
2 I
T 6 F
(&) I.
4 Ii High
| : Sideband
2 I

33
M(u) (GeV)

3.2 3.4

candidates / 10 MeV

candidates / 10 MeV

66

D@, L=10.4 fb*
10 x10°
—— Data
8 — I - pp
Background
]
4 |;
:
2 : High
I: Sideband

31 32

29 3

7 28 33 34
M(up) (GeV)
(b)
x10° DG, L=10.4 f
22 —— Data
20
18 — I - py
16 Background
T

Low 'High
Sideban

|
|
|
|
.
| Sideban

2 AR TR R AP B BEBEEEEE5 RSB B B BB BRI l 3 : BB BHBH5]
8.7 2.8 2.9 3 3.1 3.2 3.3 3.4
M(up) (GeV)

(d)

Figure 4.2 : Sideband and peak definitions for J/1¢ — putu~ decays in (a) the whole detector, (b)

n(J/9)] < 0.7, () 0.7 < [n(J/¥)| < 1.2, and (d) 1.2 < |n(J/¥)| < 2.2.
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Table 4.2 : North-south asymmetries Ans(J/v) (%).

pr range (GeV/c) In| <07 07<|n <12 |n >1.2
< 9.5 -6.56 £ 0.58 -8.19 £0.23 0.12 £ 0.11
2.5 - 7.5 -1.58 £0.16 -2.46 £ 0.12  0.15 £ 0.08
7.5-9.5 0.30 £0.15 -1.00 £ 0.13  0.25 £ 0.11
9.5-11.5 1.37 £ 0.21 0.09 £0.20 0.41 £0.18
11.5 - 13.5 2.21 £ 0.31 0.60 £+ 0.31 0.44 £+ 0.28
> 13.5 248 £0.33 034 £0.34 0.80 £0.31
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Figure 4.3 : North-south reconstruction asymmetries of prompt .J/1) mesons in bins of |n| and pr.
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Figure 4.4 : Distributions of (a) muon placement in 7-¢ bins and (b) muon momentum on the

north and south sides when |n(J/v)| < 1.2 and pr(J/v) < 5.5 GeV.

detector, and |n| < 2.2. Additional requirements are transverse impact parameter less than
1.0 cm, pr 0.7 — 13.5 GeV/c, and track fit x? less than 400. The ¢ meson must have vertex
fit x? less than 16 for two degrees of freedom and the cosine of the two-dimensional pointing

angle must be greater than 0.8. Finally, the kaon tracks must have a minimum separation

of AR = \/(A¢)? + (An)? > 0.15 to ensure non-collinear tracks.

The M(K*K™) distribution is fitted using a binned x? minimization fit. The signal is
modeled by a relativistic Breit-Wigner resonance convoluted with a double Gaussian res-
olution to represent the detector resolution. The convolution is performed in each bin of

M(K*K™), with the bin center labeled m;, by integrating a variable x:

m;+100¢
Psignal = / Gres(mi — I, 00, Ul)PBW(x) dl’, (43)

m;—100¢
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where G is a double Gaussian function with six floating parameters and the same structure
as the probability distribution S(M /K, Ex) in Eq. 3.3. The width oy is the larger of the two
widths. This double Gaussian resolution form was chosen to improve the fit performance
compared to a single Gaussian resolution. The Breit-Wigner probability depends on the

floating mass of the resonance M and a mass-dependent width ~:

2x M~y

Pow(z) = wl(2? — M?)? + MQ’)/Q]’ (4.4)
MY ([ |(2?/4) - ME|N\T? L,
= <|<M2/4> - M?A) By (45)

Here T is the fixed total width of the resonance, My is the kaon mass, and B}? is the Blatt-
Weisskopf barrier function which accounts for the relationship between angular momentum

L (L =1 for the ¢ meson) and linear momentum.

L+ [(M?/4) — Mi|/d*

B/2:
b1 |(e?/4) - M|/d?

where d = 5 GeV is a fixed meson radius [41].

Two background models were determined from simulation, using a sample of By — J/1¢
MC generated using PYTHIA. Random combinations of two tracks and partially recon-
structed particles are modeled with an exponential function labeled B;. Two-body decays
which are not identified as ¢ — KK~ using the MC particle ID information are modeled
with a quadratic function labeled B, with the coefficients fixed to the MC values since they

are consistent across bins of leading kaon |n|. Both functions depend on the bin center values
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m; in the M(K*K™) distribution:

Bl = N1(1 - b0€7b1m1'> (47)

By = Ny(1 — 2.025m; + 1.025m7) (4.8)

Data on the north and south sides are fitted simultaneously by minimizing the sum
x*(north) + x?(south). All fit parameters are allowed to have different values on the north
and south sides. The signal asymmetry is constructed as a fit parameter so that its uncer-
tainty is calculated with all correlations included. Parameters N (number of ¢ — KTK~

events) and Ayg are related to the counts N (north) and N (south) as follows:

N(north) = N(1+ Ans)/2, (4.9)

N(south) = N(1 — Ans)/2. (4.10)

We measure Ang(K*) in bins of leading kaon charge and pseudorapidity. Unlike the
north-south asymmetries for the .J/v, no significant dependence on pr is seen in the kaon
asymmetries, which are listed in Table 4.3. Figure 4.5 shows Ays(K®) in three bins of ||,
and Figs. 4.6 — 4.8 show the fits for each bin. The large size of this sample makes achieving
good fit quality difficult, but the fit performance is the same for data on the north and south

sides. Integrated over all |n|, Axs(K™) = (0.39 £ 0.22)% and Axs(K~) = (0.64 + 0.23)%.



