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Abstract

This thesis presents the time-integrated measurement of CP violation in the decay
B? — ¢¢. The precise determination of CP-violating triple product asymmetries Ay
and Ay tests the existence of new heavy degrees of freedom contributing to the quan-
tum corrections in B? — B9 mixing and the loop-suppressed decay B? — ¢¢. They are
determined using a simultaneous maximum likelihood fit to the mass distribution of the
different triple product ranges. Detector and event reconstruction efficiencies are treated
as systematic uncertainties. The used data sample that has been collected during the
full LHCD run I during 2011 and 2012 at a center of mass energy of \/s = 7 and 8 TeV
corresponds to an integrated luminosity of £ = 3.1 fb™'. Approximately 3900 B? — ¢¢
signal candidates are used to determine the triple product asymmetries. They are found
to be
Ay = —0.003 £ 0.017(stat) £ 0.006(syst),

Ay = —0.017 £ 0.017(stat) £ 0.006(syst).

The results are compatible with the Standard Model prediction of Ay = Ay = 0 corre-
sponding to a conservation of the CP symmetry.

Kurzfassung

In dieser Arbeit wird die zeitintegrierte Messung von CP Verletzung im Zerfall B — ¢¢
vorgestellt. Die prazise Bestimmung der CP-verletzenden Spatproduktasymmetrien
Ay und Ay testet die Existenz neuer schwerer Freiheitsgrade, welche zu den Quan-
tenkorrekturen in der Mischung von B? — B? und dem Quantenschleifen-unterdriick-
ten Zerfall B — ¢¢ beitragen. Zu der Bestimmung wird ein simultaner Maximum-
Likelihood-Fit verwendet, welcher die Massenverteilung der verschiedene Spatprodukt-
bereiche parametrisiert. Die Akzeptanzen, welche durch den Detektor und den Prozess
der Ereignisrekonstruktion auftreten, werden untersucht und als systematische Unsicher-
heiten berticksichtigt. Die fiir die Analyse benutzten Daten wurden wéahrend des ersten
Laufs des LHCb in den Jahren 2011 und 2012 bei Schwerpunktsenergien von /s = 7
und 8 TeV gesammelt und entsprechen einer integrierten Luminositit von £ = 3.1 fb™'.
In der hier prisentierte Messung wurden ca. 3900 B? — ¢¢ Signal-Ereignisse gefunden.
Die Spatproduktasymmetrien wurden bestimmt zu

Ay = —0.003 £ 0.017(stat) + 0.006(syst),

Ay = —0.017 £ 0.017(stat) £ 0.006(syst).

Die Ergebnisse sind im Einklang mit den Vorhersagen des Standardmodells der Teilchen-
physik, welches Ay = Ay = 0 erwartet. Dies entspricht CP-Erhaltung.
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CHAPTER 1

Introduction

For almost 40 years the current formulation of the Standard Model of Particle Physics
has been enormously successful in describing physics at the quantum scale and pre-
dicting particle properties that are observed in various experiments all over the world.
However, although successfully describing the electromagnetic, strong and weak force,
the Standard Model does not include the theory of general relativity that describes the
gravitational interaction and fails to describe high energy scales. It also does not explain
the existence of dark-matter (that should exist to explain cosmological and astronomi-
cal observations) and the excess of matter with respect to anti-matter in our observable
universe.

Various new theories expand the Standard Model in order to accommodate these phe-
nomena. Almost all of these expansions introduce additional particles at higher energy
scales. The Large Hadron Collider (LHC) near Geneva, the world’s largest particle ac-
celerator, is designed to reach high energy limits that have never been observed before.
Standard Model predictions can be precisely tested at these energy scales and the search
for physics beyond the standard model, directly connected to the search for unknown
particles is ongoing. A different approach to explore physics at the highest scales are
amplitudes of rare decays and CP-violating observables, which are very sensitive to new
heavy degrees of freedom contributing to quantum loops. They present excellent probes
of new physics effects. The LHCDb experiment, one of the four experiments at the LHC,
is designed to study those effects in decays of b- and c-hadrons.

This thesis presents a time-integrated measurement of CP violation in the B? —
¢¢ decay. The decay is mediated by quantum loop corrections with gluon exchange.
Heavy unobserved particles could contribute to the loop. Due to the fact that only
virtual particles are exchanged in the loop, the mass scale of these contributions can
be much higher than the actual energy scale of the decaying mesons. Additionally, the
BY — BY mixing amplitude interferes with the B — ¢¢ decay. For this thesis, the
CP-violating triple product asymmetries Ay and Ay are determined. They were first
measured by the CDF Collaboration at the Fermilab Tevatron collider in 2011 [1], using
295 BY — ¢¢ signal events. The presented measurement has used approximately 3900
signal candidates, allowing for a greatly enhanced statistical precision.

This thesis is structured as follows. In Chapter [2| the Standard Model of Particle
Physics is introduced and the phenomenology of B? — ¢¢ decays is discussed, with
emphasis on the triple product asymmetries. Chapter [3| gives an overview of the LHCb



detector and its components. In Chapter |4, the analysis strategy for the presented mea-
surement is summarized. Chapter [5| deals with the selection of B? — ¢¢ candidates
from the complete LHCb data set. Chapter [] introduces the fit techniques used in this
analysis to extract the physical parameters. The physical background among selected
events is described in Chapter[7] The detector and reconstruction efficiencies are covered
in the next two chapters, where Chapter |8 summarizes the decay time efficiency studies
and Chapter [9] discusses the angular acceptance. The extraction of the CP-violating
observables is described in Chapter [10| and the systematic uncertainties of the measure-
ment are discussed in Chapter [[I} Chapter [12] summarizes the results of the analysis
and gives an overview of possible improvements and future measurements.

The results presented in this analysis are documented in the LHCb analysis note [2]
and the time-integrated and time-dependent analysis of the channel is combined in the
paper [3], which I co-authored. For this paper I contributed the measurement of the triple
product asymmetries and provided cross-checks for the determination of the decay time
acceptance and backgrounds from other b-hadron decays.



CHAPTER 2

Theory

This chapter presents an overview of the theoretical background that is important for
this analysis. First, the Standard Model of particle physics is briefly introduced, fol-
lowed by a summary of the sources of CP violation within this model. After that, the
phenomenology of BY — ¢¢ decays is presented and the search for possible beyond
Standard Model effects in this channel is discussed.

2.1. The Standard Model of Particle Physics

The Standard Model of Particle Physics is a theory describing matter and interactions
at the level of fundamental particles. All known matter is build up from the twelve spin
1/2 particles called fermions. They are grouped into six quarks and six leptons. The
interactions are mediated by bosons which are spin-1 particles. The Standard Model is
a relativistic and renormalizable quantum field theory describing three of the four fun-
damental interactions of nature. It combines the description of strong interactions, the
quantum chromodynamics (QCD), with the weak and the electromagnetic forces, which
are in turn unified to the electroweak force by Glashow [4], Salam [5] and Weinberg [6].
The particle content of the Standard Model is shown in Figure [2.1}

There are three generations of fermions with the same properties and different masses.
The first, second and third quark generations consist of the up-type quarks (up, charm
and top) which carry electric charge of +2/3e and the corresponding three down-type
quarks (down, strange and bottom) which carry electric charge of -1/3e. All quarks
also carry color charge (red, green or blue) which enables them to take part in the
strong interaction that couples to color. The lepton generations consist of three pairs of
leptons with unit charge of -1e (e~, u~ and 77) together with the corresponding neutral
neutrinos (v, v, and v;). Every fermion has an anti-particle with the same mass and
opposite charge.

The three forces described by the Standard Model are mediated by bosons. A force
acting on a particle is represented by the exchange of such a boson. The strong force
couples to color and is mediated by the massless gluon g, carrying itself a color charge.
The exchange particle of the electromagnetic force, the photon 7, is also massless and
electrically neutral. The massive W= and Z° bosons mediate the charged and neutral
weak interaction. The scalar (spin 0), electrically-neutral and massive Higgs boson H
is a consequence of the Higgs mechanism [§], which generates particle masses through
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Figure 2.1.: Fundamental particles of the Standard Model. Taken from [7].

its coupling to bosons and fermions. The Higgs boson remained the last undiscovered
particle predicted by the Standard Model until in 2012 a Higgs-like particle has been
observed by the ATLAS [9] and CMS [10] collaborations.

