¢ MONOGRAPH EXCERPT ¢

MATTER ANTIMATTER FLUCTUATIONS

SEARCH, DISCOVERY AND ANALYSIS OF BS FLAVOR OSCILLATIONS

NUNO LEONARDO

Complete work published as:
Analysis of By oscillations at CDF, MIT Thesis (2006)
Matter antimatter fluctuations, Monograph, LAP Lambert (2011)

Author (© Nuno Teoténio Leonardo



Chpt. 4

MATTER ANTIMATTER FLUCTUATIONS, N. LEONARDO

CDF detector

record B meson events created

Chpt. 3

in pp Tevatron collisions
trigger

Data samples

select B meson candidates
fully & partially reco’d decays

Monte Carlo

physics and detector |
simulation

Fitting framework

unbinned likelihood model
mass, proper decay time,
flavor tagging input

Chpt. &

Lifetime
measure B meson lifetimes, 7

calibrate proper time uncertainty

Chpt. 4

B, oscillations

measure Am
amplitude scan

Chpt. 11

Significance
sensitivity projections
and p-value estimation

Chpt. B, 10

¢ MONOGRAPH EXCERPT ¢ XV

Flavor tagging

infer B production flavor

Chpt. 6, 9

OST

SST

Chpt, 5,7.8

B9 oscillations
measure Amgy
calibrate tagging methods

Chpt. 7

CKM fit

constrain theory parameters
w; Am, and other measurements

Figure 2: The big picture — analysis layout.

Chpt, 12



MATTER ANTIMATTER FLUCTUATIONS, N. LEONARDO © MONOGRAPH EXCERPT ¢ 3
1.1 Synopsis and roadmap

The large expected value of the particle—antiparticle mixing frequency makes it challeng-
ing to observe and measure the time-dependence of B, flavor oscillations. The amplitude
of the oscillations is attenuated by effects resulting from background contamination of the
samples, experimental resolutions on the decay proper time reconstruction, and performance
limitations of the flavor tagging methods.

In the absence of such attenuation effects and further experimental complications, the
probability density for an originally produced By meson to decay at a later time t as B,
or conversely, follows from basic quantum mechanics, as derived in Chapter 2, and is given

simply by
1
Pp, ., ~ Ze_t/T [1 — cos (Amgt)] (1.1)

where 7 is the meson’s lifetime and Amy is the frequency of oscillation we aim to determine.
A schematic representation of a typical B event is shown in Figure 1.1. The main ingre-

dients required by the measurement may be summarized as follows:

e data samples: B events produced in the pp collisions need to be identified and collected,
and the signal and background composition of the resulting data samples needs to be

characterized,

e decay time: the proper time of the decay, ¢, is constructed from the flight distance
of the meson in the detector, between the primary pp collision point and the meson’s

decay position, and the determination of the B momentum from its decay products,

e flavor at production and decay: it is necessary to find what the flavor (i.e. B or B) of
the meson was, both when it was produced and when it decayed, in order to determine
whether it decayed as mixed (flavor of production different from flavor at the time of

decay) or unmixed (flavor of production the same as flavor at the time of decay).

The above ingredients must be thoroughly characterized, with all involved quantities deter-
mined as accurately as possible and the probabilities of potential mis-determinations fully
quantified.

In order to take the best advantage of the collected data samples and their characteristics
a robust fitting framework is developed, which serves as the cornerstone of the data analysis.
The optimal fit parameters are found using the maximum likelihood method based on the

individual events input. The likelihood formulation is developed to accurately describe the
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Figure 1.1: Schematic of a typical B event.

characteristics of the data samples at hand, optimized for computational speed and accu-
racy, and implemented to efficiently accommodate the various reconstructed B decay modes
employed.

The data analysis is extended to the lighter BT and B° meson species, for which larger
data samples are available. This allows a determination of the properties of those mesons,
and simultaneously serves the purposes of method validation, tool calibration, and framework

testing and development.