Table 4.3 : North-south asymmetries Ans(K¥).

n| range KT Ans(%) K~ Ans(%)

In| <0.7 0.48 4+ 0.26  0.71 + 0.26
0.7<|n <1.2|064+025 -0.14 + 0.24

1.2<n <22(013+0.52 1.15+0.54
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Figure 4.5 : Kaon north-south asymmetries in bins of leading kaon charge and |7
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4.4 Weighting procedure

The values of Axs can be used to equalize the relative reconstruction efficiencies for J/¢ and

K=* on both sides of the detector:

EN — €5
Ang = 4.11
NS 5N+5S’ ( )

1 — Ans
=eny———. 4.12
Es €N1—|—ANS ( )

If particles on the south side are assigned €5 = 1, then particles on the north side are

weighted so that ey = eg:

11— Axs

— = . 4.13
EN 1+ANS ( )

Wnorth =

The background distributions P, T', and FE could contain events without real J/v¢ or K*
particles (i.e., distribution P, where a pion has been mis-labeled as a kaon), so the values
of Ayg are scaled by the expected signal fraction of the B* candidate. The expected signal
fraction F'is a ratio of the signal probability density function to the total likelihood function.
Using the notation of eq. 3.17:

afSS
(fsS+ fpP+ frT) + [1 —a(fs + fpr+ fr)|E°

F(Mjyx pe) = - (4.14)

Fits without asymmetry parameters are performed on the B¥ — J/¢K* data sample to set
the parameters of S, P, T', and FE for calculating the signal fraction. We use parameter sets
fitted specifically for each bin of |n(B¥)|, pr(B*) and B* charge, as applicable. Distributions
of F' are shown in Fig. 4.9.

By multiplying Ans by the signal fraction F' we are applying reconstruction asymmetry

corrections to the signal asymmetry Ag, but not applying corrections to the background
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Figure 4.9 : Distributions of the signal fraction F' as a function of mass M (J/¢¥K) and (a) kaon

energy Ef, or (b) at select values of Ei.

asymmetry parameters. To test this method we use an analog of the weight in Eq. 4.13:

1—FAFB

'FB 4.15
14 FApg’ ( )

Weorward =

where App is a test asymmetry injected into B*¥ — J/¢K* data with the sign of gpp
randomized. We then compare the results of the fit to the known injected asymmetry value.
Figure 4.10 shows the results of this test when F' = 1 for all events. Both the signal
asymmetry and the background asymmetries return the injected value. Figure 4.11 shows
the results when F' = F(M /K, Ex), which exhibit the desired effect: the background
asymmetry is consistent with zero for all input asymmetry values.

With this scaling, the overall weight for each event is:

Wy = WmagnetW j/yp WK+, (416)
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where w;/y, and wg=+ are:

1 for south-side X = J/v, K*

[1 — FANs(X)]/[l + FAN3<X)] for north-side X = J/¢, Ki.
4.5 Cross-check of reconstruction asymmetry weights

The effect on Apg(B*) of applying the reconstruction asymmetry weights w gy and wgx is

calculated by comparing weighted fits with unweighted, or “raw”, fits:
Apg(reconstructed) = App(raw) — App(weighted). (4.18)

By applying the reconstruction asymmetry weights we are essentially multiplying the J /1
and K* reconstruction efficiencies. It has been shown previously that multiplying efficiencies
is equivalent, to first order in the asymmetries, to adding reconstruction asymmetries to a
raw asymmetry [42]. As a cross-check for our weighting method we calculate the expected
Apg(reconstruction) by fitting the B* — J/¢K* data in each bin of [pr(J/v), |n(J/¥)|]
and |n(K¥)|, and taking a weighted average of the Ans values over these bins.

First we must consider how Ayg affecting the J/1 or K= particles will correspond to App
for the B* candidate. The forward-backward charge is defined as grg = —qpsgn(ng), and
we can define a north-south charge for particle X as gns(X) = —sgn(ny). For BT mesons,
grp = qns(X) if particle X (J/¢ or KT) is on the same side of the detector as the B*. For
B~ mesons with X on the side side of the detector as B~, grg = —qns(X). If X and B* are
on opposite side, these relationships between grp and gns(X) are flipped. In practice, this

defines two cases:
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e Case 1: Apg = Ans. B™ candidate in the same hemisphere as J/1 or K*; B~ candidate

in the opposite hemisphere as J/v or K.

e Case 2. Apg = —Ans. B~ candidate in the same hemisphere as J/¢ or K—; Bt

candidate in the opposite hemisphere as J/v or K.