2.2. Introduction to flavor physics

In the weak interaction, transitions between up- and down-type quarks with the exchange
of a W boson are allowed while flavor-changing neutral currents are forbidden at tree
level. The fact that the electroweak quark flavor eigenstates (d’,s',b') are not equivalent
to the quark mass eigenstates (d,s,b) gives rise to a complex unitary mixing matrix.
This matrix is called CKM (Cabibbo-Kobayashi-Maskawa) matrix Vo [11:

/

d Vud Vus Vub d
S| = |V Vs V|- |[s]- (2.1)
v Via Vis Vi b

Transitions between quarks are proportional to the corresponding matrix element
squared |V;;|%. In general, a complex 3 x 3 matrix has [2-3-3 = 18] free parameters. The
unitarity relation Vog MVCt xn = 1 reduces the set of free parameters to nine. Five of the
remaining parameters can be absorbed into non-observable quark phases. The commonly
chosen parameterization of the CKM matrix with the remaining four parameters include



the three Euler angles 0,5, 53 and #3 and one complex phase ¢:

0

C12C13 $12C13 S13€
_ ) is
Verm = | —512C23 — c12523513¢€ C12C23 — 512523513€ $23C13 | (2-2)
” 5
S12C23 — C12523513€" —C12523 — $12C23513€" C23C13

where the coefficients s;; and ¢;; are abbreviations for s;; = sin 8;; and ¢;; = cos 6;;, with
i,7 € {1,2,3}. In the Standard Model, CP violation is introduced by a non-vanishing
value of the phase . The diagonal elements of the CKM matrix are experimentally
determined to be close to one, while the off-diagonal elements only contribute to a small
fraction. Therefore charged current transitions within a quark generation are favored
whereas transitions between generations are suppressed. This hierarchy is expressed by
the Wolfenstein parameterization of the CKM matrix [12], where sj5 = A, s93 = AN?
and s13e7%° = AN*(p + in) with the small expansion parameter \ ~ 0.23:

1—’\2—2 A ) AN3(p —in)
Veku = - -2 AN? +O\Y). (2.3)
AN(1 —p—in) —AN? 1

The nine elements of the CKM matrix are fundamental and no values are predicted by
the Standard Model. Therefore, the 4 parameters defining those elements are part of
the in total 25 fundamental Standard Model parameters.

For the neutral B? meson which is a bound flavor eigenstate consisting of an s—b quark-
antiquark pair, the allowed quark transitions lead to the phenomena of neutral meson
mixing. The flavor eigenstates B? and BY are not equal to the mass eigenstates which
are eigenstates of the effective Hamiltonian 7. This allows for oscillations into their
respective antiparticle via time evolution of the corresponding Schrodinger equation.
The heavy and light mass eigenstates are connected to the flavor eigenstates via:

Ba) = pIB°) — o/ T, 24
|Br) = p|B°) +q|B°), (2.5)

with p and ¢ being complex coefficients and |p|? + |¢|*> = 1. In the Standard Model, the
oscillations proceed via box-diagrams as shown in Figure [2.2]

b - | < | - S b T - —a—F
] ﬂ767E | W+
I I
I I o _ _
BY we Lyt B° B u,c,t A yu.cti B
I I
I I
| u,c,t | W=
1 P G S,
s . . - b s - . b

Figure 2.2.: Box diagrams contributing to BY — B9 mixing. Taken from [I3]



The contributions of intermediate v and ¢ quarks are suppressed by the GIM mech-
anism [I4], which means that the contribution of the t quark is dominant. Thus, the
corresponding dominant CKM matrix elements are |V,| and |Vi|. Since |V is an or-
der of magnitude larger than |Vi4|, which would be the corresponding element for the
BY — BO oscillation, the mixing in the B? sector is significantly faster than in the B°
system. This is expressed by the larger mixing frequency Amg > Amyg, which is also the
mass difference between the light and heavy eigenstates of the respective mesons.

2.3. CP violation in the Standard Model

The CP transformation is a parity (P) and a charge (C) transformation carried out
successively. This is equivalent to replacing a particle with its charge-conjugate, the
antiparticle and mirroring the physical system. Considering an eigenstate [¢)) of the P
and C operator that describes an arbitrary particle one can express the transformations
as

Cly) = nelv), (2.7)
CPY) = nerly), (2.8)

where 71, nc and ¢ p are the eigenvalues of the P, C and CP operators. Those eigenvalues
can take the values +1, where the positive sign is referred to as an even and the negative
sign is referred to as an odd behavior. CP symmetry corresponds to particle-antiparticle
symmetry. CP violation causes the particle-antiparticle symmetry to be violated in some
physical processes.

One of the necessary conditions for the observed matter excess over anti-matter present
in our universe, also called baryon asymmetry, is CP violation [15]. The CKM mechanism
described in the previous section is the only source of CP violation within the Standard
Model, but the predicted CP violation is several orders of magnitude too small to explain
the observed asymmetry between baryonic matter and anti-matter and the resulting
baryogenesis in the early universe. It might be described by additional contributions that
are not included in the Standard Model. Thus, precise measurements of CP violation in
different physical process, e.g. in B mesons systems are crucial. There are three different
types of CP violation:

e CP violation in decay
e CP violation in neutral meson mixing

e CP violation in the interference between decay and mixing processes

The first case is referred to as direct CP violation, whereas the other two cases are
often called indirect CP violation. The following subsections will give a brief overview
over each of the three cases.



2.3.1. CP violation in decay

For direct CP violation, the decay amplitude for a particle X into a final state f, Ax_,y,
is not equal to the amplitude of the CP-conjugated process:

AX—)f

A1, (2.9)

‘AXaf

One way to experimentally access this observable is to measure the decay rate of both
processes and to determine the asymmetry

2

L IX-D-rx s 1o —ﬁii;'
r = = ;- (2.10)
X—=f

between the yields of the decays X — f and X — f. Ay # 0 indicates direct CP
violation.

2.3.2. CP violation in mixing

CP violation in neutral meson mixing can be expressed in terms of the coefficients p and
q defined in Equation [2.5] which connect the mass and flavor eigenstates of the neutral
B meson. CP violation occurs if: )

q

;

This corresponds to different transition probabilities P(B° — B') and P(B’ — B°).
The suitable CP observable in this case is the mixing asymmetry defined as:

£1. (2.11)

B’ = B f)—T(B° = B — f)
B = B > f)+T(B* 5 B = f)
With this definition, Apixing = 0 indicates CP conservation while a non vanishing

asymmetry indicates CP violation. Equation can also be expressed in terms of the
coefficients q and p:

(2.12)

Amixing -

W~

1—

SRS

(2.13)

Amixing -

W~

1+

SIS

2.3.3. CP violation in the interference between mixing and decay

The third category is the CP violation in neutral meson decays where the meson can
either directly decay into a final CP-eigenstate fop or can mix first and then decay to
the same final state. Figure visualizes the two possibilities.

10



decay
B ; fer

miring decay
-0
B

Figure 2.3.: Interference between direct decays of B mesons to fop and decays of mixed
B mesons.

The CP violation for this case can be investigated by comparing the time-dependent
decay rates of B and B° mesons into the same CP final state fop and calculating the
asymmetry:

L(B(t) — fer) = T(B°(t) = fer)
L(B(t) = fep) + T(BO(t) — fer)

A(t)mix&decay = . (214)

2.4. Phenomenology of the B! — ¢¢ decay

The B? — ¢¢ decay is a flavor-changing neutral current (FCNC) and therefore forbidden
at tree level in the Standard Model. It is mediated by a quantum loop involving a b — 5s§
transition shown in the Feynman graph on the left hand side in Figure [2.4] Decays of
this kind are also called electroweak penguins and are interesting to study, because of
possible additional contributions entering the quantum loop with new heavy degrees of
freedom. To describe the decay topology shown in Figure [2.4(right hand), the helicity
basis with the angles 61,0, and ® is defined, where 6; is the angle between the K
momentum in the rest frame of the ¢; meson with respect to the momentum of the ¢;
meson in the B rest frame. The choice which of the ¢ mesons is assigned the index
1 and 2 is randomized. ® is the angle between the decay planes spanned by the two
¢ — KTK~ decays.