Data samples

B mesons originate from the hadronization of b quarks produced in the proton—antiproton
collisions. The b production cross-section at the Tevatron is about 0.1 mb, while the total pp
cross-section, including elastic, diffractive and inelastic scattering, is of the order of 75 mb.
The bottom production processes predominantly involve the creation of bb pairs. Once they
have been produced, the b and b quarks both undergo fragmentation forming b hadrons, which
include BT, B?, and B, mesons, as well as heavier states such as B., Ay, =, etc. It should
be added also that a produced bb pair in a given beam-crossing is typically accompanied by
additional background interactions which are omitted in Figure 1.1.

The signature which allows one to identify b hadrons from the other, more common
collision products is their distinctive, long lifetimes. The B, B and B, mesons — which
constitute our aimed signal samples and which we shall commonly denote by B — each have a
lifetime 7 of approximately 1.5 ps, or ¢7 ~ 450 um (c denoting the speed of light). When the
momentum spectrum of the B mesons is folded in, the corresponding boost translates into
average decay flights of the order of a few millimeters at the center of the detector, or more
exactly inside the beampipe. This characteristic decay length signature is used to distinguish
B signals from the myriad of background processes with their much larger cross-sections.
Such characteristic secondary vertices are explored, as a matter of fact, already at the level

of real-time event selection, or triggering. The daughter particles which originate from B
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Figure 1.2: Sketch of a B decay.

decays usually have significant impact parameter with respect to the primary interation
vertex, as illustrated in Figure 1.2. The reconstructed trajectory of a long-lived (e.g. pion,
kaon) charged particle, dubbed track, is said to be “detached” if the impact parameter,
divided by its uncertainty, is large. CDF possesses a trigger processor which performs fast
and precise track reconstruction based on information from the Silicon detectors, which is
capable of looking for the presence of such detached tracks. This capability is central to the
trigger strategy employed for gathering the majority of the samples used in the analyses.
The detachment requisite is complemented by further topological and kinematical event
information. More traditional trigger criteria based on the presence of leptons with moderate
to high transverse momenta are also concurrently explored.

The B mesons are reconstructed in a variety of final states. These may be classified as
corresponding to fully- or partially-reconstructed B decays. In the former case, one attempts
to identify all particles participating in the decay, as for instance in B — Dm. The latter class
includes for example decays of the type B — Dlv, where one does not attempt to reconstruct
the neutrino which escapes detection. The designations of hadronic and semileptonic decays
will correspondingly be also employed to refer to the two classes. The leading Feynman
diagrams associated with the mentioned example decays are shown in Figure 2.1. In general
the semileptonic modes will have considerably larger (~10-fold) yields, while the samples’
composition will be also more complex and difficult to assess. The hadronic samples despite
having smaller yields provide a more complete information about the B meson, most notably

its momentum.
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The gathered samples of reconstructed B candidates will contain, in addition to the
aimed signals, background events from various sources. The most harmful backgrounds
are those which peak in the signal region (of a discriminating variable, for instance the
candidate’s mass) and which can more easily fake signals. The background sources and their
characterization are specific to the individual decay modes. In the case of the semileptonic
samples, not only is the signal and background separation complicated by the fact that the
B momentum, and thus its mass, is not fully accessible, but furthermore a same lepton-D
final state may in fact be achieved as the product of various B mesons’ decay chains which
are not differentiated. The signal composition and, more generally, the characterization of
physics-like background contributions from processes other than the nominally reconstructed
decay mode benefit from Monte Carlo simulation of the relevant processes.

An overview of the CDF detector and its trigger system is provided in Chapter 3. The
reconstruction of the B mesons’ candidates and the characterization of the corresponding
samples are explained in Chapter 4. The full collection of decay modes studied is summarized
in Table 4.1.