Since the majority of B* candidates have decay products on the same side of the detector,
Case 1 will dominate for BT events and Case 2 will dominate for B~ events.

To perform the weighted average cross-check, the data is split into the kinematic bins used
to calculate Ans(J/v) and Axs(K*) and then into Case 1 and Case 2. The B — J/yK=*
distribution is fitted to extract the number of signal events per bin. The total number of
signal events, labeled NV;, in a kinematic bin is the sum of signal events in Case 1 plus Case 2.
To calculate Apg(reconstruction) we need the effective number of events, labeled n;, which
is the sum of signal events in Case 1 minus the sum of signal events in Case 2.

The asymmetry App(reconstruction) for particle X, labeled Apg(X reco), is calculated

according to:
1
AFB(X reco) = N E n,'ANSﬂ-(X), (419)

where N is the total number of fitted events over all bins. This weighted average depends
on n;, which reflects the difference in the number of B* and B~ candidates per kinematic
bin. Therefore, when B and B~ are combined, the values of n; will be small and the effects
of applying the reconstruction asymmetry weights will generally cancel. When B and B~
samples are considered separately these corrections for detector reconstruction asymmetries

will play a more significant role in the measurement of Apg.
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The uncertainty on App(X reco) is:

O'AFB (X reco) =2 Z NQJANS )+ ANS J(X )012\,1,, (4.20)

bins

* reco).

and the asymmetry Apg(reconstruction) is the sum: Apg(J/1 reco) + App(K
Comparisons of Apg(reconstruction) from this cross-check (Eq. 4.19) and the weighting

method (Eq. 4.18) are listed in Table 4.4. The good consistency between these methods

validates our choice to apply the reconstruction asymmetries via weights.

Table 4.4 : Comparison of methods to correct for reconstruction asymmetries

Sample Reconstructed particle Weighting method (Eq. 4.18) Cross-check (Eq. 4.19)

B+ J /1 —0.359% (—0.310 + 0.091)%
B+ K* 0.363% (0.401 =+ 0.136)%
B* both 0.004% (0.091 + 0.164)%
B~ J /1 0.380% (0.330 £ 0.090)%
B~ K* —0.517% (—0.469 + 0.133)%
B~ both —0.137% (—0.139 + 0.161)%
B* J /0 0.0089% (0.0084 == 0.0905)%
B* K* —0.0638% (—0.0233 + 0.0955)%
B* both —0.0558% (—0.0149 + 0.1316)%

A central benefit of the weighting method is the small uncertainty on Apg(B¥*) due

to the statistical uncertainties on the Ang measurements. Had we used the A(physics) =
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A(raw) — A(reconstruction) method we would have an uncertainty of ~ 0.13%, as seen in
bottom right cell of Table 4.4, but this simple sum discards all asymmetry terms past the
first order. The weighting method preserves these higher order terms, which bring along
correlations between the asymmetries which must be accounted for in calculation of the
overall uncertainty:.

This uncertainty is determined using an ensemble test of 500 Gaussian variations of the
Ans(J/1) and Axs(K®) values, shown in Fig. 4.12. In each trial the binned values of Ayg are
randomized according to Gaussian distributions with widths determined by the statistical
uncertainties of the measured Ayng values. The values of ¢grp are also randomized, but using
the same random seed for each trial. This gives the distribution in Fig. 4.12 an arbitrary

mean value, but the width of the distribution shows the small uncertainty, 0.003%, due to

the uncertainties on Ayg(J/¢) and Axg(K®).
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Figure 4.12 : Distribution of Apg(B¥*) from 500 Gaussian randomizations of Ang(J/1) and
Ans(K jE). Each trial uses the same random seed to blind gpg, giving an arbitrary mean value
of 0.37%. The width gives the statistical uncertainty of 0.003% from the reconstruction asymmetry

weights.
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Chapter 5

Measuring Apg(B7)

The final data sample, after B¥ — J/¢ K= selection cuts and the BDT discriminant cut,
contains 160360 weighted events. The maximum likelihood fit, corrected for reconstruction
asymmetries, gives 89466 + 347 signal events. The fit parameters are listed in Table 5.1.
Although the fit is unbinned, the data and fit quality are visualized with binned distributions
of invariant mass M (J/¢K) for the sum and the difference in the numbers of forward and
backward B* candidates. These are shown with their projected fits in Figs. 5.1 and 5.2,
respectively. The lower panel of both figures shows the distributions of residuals, which
compare the average value of the fit function in each bin with the data value and its statistical

uncertainty. The quadrature sum of these residuals is taken as the y? value:

X=> <[N(Data) — N(Fit)] /0(Data)> . (5.1)

bins

The x? value is 132.6 in the (forward + backward) distribution and 116.4 in the (forward —
backward) distribution. The fit has 26 free parameters and there are 240 bins across both
distributions, which gives x?/ndf = 249/214 = 1.16.

We measure a signal asymmetry consistent with zero:
Apg(B*) = [~0.24 £ 0.41 (stat.)]%. (5.2)

The background asymmetries are also consistent with zero: Ap = (8.16 £ 15.95)%,
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Ap = (2.51 + 3.86)%, and Ap = (—0.17 + 0.71)%.