[t is important to note that the ¢ meson is a vector particle (V) with spin 1, whereas
the B? is a pseudoscalar (P). Thus, the transition is of the form P — V'V. To conserve
the initial spin J = 0, there are three different possibilities for the spin configuration of
the ¢ mesons relative to each other which are shown in Figure [2.5] Using the relation
nep = (—1)%, where L denotes the relative angular momentum, one observes that the
transversal configuration corresponds to the L = 1 CP-odd polarization A, . The other
two configurations correspond to the CP-even L = 0,2 polarizations Ay and Aj.

Using the defined helicity angles and the polarization amplitudes, one can express the

11



Figure 2.4.: (left)Feynman graph [13] and (right)decay topology [3] of the

B? — ¢¢ decay.
(] A (]
// 4,
@

Figure 2.5.: Possible angular polarizations and the corresponding amplitudes
for BY — ¢¢ decays.

time-dependent total decay amplitude as [16]:

At
A(t, 61,05, P) = Ag(t) cos by cos by + \”/(_) sin @, sin 6, cos ®
2 (2.15)
+ iAL(t) sin #; sin 6, sin ®
/2 1 2 .

The differential decay rate is then determined by taking the square of the amplitude:

dr’

AL 0.0, D)2
dtd@ldGQdCDO(' (t, 61,05, @)]

Aj(t))?
= |Ag(t)|* cos® 0, cos® Oy + # sin? 0, sin? 6, cos® ®

|AL2(t)’ sin? 0, sin® f sin® ® + Re(AOé%I@V)
Im(AL(DA()) . : : Im(AL(t)A)(t)")
2v3 sin 26, sin 205 sin ® — 5

sin 264 sin 20, cos ®

sin? 0y sin? 0, sin 2.

(2.16)

12



2.5. Triple product asymmetries

A triple product is a product of three 3-dimensional vectors. The scalar triple product
is defined as the scalar product of one vector with the cross product of the two other
vectors [17]. Using arbitrary three dimensional vectors a, b and ¢, the scalar triple
product is of the form

@ (bxa). (2.17)

To observe scalar triple products of three momenta in particle physics, a decay with at
least four distinguishable particles in the final state is needed. This is due to the fact that
the expectation value for a triple product with two identical particles vanishes. As an
example, one can consider the decay of a heavy particle B into four final state particles
a, b, ¢ and d, where a and b are assumed to be identical and therefore kinematically
indistinguishable. One of the four final state momenta is fixed by energy-momentum
conservation

Pi=Ps — Pa — Py — Pe; (2.18)

giving three independent final state momenta in the rest frame of the decaying particle
B. The triple product one can form is

rPipipt = (po X ) - Do = — (P X o) - Do (2.19)

The antisymmetry of the cross product when exchanging p,, and pj, causes the expectation
value of this triple product to vanish

((pa x pb) - pe) =0, (2.20)

when summing over the indistinguishable momenta of the two identical particles.
Scalar triple products of three momenta can be observed in the B? — ¢¢ decay, because
the four kaons in the final state are kinematically distinguishable. Considering Figure
2.4 the two unique triple products that can be defined in this channel are [16]

— —

sin® = (n)] xny)-pi, (2.21)
sin2® = 2(ny - ny)(ny X ny) - Py, (2.22)

N

where 7; is the unit vector perpendicular to the ¢; meson decay plane spanned by the
related kaons and p;p is the unit vector in the direction of the ¢; meson’s momentum.

The triple products are called U = sin2® and V' = £sin ® where the positive sign
corresponds to (cos#icosfly) > 0 and the negative sign to (costcosfy) < 0. These triple
products change sign under time reversal. For any T-transformation ¢ — —t, the position
of a particle 7 and its three momentum p’ transform like

TZ = 7, (2.23)

. 0 d s
Tp = T (7m0§0> =— (7m0av) = —p, (2.24)

13



where my is the invariant mass of the particle. Using Equation [2.24] one can conclude
that the triple products U and V transform like
Tsin® = Tp;y - (Tny x Tny) = —p; - (0] X ny) = —sin @,(2.25)
Tsin2® = Tp; - 2(Tn) - Tny)(Tny x Tng) = —py - 2(ny - ny) (N1 X ny) = — sin 29.(2.26)
Thus, the triple products U and V exhibit a T-odd behavior.
The asymmetries Ay and Ay are defined as the difference between the decay rate of
BY — ¢¢ decays involving positive and negative signs of U or V:
['(sin2® > 0) — I'(sin2® < 0)
['(sin2® > 0) + I'(sin2® < 0)’
p - ['(sign(cos 6y cosBy) sin ® > 0) — ['(sign(cos by cosby) sin ® < 0) (2.28)
V' D(sign(cos 0y cos by) sin ® > 0) + I(sign(cos 6y cosfy)sin® < 0)°

The triple products U and V correspond to the fifth and sixth term in Equation [2.16
which contribute to a T-odd asymmetry. Non-vanishing asymmetries Ay or Ay indicate
T-violation. Assuming CPT-conservation implies that also CP is violated. Ay and Ay
may also be expressed in terms of the amplitudes Ay, A, and Aj by integrating the
decay rate defined in Equation over 01, 05 and t using [10]

Ay (2.27)

1 9 1 A 1
/ cos® Od(cos 0) = 3 / sin? fd(cos ) = 3 / sin 26d(cos 0) = 0. (2.29)
-1 —1 —1
The resulting integrated decay rate is then
ar 4
5 §N(|AO|2 + 2| A |*sin® ® + 2| A |? cos® @ — 2Im(A L Aj)sin2¢), (2.30)

where N is the total number of BY — ¢¢ events. With Equation the triple product
asymmetry Ay can be rewritten using the defined amplitudes
I'(sin2® > 0) — ['(sin2® < 0)
F(sin 20 > 0) 4+ I'(sin2® < 0)
A K dr/dcb)dcb T+ for,)(dD /dD)d

N 27 (AT /dD)dd (2:81)

4 Im(ALAS)
A+ AR + AP
Similarly, one can use Equation to derive that
[(sign(cos €y cosBy)sin® > 0) — I'(sign(cos By cos by) sin @ < 0)
I'(sign(cos 0y cos b2) sin ® > 0) + I'(sign(cos 6y cos fy) sin & < 0)
2v/2 Im(ALAY)
| Aof? + [AL2 + Ay >
A sizable CP-violating triple product asymmetry is expected in the case of weak phases
which deviate from Standard Model expectations or a larger than expected BY mixing

frequency [18]. Those would be unambiguous signs for new physic effects. The triple
product asymmetries Ay and Ay are determined in this analysis.

Ay =

Ay =

(2.32)

14



CHAPTER 3

The LHCDb experiment

This chapter describes the Large Hadron Collider beauty (LHCb) experiment, which
is one of the four large experiments located at the Large Hadron Collider (LHC). It
is dedicated to perform precision measurements in the flavor sector of the Standard
Model. Most prominently, LHCb aims for measurements of CP violation in b-and c-
hadron decays [19].

3.1. The Large Hadron Collider

Overall view of the LHC experiments.

Figure 3.1.: Schematic view of the LHC taken from [20].

The Large Hadron Collider is located at the European Laboratory for Particle Physics
CERN in Geneva. It is a proton-proton ring collider with a circumference of approxi-
mately 27 km and a designed center of mass energy of up to /s = 14 TeV. The LHC
is the first machine to reach this energy scale. The four large experiments ATLAS (A
Toroidal LHC Apparatus), CMS (Compact Muon Solenoid), ALICE (A Large Ion Col-

15



lider Experiment) and LHCb are located at the four interaction points where the protons
are brought to collision. Figure [3.1] gives a schematic overview of the LHC.