Proper decay time

The proper decay time of a B meson candidate is calculated from the decay distance L be-
tween the production and decay points, the momentum p, and the meson’s nominal mass
MB ast= L/yBc= LMP/p. In fact, the projections of both the distance and the momen-
tum on the plane transverse to the beamline are used. The proper time probability density
function (PDF) is determined by the B meson lifetime (2.1),

P(t) ~ Lot (1.2)
T

The above expression becomes modified once various necessary correcting and resolution
effects are accounted for. These include the limited precision with which the B decay length
can be measured. The incomplete momentum reconstruction in the case of the semileptonic
modes induces further smearing of the PDF; this smearing effectively translates into an
additional contribution to the proper time uncertainty (11.4). The detachment requirements
employed for event selection and reconstruction also introduce a modification in the shape

of the t-PDF which needs to be appropriately described.
The proper decay time likelihood description for the various samples and the calibration
of the corresponding uncertainty are contained in Chapter 5. The lifetimes of the B mesons
are measured; this also constitutes a final validation of the description of the samples before

the introduction of flavor tagging information.
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Flavor tagging

Determining the flavor of a B meson is equivalent to determining its b or b quark content. In
general, flavor tagging exploits a correlation between the beauty flavor of the b-hadron and a
charge in the event. The B mesons are reconstructed in flavor-specific final states. It follows
that the flavor at the time of decay is given by the electric charges of the decay products.
For example, a B, decays to Dy 7+ or D717 X, while a B, decays into Df 7~ or D}~ X.

The flavor at the time of production is more difficult to ascertain, rendering its deter-
mination a more complex task. Several different flavor tagging techniques are used for that
purpose, being associated to two general strategies. The opposite side tagging (OST) meth-
ods exploit the fact mentioned above that bottom quarks are predominantly produced in bb
pairs. These techniques thus aim at inferring the B meson production flavor by identifying
the flavor of the second, accompanying b quark. Specifically, these techniques correspond to
the soft lepton taggers, which attempt to identify electrons or muons from semileptonic b-
decays, and the jet charge taggers which explore properties of clusters of tracks to statistically

infer (the sign of) the b charge.

The same side tagging (SST) technique is based on correlations between particles pro-
duced in the fragmentation of b quarks to the B mesons. The SST algorithms, unlike the
OST counterparts, are based on information carried by tracks found in the vicinity to the B
meson being tagged. The SST performance, also unlike the OST case, is expected to vary
among B species. In the case of BT and B°, the mentioned charge-flavor correlations are en-
hanced by decays of P-wave B mesons (B**). For the B, mesons, the leading fragmentation
track expected to be correlated to the B flavor is a kaon, and the algorithm’s performance is
thus enhanced by making use of information allowing the separation of kaons from the more

abundant pions.

A given flavor tagging algorithm does not always provide a correct decision about the
B meson flavor. A method’s performance is conveniently quantified in terms of its tagging
efficiency € and dilution D. The efficiency is the fraction of signal candidates with a flavor
tag. The dilution is defined as D = 1 — 2w, where w is the mistag probability; in this way, a
perfect tag would have unit dilution, while a random tag would have zero dilution. Besides
the tag decision also the probability of its correctness, or equivalently the dilution, must be
evaluated for the individual events. The figure of merit of a tagging algorithm is given by
eD?.

The tagging methods are presented in detail in Chapter 6, while in Chapter 9 a novel
SST method is further developed for suitably tagging the flavor of B; mesons.



8 © MONOGRAPH EXCERPT ¢ MATTER ANTIMATTER FLUCTUATIONS, N. LEONARDO
Mixing
The proper decay time PDF describing flavor oscillations may be expressed as

P(t) ~ %e‘tﬁ [1+ AD cos (Amt)] . (1.3)
This is simply a slight elaboration of (1.1). The signs “+” and “—” refer to B candidates
identified as unmixed and mixed, respectively. This identification is achieved with the flavor
tagging methods, whose dilution D is provided to the fit, for each event, and is found to at-
tenuate the oscillating term given by the cosine. The parameter A is introduced as describing
the amplitude of the oscillation and is, for the moment, taken as unity.