5.1 Systematic Uncertainties

To determine systematic uncertainties on Apg(B¥) a number of variations are made to the
analysis method. We test changes to the data sample, and the fit functions, biases in the
fit algorithm, and alternate reconstruction asymmetry calculations. For sets of less than
eight variations, half the largest change in the central value of Apg(B¥) is assigned as the

systematic uncertainty. For larger sets the systematic uncertainty is one standard deviation:

o = /> [Arn(z) — Apsl?/N, (5.3)

where Apg(z) is the measured value of Apg(B*) in a given variation, and App is the mean

value of Apg(B¥) over all variations including the default measurement.

5.1.1 Data sample variations

Four alternative BDTs were considered:

e Minimum M (J/¢YK) of the lower background sideband is increased from 4.0 GeV to
4.5 GeV to improve agreement of the background input variable distributions with the

distributions of background events in the analysis range.

e Maximum M (J/¢K) of the upper background sideband is decreased from 7.0 GeV to

6.5 GeV.
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Table 5.1 : Maximum likelihood fit parameters

Parameter Value Parameter Value
fs 0.5592 4 0.0016 Do 0.2647 £ 0.0115
fr 0.0076 4+ 0.0011 P —0.3804 + 0.0212
fr 0.0306 + 0.0011 Do 0.1839 + 0.0073
my 5.2747 4+ 0.0003 m 5.2761 4+ 0.0003
I 0.0840 + 0.0068 fe 0.1934 £ 0.0100
ey 0.0875 4 0.0004 cs 0.0886 + 0.0004
e —0.7268 4 0.0036 ey —0.7336 + 0.0041
ey 0.1027 4 0.0015 c5 0.1173 + 0.0017
cy 0.4727 4+ 0.0235 5 0.6119 4+ 0.0146
50 —2.4486 + 0.0315 Ag —0.0024 + 0.0041
s1 —1.0770 + 0.0274 Ap 0.0816 % 0.1595
59 0.4489 + 0.0136 Ar 0.0252 + 0.0386

5.1282 £ 0.0030

—0.0017 £ 0.0071
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Figure 5.1 : Invariant mass M (J/¢YK) of (forward + backward) events with fitted distributions.

The lower pane shows the residuals, [N (Data) — N(Fit)]/o(Data).
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e The BDT is trained without isolation variables to test any bias against high momentum
B mesons embedded in a jet. No bias is observed when comparing event fractions with

pr(BE) > 15 GeV.

e Maximum pp(B*) = 20 GeV in the background and MC signal samples, a cap used in

initial versions of this analysis.

For each of these variations the BDT discriminant cut was set at -0.02, optimized to give
the smallest statistical uncertainty when py(B*) was capped at 20 GeV. These variations
give an uncertainty of 0.115% on Apg(B¥).

Different cuts on the BDT discriminant are also considered. From Fig. 3.13(a) we choose
a symmetric variation of four bins above and below the default cut at —0.01. These variations
give a systematic uncertainty of 0.124%. The total uncertainty from variations to the data

sample is 0.169%.

5.1.2 Fit method variations

The lower limit of the analysis mass range was varied from 5.0 GeV/c? to 5.05 GeV/c? in 10
MeV steps. At each lower limit step the upper limit of the mass range was varied from 5.65
GeV/c? to 5.7 GeV/c?, also in 10 MeV steps. This results in an uncertainty of 0.024% on
App(B¥).

The threshold function T for partially reconstructed B mesons has a fixed slope param-

eter, t; = 25, and a floating inflection point ¢. The following variations were tested:

e Float both ¢ and t;
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e Fix t=>5.128 and ¢t; = 25
e Fix t = 5.128 and float t;

These changes have a very small effect on Apg(B*), adding an uncertainty of only 0.005%.

One of the most significant possible modifications to the fit function is removing the
dependence on kaon energy. There are three functions that depend on E: the widths of the
double Gaussian signal distribution, the slope of the exponential background distribution,
and the factor of o which modifies the event fractions f;. The forms of these dependences
were determined specifically for this analysis, so rather than modify the functional forms
we test removing Fy completely by setting parameters (c1, ¢2), (s1, s2), and/or (po, p1, p2)

equal to zero. Seven combinations were tested:
e Choose 1 Ef dependence to float: gy, S, or a.. (3 variations)
e Choose 2 Ef dependences to float. (3 variations)
e Remove all Ex dependences.

The systematic uncertainty from these changes is 0.038%.
Another possible function variation is to the background asymmetries. Asymmetries Ap,

Ar, and Ag were varied as follows:
e 1 asymmetry out of (Ap, Ap, Ag) is set to zero (3 variations)
e Constrain Ar = Ar and allow Ap to float

e Fix Ar = Ag = 0 and allow Ap to float
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e Set all three asymmetries to zero

These variations give an uncertainty on Apg(B*) of 0.039%.