The data used in this analysis were taken during 2011 and 2012. In 2011, the LHC was
running at a center of mass energy of /s = 7 TeV and the integrated luminosity recorded
by LHCD in this year amounts to Ly = 1fb~. During 2012, the LHC increased the
center of mass energy to /s = 8 TeV, and LHCD collected an integrated luminosity of
Loo12 = 2fb™ 1. The delivered and collected integrated luminosity for the years 2010-2012
is shown in Figure (3.2

= 25 T T T T T T
1
2 W24+ 4TeV 2012
R I Delivered Luminosity 2.21 fb” o
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Figure 3.2.: By the LHC delivered and by LHCb recorded integrated luminosity for the
years 2010-2012 [20].

3.2. Production of beauty hadrons at the LHC

Beauty quarks are dominantly produced through gluon fusion and quark-anti-quark
annihilation at the LHC. The leading order Feynman diagrams for these processes are
shown in Figure 3.3/ where a) corresponds to the annihilation process and b)-d) to gluon
fusion. At the LHC energy scales, the parton density function of the proton is dominated
by gluons, which is why diagrams b)-d) contribute dominantly. A produced b quark can
hadronize and form a B, B, BY meson or a A baryon.

Due to the low production threshold of a bb pair compared to the large center of mass
energy, it is possible and likely that gluons with very different momenta form a pair
of beauty quarks. This results in the bb pairs being boosted in the z-direction along
the beam axis. As a consequence, the average flight distance of a b is relatively large,
leading to the good time resolution of the LHCb detector. The right hand side of Figure
m shows the simulated polar angle distribution of the b and b quarks at /s = 8 TeV.
The effect of the boost pushing both b and b quarks into the forward and backward
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direction of the beam axis can be seen. Regarding this fact, the LHCb detector is build
as a single-arm forward spectrometer as shown in Figure 3.4 Approximately 25% of the
produced bb pairs lie inside the LHCb detector acceptance. The b quark pair production

LHCb MC
Vs =8 TeV

T2
6, [rad]

g b g b

Figure 3.3.: Leading order Feynman diagrams for bb production at the LHC [2I] and
simulated distribution of the polar angles 9, and 19, of two b quarks. The
LHCb detector acceptance is indicated in red [20].

cross section at the LHC for a center of mass energy of /s = 7 TeV was measured to

be [22]: ~
o(pp — bb + X) = (284 = 20 + 49)ub. (3.1)

Together with the integrated luminosity of Lag11 = 1f b~—!, one can compute the number
of detectable bb pairs for 2011:

o(pp — bb+ X) - Logi1 - 0.25 = 7-10". (3.2)

3.3. The LHCb Detector

A schematic view of the LHCb Detector is shown in Figure [3.4] This section will sum-
marize the individual detector components [23] that can be divided into components for
tracking and for particle identification.

The region of the proton-proton interactions is surrounded by the Vertex Locator
(VELO) which provides good spatial resolution of the trajectories of charged particles.
There are two more tracking systems to track the signature of charged decay products of
the B and D mesons in the detector. One is the Tracker Turicensis (TT) which is located
before the dipole magnet and the others are the tracking stations (T1,T2,T3) located
behind the magnet. The tracking stations are further divided in the Inner Tracker
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SPD/PS M3

Magnet

Figure 3.4.: Schematic side view of the LHCb-detector taken from [20]. The proton-
proton collision takes place on the left, inside the Vertex Locator(VELO);
RICH1 and RICH2 are Cherenkov detectors; TT is the Tracker Turicensis,
T1 - T3 the main tracking system, SPD is the Scintillating Pad Detector
and PS the Preshower detector; ECAL is the electromagnetic calorimeter,
HCAL the hadronic calorimeter and M1 - M5 the muon chambers.

(IT) covering the part of the detector around the beam axis and the Outer Tracker
(OT) covering the outer region of the detector. The dipole magnet bends the tracks of
charged particle in the x-z plane, where the z-direction is defined by the beam line.

There are two ring-imaging Cherenkov detectors (RICH1,RICH2) installed which are
used for particle identification. One is located before and one after the dipole magnet.
These detectors are able to distinguish between incoming pions, kaons and protons by the
angle under which the particles emit Cherenkov radiation. Located behind RICH2 are
the Pre-Shower (PS) and the Scintillating Pad Detector (SPD). They are followed by the
electromagnetic and hadronic calorimeters (ECAL and HCAL) in which the final state
particles deposit their energy. For muon detection, there are five dedicated chambers at
the end of the detector (M1-M5), where M1 is placed in front and M2-M5 are placed
behind the calorimeters. Due to the fact that muons interact very little with the detector
material, they are the only particles capable of penetrating M2-Mb5.

3.3.1. Tracking detectors

A charged particle leaves signatures in the VELO, the T'T before and in the tracking
stations after the dipole magnet. With this information, the trajectory of the particle
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can be reconstructed and the bending of the track due to the dipole magnet is used to
calculate the momentum. It should be noted that the polarity of the magnet can be
reversed in order to study detection asymmetries for charged particles.

Vertex Locator

The Vertex Locator surrounds the proton-proton interaction point. It is used to precisely
measure the tracks of charged particles produced in the pp interaction and to distinguish
these from particles originating from a secondary vertex. A secondary vertex is produced
when a long lived particle from the primary interaction decays.

The VELO consists of 21 stations along the beam axis with multiple disk-shaped silicon
strip detectors. Every station further consists of two sub sensors which measure the
distance of a particle from the beam axis R and the polar angle ®. Figure [3.5] gives a
schematic overview of the VELO geometry.

R sensors Tm
{ Sensors

cross section at y=0 \Q@c

oo
80 mrad

z EBIIaInan | ]

VETO interaction region
stations iew of s=53cm
most upstream
VELO station

x T

" 15 mrad

VELO fully closed VELO fully open
(stable beam)

Figure 3.5.: Geometry of the LHCb VELO taken from [23].

Tracker Turicensis
The TT consists of four detector layers which are installed in pairs called (x,u) and(v,x)
stations. The layers consist of silicon strips and are located before the dipole magnet.
To achieve additional spatial resolution in the y-direction, the u and v layer are rotated
by an angle of £5° with respect to the two vertical x layers. Figure visualizes the
geometry and the length scale of the TT. The single hit resolution of a single track is
approximately 50um.

The Inner and Outer Tracker
The IT and OT are located behind the magnet with the I'T covering the area around
the beam axis and the OT covering the outer region of the detector.
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Figure 3.6.: Geometry and length scale of the TT. Figure taken from [24].

The IT consists of silicon strip sensors similar to the TT. Each of the three stations
T1-T3 consists of four layers in a (x,u,v,x) scheme, where again the u and v layers are
rotated by £5° with respect to the x layers. Figure visualizes the geometry and
length scale of one IT x layer. The spatial single hit resolution is comparable to the TT

with approximately 50um.

-

21.8 cm
41.4 cm

158 cm

e

L ]

125.6 em _

—
-

Figure 3.7.: Geometry and length scale of an IT x layer. Figure taken from [24].

The OT is built as a gas detector with straw tubes. It covers the outer detector
region. A spatial hit resolution of approximately 200um can be achieved. The layout of

the straw tubes inside the OT is shown in Figure [3.8]
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Figure 3.8.: Layout of the straw tubes inside an OT module. Numbers in mm [23].

3.3.2. Particle identification

Once the track of a charged particle has been reconstructed, it is crucial to determine
the particle type. This is achieved with the Imaging Cherenkov Detectors RICH 1 and
RICH 2, the calorimeter systems and the muon chambers.

Ring Imaging Cherenkov Detectors
The RICH Detectors are used to identify charged particles based on Cherenkov radiation.
A particle that traverses a medium faster than the speed of light in this medium, emits
photons under an angle ¥ that is directly related to the particles velocity by

1

cos(¥) = A (3.3)
where 3 = ¢ is the velocity fraction with respect to the speed of light in vacuum and n is
the index of refraction of the medium the particle traverses through. The light is guided
through the RICH using mirrors until it reaches the Hybrid Photo Detectors (HPD).
Photons emitted by a charged particle form a cone which is then detected as a ring.
The radius of the ring is proportional to the cone angle 1 under which the photons were
emitted. Together with the momentum information from the tracking stations, the rest
mass of the particle can be computed:

p

mo 5 (3.4)
The knowledge of the rest mass allows the determination of the particle type. For the
purpose of LHCD, the charged particles which have to be identified and separated from

each other by the RICH detectors are mainly pions, kaons and protons.
RICHL1 is located upstream of the dipole magnet and covers a momentum range from
approximately 1 to 60 GeV/c. It is filled with aerogel and CyFyy gas. RICH2 is placed
behind the main tracking stations and covers the higher momentum range from approx-
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imately 15 to 100 GeV/c. Therefore, it is filled with the optical dense C'Fy gas. The
geometry of the RICH1 detector is shown in Figure |3.9,
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Figure 3.9.: Geometry of the RICH1 detector (side view) taken from [23].