Two mathematically equivalent methods are employed to extract information about the
oscillation frequency Am from the data. The first method involves performing a fit to the
parameter Am directly. In this way, the oscillation frequency is treated as a standard fit
parameter, whose best estimate is found by maximizing the likelihood function for the data
sample at hand, and whose uncertainty is determined by the variation of the likelihood func-
tion around the found maximum. This constitutes our chosen method for the measurement
of the oscillation frequency in the B° system performed in Chapter 7. In fact, the fit is
performed simultaneously for Am and for the parameter A, where the later constitutes in
this case a calibrating factor of the dilution of the flavor tagging methods when applied to
the actual mixing samples.

The second method for extracting information about the oscillation frequency is to de-
termine the amplitude A as a function of the frequency which itself is fixed, at each step, to
a different probe value. The method is appropriate for searching for fast oscillations, making
it convenient for evaluating exclusion conditions on individual frequency values. A frequency
point is excluded to a given confidence level (C.L.) if the hypothesis A = 1 is excluded in
a one-sided Gaussian test. Specifically, all values of Am for which the combined variable
A+ 1.645g4 is smaller than 1 are excluded at 95% C.L., where gy is the total uncertainty on
A. The exclusion limit is defined as the largest frequency value below which all frequencies
are excluded. The sensitivity for 95% C.L. is given by the range where 1.645 g4 < 1, i.e. it
corresponds to the expected limit if an average observed amplitude A = 0 (expected in the
absence of oscillation) would be obtained. This is the method used in Chapter 8 for scan-
ning for B, oscillations. It allows as well a more straightforward combination of results from
different analyses.

The necessary modifications stemming from resolution and bias effects mentioned above
regarding the lifetime PDF (1.2) hold equally for the mixing PDF (1.3). The latter is repre-
sented in Figure 1.3 before and after resolution, bias and mistagging effects. These effectively

cause the dampening of the oscillations.
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Figure 1.3: Realistic effects on the oscillation signal: i) ideal scenario, for an oscillation
frequency of 15ps™ (left), and i) the resulting signal after selection bias, decay length and

momentum resolutions (right).

The statistical significance of an oscillating signal may be approximated (11.17) by

2 2
mixing ~ D" S . i . 6_‘71&27”2 , (14)
significance 2 S —+ B

where S and B are the number of signal and background events in the selected sample and
oy stands for the resolution on the proper decay time. The effective signal yield of the sample
is seen to be scaled down by the tagging power ¢D? which quantifies the limited performance
of the flavor tagging algorithms employed. The effect of the proper decay time resolution is
observed to be determining as well, particularly so in the case of higher oscillation frequencies.
This allows one to anticipate the complementarity of the hadronic and semileptonic samples.
The relatively large yields of the latter are expected to provide the dominant contributions
to the lower range of the probed frequency spectrum, while the precise resolutions which
characterize the former samples are expected to contribute the most discerning power at
higher frequencies. The expression (1.4) can be used to estimate the sensitivity of the sample
given its relevant characteristics. In Section 11.2 this is used to quantify expected sensitivity

increases in view of improvements such as in flavor tagging and the increasing samples’ size.

Constraining the CKM parameters

The obtained oscillation frequency information may be combined with other pieces of exper-

imental and theoretical information relevant to infer the parameters of the unitarity triangle
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within the CKM framework. This is explored in Chapter 12. The various constraints are
combined to form an inference framework based on Bayesian probability. The basic idea is
that beliefs (i.e. probabilities) on the value of each input quantity are propagated into beliefs
about the output quantities, such as the p and 7 CKM parameters. Such posterior probabil-
ities can also be obtained for the input quantities themselves. The inference procedure may
be carried out both including and excluding selected inputs, such as Am,, thus emphasizing

its constraining effect.