The final fit function variation takes into account statistical uncertainty on the magnet
polarity settings. These weights are determined by counting events with a certain charge and
magnet polarity setting, and the counts have associated statistical uncertainties. We vary
each of the eight counts up and down by the uncertainty v/N. The changes to Apg(B*) from
these variations are negligible, resulting in an uncertainty of 0.001%. The total uncertainty

from variations to the fit function is 0.060%.

5.1.3 Reconstruction asymmetry calculations

Different methods of calculating the reconstruction asymmetries Ans(J/1) and Ayng(K*)

are tested:
e Replace Ans(J/¢) with a measurement of Ans(u), for each of the individual muons
e Replace Ans(K ™) with a measurement from a sample of random tracks.

All three combinations were tested: Ans(J/t¢) and Ans(tracks); Ans(p) and Ans(tracks);
and finally Axg(p) and Ans(K*). The difference in Apg(B*) values with these alternate
reconstruction asymmetry samples gives a systematic uncertainty of 0.048%.

The measurements of Ayg(J/1) and Anxs(K*) have gone through several revisions, with
changes in binning, selection cuts, or construction of the fit parameters. All possible combi-

nations of older versions and the measurements described in sections 4.2 and 4.3 have been
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tested, giving a systematic uncertainty of 0.016%. The total systematic uncertainty from

reconstruction asymmetry sources is 0.051%.

5.1.4 Fit bias

The test of possible bias in the fit, shown in Fig. 3.15, reveals small non-linearities in the fit
method. The offset is consistent with zero: (—0.016 £+ 0.018)%; the slope is consistent with
one: 0.999 + 0.006. For the observed Apg(B*) of —0.236%, this calibration line indicates
a true asymmetry of —0.220%. The shift of (0.016 + 0.018)% is consistent with a shift of
zero, so it is added as a systematic uncertainty.

All sources of uncertainty are summarized in Table 5.2, assuming they are uncorrelated

for the combination.

Table 5.2 : Summary and combination of uncertainties

Source Uncertainty
Statistical 0.41%
Alternative BDTs and Cuts 0.17%
Fit Function Variations 0.06%
Reconstruction Asymmetry Calculations 0.05%
Fit Bias 0.02%
Systematic Uncertainty 0.19%

Total Uncertainty 0.45%
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5.2 Stability Tests

The stability of the asymmetry measurement is tested by dividing the data into subsets
which are expected to have the same asymmetry. Figure 5.3 shows Apg(B¥) over time, with
the earliest data at the bottom and the most recent data at the top. Figure 5.4(a) shows
the data divided into the four magnet polarity settings, with the number of BT and B~
candidates within each setting equalized. Figure 5.4(b) shows the data separated into BT
and B~ samples, with the number of candidates in the four polarity settings equalized. The
use of separate signal parameters for the north and south sides of the detector was essential
for bringing these values into agreement, although this method disrupts the instinctive ex-
pectation that [Apg(BT) + Arp(B7)]/2 = Apg(B¥*). Table 5.3 gives the raw values of App
for each charged sample and shows how each of the reconstruction asymmetry weights con-
tributes to the physical values of Apg. The final stability test, shown in Fig. 5.5, measures

App(B¥F) over a range of BDT cut values.

Table 5.3 : Reconstruction Asymmetry Corrections: App(raw) — App(reco) = App(phys).

Sample Apg(raw) App(J/1reco) Apg(K* reco) Apg(phys)

B~ —0.64% 0.05% —0.52% (—0.18 + 0.65)%
B* —0.29% 0.01% —0.06% (—=0.24 £ 0.41)%
BT 0.60% —0.03% 0.37% (0.25 + 0.65)%

As a cross-check, we remove the B* charge equalization from Wmagnet and correct for the
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Figure 5.3 : The measurement of Apg(B¥) is consistent over time. The data points are shown with
statistical uncertainties which reflect the integrated luminosity of the sample. The nominal result

(blue band) is shown with the total uncertainty.
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kaon charge asymmetry using a weight analogous to the reconstruction asymmetry weights
wyy and wr. With these alterations we measure Apg(B¥) = (—0.24 & 0.41)%, which is
completely consistent with our nominal result. If the value of gpg in the likelihood function is
replaced with the B* charge qp we can also measure the charge asymmetry in B* — J/¢K*.

We measure A(B*) = 0.759% + 0.447%, which is consistent with previous results [37].
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Chapter 6

Comparing Arp(B*) to the Standard Model

To compare the measurement of Apg(B¥) in data to the standard model (SM), the MC@NLO
simulation described previously (sec. 1.6) is analyzed with the same reconstruction code as
used for data, applying B* — J/wK® selections and weights to model the muon trigger
effects. Additionally, reconstructed muon and kaon tracks must match tracks from generated
B* — J/¢K?* decays. Since matching reconstructed B* candidates to generated B* mesons

leaves no background events, APM(B*) is calculated directly:

N(qFB > 0) — N(qFB < 0)
N(grp > 0) + N(grp < 0)

AFB = (61)