Calorimeters

With the calorimeters photons, electrons and hadrons can be identified and their energy
and position can be measured. The calorimeters use the fact that an incoming particle
produces a shower of secondary particles in the absorber material and light in the inter-
leaved plastic scintillators. The corresponding scintillation light is then detected using
Photo Multiplier Tubes (PMTs). The four components of the calorimeter system in the
LHCD detector are the Preshower Detector (PS), the Scintillator Pad Detector (SPD),
the Electromagnetic Calorimeter (ECAL) and the Hadronic Calorimeter (HCAL). Their
alignment is shown in Figure [3.4]

The SPD consists of scintillating layers which are 15 mm thick. Its main purpose
is to distinguish between electrons and photons because only the former ones can be
detected with this setup. It is also used to induce electromagnetic showers with a lead
plate installed behind the SPD.

The PS is built similar to the SPD. It is used to distinguish between hadronic and
electromagnetic showers using the fact that hadrons in general deposit very little energy
in this calorimeter.

The ECAL is composed of alternating layers of active material (4 mm thick scintillat-
ing pads) and absorbers (2 mm thick lead). This way, the size of the ECAL can be held
compact while it is likely that an electron or photon deposits its entire energy in the
calorimeter with the material corresponding to 25 radiation lengths. Showers induced
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by electrons and photons are detected by PMTs. The obtained energy resolution is

o(E)  10%
E  VE

where the & symbolizes quadratic summation and the energy is measured in GeV.

The HCAL is structured similarly to the ECAL with absorber layers of iron that are
1 cm thick. The total length of absorber and scintillating material corresponds to 5.6
hadronic interaction lengths and ensures that hadronic showers are initiated and can be
detected. The energy resolution of the HCAL is:

& 1.5%, (3.5)

o(E) 80%
—— = — 3 10%. 3.6
E VE' % (3.6)

3.3.3. The muon system

The detection of muons is achieved with the five muon stations M1-M5. M1 is located in
front of the calorimeter system while M2-M5 are behind the calorimeters at the end of
the detector because muons are expected to be the only particles to penetrate the whole
LHCb detector due to their minimal ionizing behavior. The muon chambers M2-M5
consist of Multi Wire Proportional Chambers (MWPCs) which use gaseous ionization
detection to measure the trajectory of a muon. The M1 chamber is built differently
due to the higher particle flux that is expected in its inner part. There it consists
of a gas electron multiplier (GEM) detector. The achieved momentum resolution is
approximately 20%.

3.3.4. Event reconstruction

The information of all detector components described above is combined and used to
fully reconstruct decay signatures, e.g. the decay B? — ¢¢. In natural units, where the
Planck constant and the speed of light are h = ¢ = 1, the four momentum vector of a
particle can be expressed through the energy F = y/m? + p? and the three-momentum
vector p. Since the mass of a particle is not directly measured in an event, the PDG
(particle data group [25]) value corresponding to the particle hypothesis is assigned as
particle mass. The resulting four momentum p is then given by:

p=(E,p) = (\/mbpe + D% D). (3.7)

For the B? — ¢¢ decay, the tracks of each kaon pair are used to reconstruct the vertex
of the ¢ mesons. The four momentum p,, of the ¢; meson is calculated as the sum of
the kaon four momenta

Py, = Prr + Pr- (3.8)
The information of all four tracks and the two decay vertices of the ¢ mesons is combined

to reconstruct the decay vertex of the B? meson. This vertex is also called secondary
vertex (SV). Since the B? meson is directly produced in the pp collisions, the production
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vertex of the BY is the proton-proton interaction point which is called primary vertex
(PV). The four-momentum of the B? meson is computed using the reconstructed ¢
momenta:

Pro = Py, T Py, (3.9)
Figure shows the decay signature of B? — ¢ — K™K~ KK~ decays.

K-

K+

W

Figure 3.10.: Illustration of the reconstruction of the decay BY — ¢¢. PV is the primary
vertex and SV the secondary Vertex.

Once the decay signature is fully reconstructed, the lifetime of the B? meson can
be determined. Denoting s,, as the position vector of the primary vertex and sj, as
the position vector of the secondary vertex, one can express the flight distance s of the
BY meson as s = |sg, — Sp,|. Together with the velocity 8 (using natural units) and

v =1/4/1— 32, the decay time t of the B? meson can be calculated as:

s s 1 E? ms  ms-p  m-(Sgy— Spu) - P
t=—=—=84/—=—-1=s4/—=—-1=— = = P . (3.10
wooyf VB | »? p |p1? p1? (3.10)

3.3.5. The LHCb trigger system

Events used in this analysis are required to pass the three different trigger stages of
LHCb. They are designed to reduce the event rate from the nominal beam crossing rate
of 40 MHz to roughly 5 kHz with which data can be recorded for the physics analysis.
Figure |3.11| gives an overview of the trigger scheme.

The first stage is the LO hardware trigger which reduces the event rate to approxi-
mately 1.1 MHz. This is sufficient to enable the electronics to read out the whole LHCb
detector. Since the B mesons mass is relatively high, the LO trigger searches for final
state particles with relatively high transverse energies and momenta F; and p, using
information from the calorimeter system and the muon chambers. At this stage, a parti-
cle hypothesis is assigned to tracks accepted by the L0 trigger (LO-Hadron, LO-Photon,
LO-Electron, LO-Muon).

The other two stages are the High Level Trigger HLT1 and HLT2. They are based on
software applications which are used to filter out unwanted background events.
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Figure 3.11.: LHCDb Trigger scheme taken from [20].

In the HLT1, events are partially reconstructed using the VELO information as well as
information from the TT and T1-T3 stations with the purpose of fast track reconstruc-
tion. HLT1 further reduces the event rate to roughly 30 kHz.

The HLT?2 stage fully reconstructs events using all available information from the track-
ing and particle identification. Tracks are reconstructed to meet requirements for certain
composite particles, for example the combination of two muons to the decay J/¥ — pupu.
Topological trigger lines in the HLT2 attempt to reconstruct every b-hadron decay with
two or more particles in the final state. With this stage, the event rate is reduced to the
targeted 5 kHz.
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CHAPTER 4

Analysis strategy

The triple product asymmetries Ay and Ay introduced in Section present the pos-
sibility of a CP violation measurement which is decay-time independent. To extract
the triple product asymmetries it is crucial to determine the number of B? — ¢¢ sig-
nal events with negative and positive signs of U = sin2® and V = +sin®. This is
achieved by subdividing the selected decays according to the sign of U and V. In order
to determine the triple product asymmetries, several issues have to be addressed:

e To obtain the signal candidates, the BY — ¢¢ events have to be fully reconstructed
including the two kaon pairs in the final state and the two intermediate ¢ mesons.
An efficient selection process is required to discriminate the BY — ¢¢ signal events
from physical and combinatorial backgrounds present in the data sample.

e The selection described in Chapter |5|is unable to remove all physical backgrounds.
This means that the possible contributions of other decays mimicking the B? — ¢¢
decay have to be identified, accounted for and included in the background part of
the fit function used to extract the triple product asymmetries Ay and Ay .

e The measured decay time and angular distributions are distorted by efficiency ef-
fects that are introduced by the geometrical coverage of the detector and by trigger
and selection requirements. Since this measurement relies on the distribution of
BY — ¢¢ events in terms of the helicity angles 6;, 6, and @, the efficiency de-
pending on the angular distributions has to be studied. The angular acceptance
correction is determined using simulated B? — ¢¢ candidates.

Although the presented analysis is time-integrated, the decay-time efficiency has
an influence on the triple products U and V. Decay-time acceptance effects are
investigated using the B — D7~ decay as a reference channel.

e Simultaneous unbinned maximum likelihood fits are performed to the fully selected
distributions of the B? — ¢¢ candidates to extract the number of events with
positive and negative signs of U and V.
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CHAPTER 5

Selection of Bg — ¢¢ candidates

In this Chapter, the selection of B? — ¢¢ signal candidates is described. The different
selection steps include the trigger selection which decides whether an event is stored and
a rough selection of signal candidates. The last step is analysis-dependent and optimized
for the purpose of the presented measurement. The measurement uses the full LHCb
2011 and 2012 data corresponding to an integrated luminosity of 3.1 b1,

5.1. Trigger selection

The B? — ¢¢ candidates are required to pass the LO hadron trigger. The hadron trigger
combines the information of the electromagnetic and hadronic calorimeter to detect
hadron candidates in an event. The calorimeters are able to measure the transverse
energy E; of a particle as discussed in Section [3.3] In case of a hadronic shower, the
energy deposited in the ECAL is added to the energy in the HCAL. The LO hadron
trigger is issued once the transverse energy of resulting hadronic cluster is above 3.5
GeV [26]. If only the LO hadron trigger is used the efficiency for the B? — ¢¢ decay
is low due to the rejection of all K™K~ pairs with a combined transverse energy of
(Bip + Ei ) < 3.5 GeV. Thus, an event is also kept if any of the other LO triggers
are issued independently of the hadron trigger.

Events which pass the previous stage are required to pass the HLT2 topological triggelﬂ
or the HLT2 ¢ triggerl The topological trigger searches for the combination of two
particle tracks in a wide mass window from 4 to 6 GeV/c? [26]. The tracks are required
to have a combined transverse momentum of (p;, + p,) > 2.5 GeV/e. To provide
robustness against inefficiencies, the topological trigger is constructed in such a way that
it is issued even if one of the tracks is not fully reconstructable. The HLT2 ¢ trigger [27]
is fired if the decay ¢ — K™K~ is reconstructed. First, a separated vertex with two
particle tracks is preselected. Then, the information from the Cherenkov detectors is
used to identify the kaon pair and separate it from the large background of wrongly
reconstructed pions.

!'The HLT2Topo2BodyDecision trigger line is used.
2The HLT2IncPhiDecision trigger line is used.
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5.2. Pre-Selection of the B? — ¢¢ decay

The reconstruction of B? — ¢¢ decays is based on the selection of two oppositely
charged kaon pairs, where the invariant mass of each pair is equal to the mass of a ¢
meson. Since the ¢ mesons decay via the strong interaction, their lifetimes are so short
that they seem to decay immediately. Thus, the combined vertices of the four kaons
are used to reconstruct the decay vertex of the BY meson. To ensure that the selected
kaons originate from this vertex and are not produced in the proton-proton collision,
the impact parameter (IP) of each kaon with respect to the BY production vertex is
used. In Figure , the B meson originates from the primary vertex (PV) and the kaon

PV gy

:P\

Figure 5.1.: Definition of the impact parameter as reconstruction variable.

is produced at the secondary vertex (SV). The IP is defined as the distance of closest
approach of the kaon track and the PV. The IP significance is then defined to be the
ratio of the impact parameter to its measured uncertainty:

arp

Each kaon is required to exhibit a squared impact parameter significance [ Ps%-g of larger
than 25 in order to suppress kaons originating from the PV that would contribute to
background. To further separate signal-like kaons from background contributions, a cut
on the transverse momentum p; > 400 MeV/c is imposed. This uses the fact that the
transverse momentum of each ¢ meson p;(¢) is relatively high, because they originate
from the heavy BY meson. Therefore, also the transverse momenta of the kaon signal
candidates p;(K) are high with respect to background kaons originating from the pp
collisions.

The next reconstruction step is to combine two kaons from a ¢ mesons. The invariant
mass of each ¢ candidate is required to be within a 25 MeV/c? window around its PDG
mass. Both ¢ mesons are the direct decay products of the heavy BY meson. Therefore,
the signal ¢ candidates are expected to have relatively high transverse momenta with
respect to immediately produced background ¢’s. A cut on the product of both trans-
verse ¢ momenta p;(¢1) X pi(d2) to be greater than 2 GeV?/c? is enforced to reduce
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the number of background candidates. To further ensure a good vertex reconstruction
quality, the x? per degree of freedom of the fit algorithm that reconstructs the vertex of
each ¢ is used. The x?/nDoF of each ¢ meson vertex is required to be less than 15.
The last step is to combine the two signal ¢ candidates to form a BY meson. Here
again, the x?/nDoF of the vertex fit is used and required to be smaller than 15. This
enforces a clean B? production vertex.
A summary of all selection cuts described above can be found in Table|5.1} The invariant
mass distributions of B — ¢¢ candidates after the pre-selection cuts are applied, are
shown for 2011 and 2012 in Figure . A small peak at the nominal B? mass is visi-
ble, but the background remains large. Therefore, an additional, multivariate selection
process is applied, which is described in the following.

Variable Stripping Cut

Kaon 1 Pfig > 25
Kaon p; > 400MeV /e
|MKK—M¢})DDG| <25M€V/C2
Oy X *py > 2GeV?/c?

By vertex x? per NDF <15

¢ vertex x? per NDF <15

Table 5.1.: Summary of the pre-selection cuts for BY — ¢¢ candidates.
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Figure 5.2.: Invariant mass distributions of pre-selected BY — ¢¢ candidates for (left)
2011 and (right) 2012 data. The region further away than 120 MeV/c? from
the PDG mass of the BY meson is located to the left and right of the vertical
lines.
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5.3. Multivariate selection

To further discriminate the BY — ¢¢ signal decays from background passing the previous
selection steps, a multivariate analysis technique with event-dependent selection cuts
is used. This tool combines multiple variables with separation power and returns a
single dimensionless response for every event. This is done by comparing typical event
signatures in signal and background events. The response contains the information from
each variable and combines them in an efficient way. The multivariate tool used in this
analysis is also called boosted decision tree (BDT) [28]. A decision tree is a binary
structured object that repeats yes/no decisions for a single variable at each node of the
tree until a stop-criterion is reached. At each node of the tree, the variable with the
highest separation power between signal and background is chosen to classify the tested
event. Figure [5.3] visualizes the structure of a decision tree.
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Figure 5.3.: Schematic view of a decision tree taken from [29]. Starting from the "Root
Node” a sequence of binary splits is performed using the discriminating
variable z; to separate between signal and background. Each node represents
a decision similar to a cut-based selection. The final leafs are labeled signal
(S) or background (B) depending on the structure of the events that end up
in a certain leaf.

The separation power of one decision tree depends on the statistical fluctuation of
the input samples. To increase the robustness of the BDT method, a procedure called
boosting is applied. In the boosting, the procedure to build a decision tree is repeated
and, in each iteration, sample events which are assigned to a wrong leaf, i.e. background
events that end up in a signal leaf or vice versa, are given a larger weight [30]. In this
way, a large number of decision trees is built, giving rise to the name decision forest.
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The final classification of signal or background for each event is obtained by looping over
all decision trees and assigning a weight of 41 for every tree in which the event ends
up in a signal leaf and -1 for each tree the event ends up in a background leaf. The
classification of an event is also called response and is normalized to the number of trees
in the decision forest.

The TMVA package [31] is used to implement the BDT method. To train the decision
trees, samples of signal and background events are required. Training refers to the
process that defines the splitting criteria at each node of the tree [29]. The training
process starts at the root node, where the initial splitting criterion for the training sample
is determined by comparing the variable with the highest separation power between
signal and background for the whole sample. This results in two subsets of events that
further go through the algorithm of determining the next split criterion. The algorithm
continues until the minimal number of 2.5% of all sample events for the next node split
is reached. The resulting leaf nodes are classified as signal or background depending on
the class of the majority of events they belong to [32]. The binary structure of each
decision tree is similar to a purely cut-based selection process. However, the advantage
arises from the fact that, while a selection cut is only able to select one hypercube region
of the available phase space, the decision tree can select many hypercubes, each of which
is identified as a signal-like or a background-like region. The cut sequence for each event
is individual as it passes the nodes of the decision tree.