Eight million events are generated in each solenoid/toroid magnet polarity setting. After
all selection cuts the sample has 77157 events in the setting which is the default for DO MC
generation, and approximately 20000 events in each of the other settings. As in the data
sample, the number of B* candidates in the four magnet polarity settings and the number

of BT and B~ candidates are equalized with the weight wagnet-

6.1 w™Mc@NLO Trigger Weighting

Since the effects of the trigger system are not modeled in MC, the muon trigger weights

Wy, Wy,, and ws,, are applied to the MC events. Using the procedure outlined in sec. 3.3.1,
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additional weights are derived to ensure optimal matching between estimated signal data
and the MC@NLO simulation in distributions of pr(u1), [9(p)], and |n(B*)|. Figures 6.1

— 6.4 compare the data and MC@QNLO distributions before and after weighting.
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Figure 6.1 : Distributions of pr(u1) in MC@NLO (red squares) and estimated signal data (black

circles), (a) before and (b) after reweighting.

6.2 Reconstruction Asymmetries in DO MC

Regardless of the event generation program, all D MC uses the GEANT3 program for de-
tector simulation. We measure Axg(J/1) and Ans(K*) in MC generated with PYTHIA
since this leading order MC uses the same detector simulation but does not model the
forward-backward production asymmetry. Using a variety of PYTHIA MC samples, we iso-

late ¢ — KYK~ and J/i¢ — ptp~ decays using the Particle Data Group identification
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Figure 6.2 : Distributions of |n(u1)| in MC@QNLO (red squares) and estimated signal data (black

circles), (a) before and (b) after reweighting.
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Figure 6.3 : Distributions of py(B¥) in MC@NLO (red squares) and estimated signal data (black

circles), (a) before and (b) after reweighting. The weight derived for pr(u;) also brings these

distributions into agreement.
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Figure 6.4 : Distributions of |n(B*)| in MC@NLO (red squares) and estimated signal data (black

circles), (a) before and (b) after reweighting.

numbers [3]. A simulation of By — J/¢(uu)¢(KTK™) yields 241094 ¢ — KK~ decays. A
total of 658113 J/¢) — ptpu~ decays are taken from a combination of generic QCD simula-
tion, pp — J/¥(uu)X simulation, pp — bb (or c¢) simulation with two muons in the final
state, and unpolarized gg — x. or J/v simulation.

We measure Axs(J/¢) and Axg(K*) using the same bin structure as for data. Back-
ground is removed from both samples using the particle identification numbers, so the north-
south asymmetries are calculated directly by counting north-side and south-side events. Fig-
ure 6.5 shows AME(J/1) and the muon placement distribution in 7 — ¢ space. Figure 6.6
shows the same distributions for ANS (K*). The asymmetry values are listed in Table 6.1.

Comparison of Figs. 4.4 and 6.5(b) shows that the Monte Carlo simulation is much less

affected by asymmetries in the detector material. In particular, the dependence of Axs(J/)
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Figure 6.5 : Distributions of pyTHIA MC J/% (a) north-south asymmetries in |n| and pr bins, and

(b) muon placement in 7 — ¢ bins.
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Figure 6.6 : Distributions of PyTHIA MC ¢ — K™K~ (a) north-south asymmetries in || bins, and

(b) placement of K™ particles in 7-¢ bins (the distribution for K~ is identical, qualitatively).
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Table 6.1 : North-south asymmetries Ans(J/v) and Axg(K*) in PyTHIA MC.

pr(3/8) (GeV/e) | I/ <07 07 <[n(I/)l <12 [n(J/%)] > 1.2

< 5.5 -12.27 £ 4.54 0.66 £+ 2.00 -0.41 £ 0.82
5.5-17.5 -0.52 £ 1.25 0.01 £1.04 -1.18 £ 0.72
7.5-9.5 -2.49 £ 1.05 -1.28 £ 1.04 -1.16 £ 0.85
9.5-115 0.96 £+ 0.93 0.67 = 0.96 -1.01 4+ 0.82
11.5-13.5 0.61 £ 0.86 -1.84 £ 0.91 -0.07 = 0.79
> 13.5 0.64 £ 0.24 0.06 £+ 0.28 -0.23 £ 0.24

K charge In(K*)] <0.7 0.7<|n(K%)| <12 1.2<p(K*)] <22
K+ 0.12 £ 0.31 0.89 £+ 0.38 -1.19 £ 0.38
K~ -0.11 = 0.31 0.97 £ 0.38 -1.21 £ 0.38
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on pr in data is not reproduced in the MC, which suggests that the primary source of the
large negative asymmetries in data is not from active detector material which is modeled in
GEANT. The values of Ang(K®) are generally an amalgamation of small effects throughout
each bin (Fig. 6.6(b)). The similarity between Axs(K ') and Ans(K ™) is greatly improved
in MC, since we can isolate ¢ — KK~ signal using the MC particle identification rather

than fits.