Fully simulated and correctly reconstructed events are used for the signal sample.
They are required to pass the same pre-selection steps as the real collision data. The
invariant mass distributions of the simulated and pre-selected B? — ¢¢ candidates is
shown in Figure , where signal events are chosen within a region of 120 MeV/c?
around the PDG mass of the B? meson, indicated by the dotted line. The background
sample is taken from the data sideband region, defined to be more than 120 MeV/c?
away from the PDG mass of the BY, as indicated in Figure[5.2] The distributions of the
input variables for the 2011 and 2012 BDT training are shown in the Appendix.

The used training variables are:

e The neural network particle identification variable, which quantifies the kaon’s
probability to indeed be a kaon (ProbNNk). This variable combines information
from the RICH 1&2, the PS, SPD, ECAL and the HCAL to determine the proba-
bility of the respective particle hypothesis to be assigned correctly. It is built in a
way that summing over all probabilities for the different particle hypothesis gives
1.

e The maximum track y? per degree of freedom.
e The B? vertex x? per degree of freedom.

e Cosine of the angle between the direction of the momentum and the flight direction
of the BY.

e In(p;) of the BY | the ¢ candidates and the maximum and minimum In(p;) of the
kaon tracks.
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Figure 5.4.: Invariant mass distributions of pre-selected, simulated B? — ¢¢ candidates
for (left) 2011 and (right) 2012. The vertical lines indicate the region of 120
MeV/c* around the PDG mass of the B? meson.

E+|p]
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e The pseudorapidity n = % In( ) of the B, each ¢ and the minimum and max-

imum of the kaon tracks.

i

e The cone p; asymmetry of each track. This variable is defined as the difference
between the p; of the kaon and the sum of all other p; in a cone of radius r =
V/(A®)? + (An)? < 1 rad around the signal kaon track.

Separate boosted decision trees are trained for 2011 and 2012 data to account for
possible differences in the variable distributions, as the center of mass energy of the
proton-proton collisions is /s = 7 TeV for 2011 and /s = 8 TeV for 2012. To test
the reliability of a BDT, the input sample is evenly split into the training sample, with
which the decision trees are built and the independent test sample. If the BDT method
is implemented correctly, the test sample should reproduce the results of the training
sample when the decision trees built with the training sample are applied to the test
sample. Figure[5.5[shows the signal and background distribution for the test and training
sample in dependence of the BDT response cut. Overtraining can occur when too many
nodes of a BDT are matched to too few events. This would lead to a seemingly increased
performance in the training sample and an effective decrease when measured with an
independent test sample. Therefore, both samples are superimposed to detect possible
overtraining. Since the distributions of the test and training samples in Figure [5.5| are
in good agreement, there is no sign of overtraining.

To determine the optimal cut value on the BDT response, the TMVA package [31]
provides a plot showing the signal efficiency, purity and the figure of merit S/v/S + B
in dependence of the BDT output value. Here, S is the number of signal events and
B the number of background events. These plots are shown in Figure 5.6, For the
determination of the optimal cut value, an estimation for the expected number of signal
events in the data sample is required. This number is approximated by scaling the signal
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yield of a previous analysis in the BY — ¢¢ mode [I8]. The scale factor accounts for
the higher statistics when the full 2011 and 2012 data corresponding to an integrated
luminosity of £ = 3.1fb™! is used. The number of background events is then determined
by the difference between the expected signal yield and the complete number of events
in the data set passing the previous selection steps. The highest value of S//S + B is
obtained by cutting at 0.1217 for the 2011 data and 0.1081 for the 2012 data. Figure
shows the invariant mass distributions of fully selected BY — ¢¢ candidates.

TMVA overtraining check for classifier: BDT

TMVA overtraining check for classifier: BDT
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Figure 5.5.: BDT response for (left) 2011 and (right) 2012. The test and training samples
are superimposed to check for possible overtraining.
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Figure 5.7.: Invariant mass distributions of fully selected B? — ¢¢ candidates for (left)
2011 and (right) 2012 data.

5.4. Comparison of simulation and data

Simulated events are used to train the BDT. Therefore, it is important to ensure good
agreement between the simulation and real events. Comparing the distributions of the
kaon track x?/nDoF and the neural network PID variable (ProbNNk) in simulation and
data, one observes significant differences as can be seen in Figure [5.8, The main reason
for the disagreement of the ProbNNk distributions is the difference of the number of
silicon pad detector (SPD) hits in simulation and data. Therefore, a two-dimensional
re-weighting is performed using the kaon track x?/nDoF and the number of SPD hits
to improve the agreement between simulation and data. For the re-weighting, two-
dimensional histograms with the number of SPD hits and the kaon track x?/nDoF are
generated for data and for simulation separately. The histograms are normalized to one
and the data histogram is divided by the simulation histogram. The histogram can be
used to assign a weight to a simulated B? — ¢¢ event and ensure closer agreement with
the real data. The assigned weight depends on the values of the number of SPD hits
and the kaon track x?/nDoF variable in the simulated B — ¢¢ event, with respect to
the distributions in real data. Figure 5.8 shows the effect of the re-weighting procedure.
Good agreement can be seen between the data and the re-weighted simulation.
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CHAPTER 6

Description of fitting procedure

To extract the triple product asymmetries Ay and Ay, a simultaneous unbinned maz-
imum likelihood fit is performed to the invariant mass distributions of the separated
data sets to estimate the number of events with positive and negative sign of U and V
respectively. The maximum likelihood fit algorithm estimates a set of a priori unknown
parameters, X = {\1, Aa, ...} of a theoretical distribution, f(Z; X), from a set of measured
observables, ¥ = {x1,z,...}, [33]. In this case, the observables are the masses m_ and
m,. of the BY — ¢¢ candidates with positive and negative sign of U and V, respectively.
The probability density function (PDF), P(Z;; X), describes the probability to measure
the data 7 with parameters X:

—lﬁégj,wmp>o /Pm_1 (6.1)

[ 1

The index i denotes the respective event. The product of the single event probabilities
of all events N is then defined to be the likelihood function:

P(TN) =

L@ X) = [[P@:N). (6.2)

Defined in this way, the likelihood function returns the probability of a parameter
set X to describe the given data 7. To extract the most likely parameter set, this
function is maximized and the related fit method is referred to as maximum likelihood
method.The term unbinned is added because the data sets Z; are not combined in
bins prior to the fit procedure. The presented analysis uses the Minuit framework [34],
where the likelihood function is defined with a negative sign and is therefore minimized.
The PDF used for this analysis is composed of a signal part S and a background part

B:
P ) = Y (f:S(misX) + fB(m: X)) (6.3
ie{+,—}

where fZJ stands for the signal and background yield and X includes all fit parameters.
The summation is performed for all events with positive and negative U and V. For the
mass distribution of the signal events, a sum of two Gaussian functions describing the
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B? mass peak is used:

(m—7)2 )2

Lo Lo (6.4)
\/% 01 \/% 02

where m is the invariant mass, 7 is the mean and o; the width of the respective Gaussian.

The factor f denotes the fraction of each Gaussian contributing to the double Gaussian.

The background part of the PDF will have to include different components describing

combinatorial and physical background:

S(mamy 0-170-2af)

B<m; X) = fcomb : B(m> X)comb + (1 - fcomb) : B(m, X)physa (65)

where feomp is the fraction of combinatorial background, (1 — feomp) is the fraction of
physical background, B(m; X)Comb is the part of the PDF which describes the shape of
the combinatorial background and B(m; X)phys describes the physical background. The
exact form of this PDF is discussed in Chapter [7]and [I0] The fit procedure is described
in detail in Chapter [10[

In the following chapters, a Crystal Ball function is used to model invariant mass

distributions. The Crystal Ball function is given by a Gaussian core with an exponential
tail [35]

exp (— (mz_JT)Z) for ™= < (6.6)
A- (B - @)_n for =7 > o

(e

Fep(m;m,n,a,0) = N - {

where m and o are the usual mean and width of the Gaussian function, n parametrizes
the slope of the exponential tail and o determines the cut-off value from which the tail
starts. A and B are coefficients determined by n and «.