6.3 Apg(B*) in MCQNLO

We calculate Apg(B¥) in MC@QNLO using binned histograms since there is no background
component requiring a fit. Each candidate is given the weight w,, = Wi igger Wmagnet W/ Wi+,
which includes the trigger weights and reconstruction asymmetry weights described above.
“Difference” histograms binned in |n(B¥)| or py(B*) are filled using positive or negative
weights based on the value of gpg. “Sum” histograms are filled with positive weights to find
the total number of events per bin. App in each bin, with statistical uncertainty, is calculated

by dividing a difference histogram by the corresponding sum histogram. We measure:
APM(B*Y) = [2.31 4 0.34 (stat.)] % (6.2)

Systematic uncertainties from four sources are considered: renormalization and factor-
ization energy scale choice, parton distribution function (PDF) set uncertainties, b quark
fragmentation models, and possible biases in the measurement technique. MCQNLO defines

energy scales for renormalization (ug) and for factorization of the initial partons (ug) [20].
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For the process pp — bb.X:

e = m(b) + /3 0) + p3(5)]/2. (6.3)

where the b quark mass m(b) is set to 4.75 GeV [43]. Since A%, is zero at leading-order, there
is a large scale dependence in predictions at next-to-leading-order [44]. Both scales are varied
independently from %MR, r to 2up p to estimate an uncertainty due to uncalculated higher
orders. Six million MC events were generated in each of the eight new scale combinations. All
scale variation samples are generated in the default magnet polarity setting, so the values of
App(B*) are compared to the nominal value from the same setting of [1.39 £ 0.40 (stat)]%.
Figure 6.7 shows the scale variations with respect to the nominal scale. Half the largest
spread of variations gives a systematic uncertainty of 0.44%.

The PDF uncertainty is calculated using a system of weights. The CTEQ6M1 PDF set is
created from fits which have twenty eigenvectors, each with an associated uncertainty. Using
the momentum transfer Q? of the primary interaction, the initial parton flavors, and the
fractions of the p or p momentum carried by the initial partons we calculate an array of forty
weights which mirror the effect of shifting each eigenvector up or down by its uncertainty. We
calculate Apg(B¥) forty times, applying one weight at a time from the array. The standard
deviation of the variations is 0.03%, which is applied as a systematic uncertainty.

We estimate an uncertainty due to b quark fragmentation by weighting the MC so that
the fragmentation of b quarks into B* mesons follows a Bowler fragmentation function tuned

to reproduce LEP or SLD data. The Bowler function [46] is:

f(2) oc 2= WHrami) (1 — 2)% exp(—bm3/2), (6.4)
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Figure 6.7 : Measurements of Aggf (B*) in different scale samples. Half the largest spread is 0.44%.

Points show statistical uncertainties.
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where m;, is the b quark mass set to 5.0 GeV, and my = \/m? + p2 is the transverse mass of
the B hadron with m = 5.0 GeV and pr = 0.39 GeV. Parameters a, b, and r, can be tuned

for a given dataset. We calculate the fragmentation variable as:

z = p(BY),/p(b), (6.5)

where p(B¥) is the component of p(B*) in the direction of the b jet. To estimate b jet
momentum we identify the earliest produced MC b quark that is within AR < 0.5 of the

B* meson. The parameters for the LEP and SLD tunes are:
o LEP: ¢ = 1.03, b = 1.31, r, = 0.897.
e SLD: a =1.30,b = 1.58, r, = 0.98.

The Bowler functions with LEP and SLD tunes are shown in Fig. 6.8, along with the z
variable in our default MC@QNLO+HERWIG MC. Because we do not have an exact calculation
of the jet momentum, the distribution in HERWIG extends past z = 1. We weight these
events as if z were equal to 1, which maintains the continuity of z in the weighted MC. In LEP
tuned MC APM(B*) = (2.01 & 0.39)%, and in SLD tuned MC AN (B*) = (1.82 4 0.42)%.
Half the largest spread between our default MCQNLO+HERWIG and these variations gives
an uncertainty of 0.25%.

The MC calculation is tested for bias with the same procedure as data: events are
randomly categorized as forward or backward, and then a percentage of randomly selected
events have gpp flipped to inject an asymmetry (Fig. 6.9). Five ensemble tests are combined

and the distribution of measured Apg(B¥) versus App(input) is fitted with a line. As in the
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data calibration, the line parameters are consistent with an offset of zero and a slope of one,
so all adjustments are consistent with zero. The indicated adjustment is 0.01% for all bins,

and is negligible compared to all other uncertainties.

D@ MC

measured A; (%)

-2 X2/ ndf 79.18 /98
pO  -0.009153 0.015402
4 pl 0.9987+ 0.0053
- | | ! | | | !
-4 2 0 2 4
INput A__ (%)

Figure 6.9 : Calibration of APM(B¥) in Mc@NLO. Each point is the average of five tests with
different random seeds. Because the offset is consistent with zero and the slope is consistent with

one, the shift from measured Apg(B¥) to Apg(input) is included as a systematic uncertainty.

With these uncertainties APM(B*) = [2.31 £ 0.34 (stat.) 4= 0.51 (syst.)]%.

6.4 Binned Measurements of Apg(B™)

Table 6.2 lists the values of APY in bins of pp(B*) and |n(B*)| with all associated un-

certainties. Figure 6.10 shows measurements of Apg(B*) and APM(B¥) versus transverse
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momentum and pseudorapidity. The fully reconstructed J/¢K* final state produces good
kinematic agreement between reconstructed and generated B mesons, as shown in Fig. 6.11,
so corrections to recover the true B* kinematics are unnecessary. The average pr of the B*
mesons is 12.9 GeV. We find that Apg(B¥*) is systematically lower than AY(B*) for all
pseudorapidities, and for pr(B) = 9 — 30 GeV. Considering the MC systematic uncertain-
ties to be correlated (uncorrelated), Fig. 6.10 (a) has x* = 10.3(11.8) for three bins and

Fig. 6.10 (b) has x* = 6.6 (7.0) for seven bins.
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Figure 6.10 : Comparison of Apg(B¥) and APM(B*) in bins of (a) |ng| and (b) pr(B). Data
points and MC bands include statistical uncertainties convoluted with systematic uncertainties

(Table 6.2).



Table 6.2 : Apg(B™T) and uncertainties in MCQNLO

Bin Arp (%) Uncertainties (%)

Statistical Scale choice Fragmentation PDF
B* 2.31 0.34 0.44 0.25 0.03
BT 3.39 0.48 0.68 0.14 0.05
B~ 1.24 0.48 0.78 0.37 0.03
In(B*)| 0.1 - 0.7 0.72 0.71 1.39 0.03 0.01
In(B*)| 0.7 - 1.2 3.08 0.60 0.99 0.24 0.02
In(B*)| > 1.2 2.61 0.51 0.62 0.37 0.05
pr(B*) <7 0.83 0.85 2.15 0.64 0.05
pr(BE)7-9 1.30 0.80 1.89 0.17 0.06
pr(B%) 911 2.74 0.78 1.62 0.47 0.03
pr(B*) 11 -15 2.30 0.67 1.83 0.50 0.02
pr(B*) 15 - 20 1.21 0.89 1.81 0.20 0.03
pr(B*) 20 - 30 3.01 1.23 2.65 0.34 0.04
pr(B*) > 30 —0.12 2.61 2.31 0.53 0.09

109



110

S 16 & 7000
o B D@ MC RMS =0.0086 | © r D@ MC RMS = 311 MeV

=~ r ~ 6000

%] %) -

£10¢ E_f

S © 5000

(] 1ogj () C

g 4000

1L 3000

s 2000

10 o

F 1000
T | | I R A | 11 R o AR, el

05 -04 -03 02 -01 0 01 02 03 04 ( 4 3 =2 -1 0 1 2 3
n(generated B - n(reconstructed B p (generated B- p,(reconstructed B
(a) (b)
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Chapter 7

Conclusions

In this analysis we have measured the forward-backward asymmetry in the production of
B* mesons with B* — J/9K* decays in pp collisions at /s = 1.96 TeV. For B* mesons
with a mean py of 12.9 GeV, the result is Apg(B*) = [~0.24 £ 0.41 (stat) £+ 0.19 (syst)|%,
which is the first measurement of this quantity.

Combining the Apg(B*) data and MC uncertainties in quadrature, our estimate from
MC@NLO differs from data by (2.55 + 0.76)%, or 3.3 standard deviations. The MCQ@QNLO
simulation suggests that Apg(BE) ~ AY,, but the measurement of ASM(BF) = [2.31 +
0.34 (stat.) £ 0.51 (syst.)]% disagrees with the SM prediction of A%, in [11] at low bb masses.
These discrepancies suggest that more rigorous determination of the standard model predic-
tion is needed to interpret our results.

Our data measurement agrees with preliminary results from the CDF collaboration, who
are measuring A%, in the mass range M(bb) > 150 GeV [47]. Their results are shown in
Fig. 7.1 along with SM calculations which are an extension of the values in [11]. All ex-
perimental results from the Tevatron show forward-backward asymmetries consistent with
zero, and the results from CDF are consistent with the SM predictions, although with large
uncertainties. The LHCDb collaboration also reports consistency with the SM for their mea-

surement of the bb charge asymmetry, or forward-central asymmetry [17].
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Figure 7.1 : Measurement of A%BB from the CDF collaboration, along with the SM predictions and

two axigluon models. Figure from [47].

The case for new physics creating anomalous forward-backward production asymmetries
has steadily weakened. Experimental values of A%{B decreased and the SM prediction, now
known to next-to-next-to-leading-order, has been revised to a larger value. Both our re-
sults and the results from CDF suggest that the theory of quantum chromodynamics in
the standard model accurately predicts the collision properties which produce A%BB. Due
to the limited energy range of the reconstructed B* mesons in this data sample we cannot
distinguish between the possible new physics models shown in Fig. 1.6, but the precision
of this measurement is unique among forward-backward asymmetry measurements and our
results for Apg(B*) will provide experimental input for constraining new physics models in

the future.
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The following figures compare sideband-subtracted data (blue triangles) and MC (red squares)
from the “peak” mass range of Fig. 3.4. These distributions should agree well after the MC
reweighting, and are also contrasted to the distributions of background range data (black
dots). The variables are ordered by their importance to the BDT.
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