37



CHAPTER 7

Backgrounds from other b-hadron
decays

Background sources from real physical decays are not distributed flat in the B? mass
spectrum as it is the case for combinatorial background. Instead, some of the physical
background contributions can peak in the mass region of the BY — ¢¢ signal where
they cannot be distinguished from signal events and introduce a systematic error to the
triple product asymmetries. The possible physical background components therefore
have to be determined, investigated and accounted for in the simultaneous fits to the
BY — ¢¢ mass distribution. The most prominent candidates for physical backgrounds,
due to the similar rest mass and kinematics, are decays of B mesons with four body
final states that involve kaons and pions. Those two particles are hard to separate with
the RICH system and mis-identifications are most probable for them compared to other
candidates. Four-body final states, where a proton is mis-identified as a kaon, are also
considered. The possible decays that might contribute to the physical backgrounds are:

e BT = ¢K* — K"K~ K*, where an additional random K~ is added during the
event reconstruction.

o BY/BY - ¢t~ — KTK ntn™
o A) 5 6K p— KYEK-Kp
o BY/BY 5 6K*(892) — KTK~ K=+

The charge-conjugate processes of the decays listed above are also considered. The
possible sources of physical backgrounds, also called peaking backgrounds, are investi-
gated by reconstructing the fully selected BY — ¢¢ candidates of 2011 and 2012 data
under each of the four final state particle hypothesis listed above. This is done by chang-
ing the original value of the mass assigned to the reconstructed particle (in this case the
kaon) to the PDG mass of the particle in the new hypothesis (a pion or a proton).
According to Equation [3.7] this changes the four momentum p of the particle from

Praon = (Ekaonaﬁ) = (\/mQPDG,kaon _1_527@’ (71)

to
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Parameter BY/BY — ¢ntm™ | A) = oK p B/B? — ¢K*(892)
Gaussian o [MeV/c?] | 53.7 £ 4.9 78.4 +4.9 60.1 + 5.6

CB o [MeV/e] 21.53 + 0.42 36.8 % 5.9 24.59 £ 0.40

CB to Gauss fraction f | 0.97 £ 0.01 0.77 £ 0.08 0.97+0.01

CB «a 0.218 £ 0.007 —0.189 £ 0.055 | 0.375 £ 0.009

mean [MeV/c?] 5245.45+0.55 | 5544.9+3.4 | 5295.81 + 0.52

Table 7.1.: Results from the fit to the simulated B? — ¢¢ sample under the ¢r 7,
oK~ p and ¢K*(892) hypothesis, which is used to determine the reflection
shape of the wrongly reconstructed B? — ¢¢ events under the respective
new hypothesis. The fits are shown in the respective chapter.

Pyion/proton = (Epion/proton, P) = (\/m?DDG,pion/pmton + 1%, p).- (7.2)

Since the mass is directly related to the four momentum via p? = E? — p? = m?, the
invariant mass distributions change. To determine possible physical backgrounds, the
new invariant mass distributions are examined for ascertained signal peaks at the known
masses of the B®, BY, B meson and the A} baryon. The resulting mass distributions
consist of three components:

e Reconstructed peaking background events: The mass distribution is narrow and
modeled with a Gaussian function.

e Real B? — ¢¢ signal events which are wrongly reconstructed under the new parti-
cle hypothesis: This is the major contribution with a broad reflection shape. The
mass distribution is modeled by a Crystal Ball together with a Gaussian function.
The mean is shared between both functions.

e Combinatorial background: The mass distribution is described by an exponential
function.

The yield of the Gaussian peak gives an estimate for the contribution of AY, B, B® or
BY decays to the peaking background in B? — ¢¢.

The shape of the wrongly reconstructed B? — ¢¢ signal events is constrained by fits
to a simulated BY — ¢¢ sample reconstructed under the respective particle hypothesis.
The fit results for this simulated samples with the exception of BT — ¢K™* are shown
in Table [7.1]

7.1. Bt — 6K+
To investigate the contribution of Bt — ¢K ™ decays, any three of the four final state

kaons of the selected B? — ¢¢ candidates with the highest invariant mass were re-
constructed to form the B meson. Figure shows the invariant three-kaon mass
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distribution of the selected B? — ¢¢ candidates for data and simulation. It can be ob-
served that no events peak near the PDG B* mass of mp+ = 5279 MeV/c?. Thus, the
contribution from BT — ¢K ' decays with an additional random kaon in the selected
B? — ¢¢ candidates is negligible.

g S as0f-
3500 o LHCb Simulati =F LHCb Preliminary
% # imulation ésnaz— H. §s=7+8 TeV,L=31b"
Gpono 2% bﬁ
2500 zsc;— +
2000 200F- +# +
1500 150 ;
1000 100l ¢ $
500 50 ;H L]
- [}
C .
0 T TR
m{KKK) [MeV/ic?] m{KKK) [MeVic?]

Figure 7.1.: B? — ¢¢ candidates from (left) simulation and (right) data reconstructed
as BT — ¢ K™ by choosing the three kaons with the highest invariant mass
and ignoring one kaon.

7.2. B'/BY — ¢ntn—

In order to investigate the contribution of B°/BY — ¢nt7r~ decays in the selected signal
decays, the kaon pair with an invariant mass furthest away from the PDG ¢ meson mass
is assigned the pion hypothesis. A double Gaussian is used to model the potential mass
peaks of the B°/BY — ¢r™n~ contributions. The shape of the double Gaussian which
model the B? peak is constrained using a simulated sample of B® — ¢77 decays. The
wrongly reconstructed ¢¢ signal shape described by the Gaussian and the Crystal Ball
function is obtained by a fit to the simulated B? — ¢¢ sample which is reconstructed
under the ¢ 7m~ hypothesis (see Table . The left-hand side of Figure shows this
fit.

Since all the shapes are fixed, the normalization of the potential B®/BY — ¢n*7~ con-
tribution is the only free parameter left. The fit yields values compatible with zero. The
right-hand side of Figure shows that the present background in the data sample can
be described by an exponential function which accounts for combinatorial background.
There is no peak visible at the known B° and B? masses.

7.3. AV = ¢Kp

The contribution of AY) — ¢K ~p to the peaking background is investigated by choosing
the Kt candidate of the kaon pair with the invariant mass furthest away from the
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Figure 7.2.: Invariant mass distribution of simulated (left) B? — ¢¢ events and (right)
the selected BY — ¢¢ data reconstructed as ¢, described by a Crystal Ball
together with a Gaussian and an exponential function. The combinatorial
background is well described by the exponential function (dashed blue line)
with no further contribution from peaking ¢m™ 7~ events.

nominal ¢ mass to be the proton. To decide which kaon is reconstructed as a proton,
the neural network particle identification variabld] is used. The kaon candidate for
which the probability of being a proton compared to the probability of being a kaon
is the largest (i.e. A = In(ProbNNp) — In(ProbNNk) is the largest) is assigned the
proton hypothesis. In the top right (2011 data) and bottom left (2012 data) of Figure
peaks are visible at the nominal A} mass of myo = 5619.4 MeV/c?.

To model the ¢ K~ p contribution, a Gaussian is used with the mean fixed to the
nominal AY mass, while the combinatorial background is modeled with an exponential
and the BY — ¢¢ signal by a Gaussian and a Crystal Ball. Fitting the 2011 and 2012
data sets separately yields event numbers of 49 4+ 20 and 65 4 30 respectively. The fit to
the combined 2011 and 2012 data gives a yield of Npo = 114+ 36 events in the BY — ¢¢
sample.

If a cut on the proton probability of the kaon reconstructed under the proton hy-
pothesis (ProbNNp > 0.4) is applied, most of the BY — ¢¢ signal events are removed
and the resulting A) peak is visible in the invariant mass spectrum. This distribution
is fitted with a Gaussian for the A peak and a flat line accounting for the remaining
background. The fit returns N, = 107 £ 14 events, which is compatible with the pre-
vious result and validates the applied procedure used to investigate the A) — ¢K p
contribution. Figure shows the fit to the simulated BY — ¢¢ sample reconstructed
under the AY — @K~ p hypothesis as well as the fits to the 2011 and 2012 data samples
and the fit to the combined data with the ProbNNp > 0.4 cut applied.

!The ProbNNp and ProbNNk variables are used to chose which kaon is reconstructed as a proton.
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Figure 7.3.: Invariant mass distribution of selected ¢¢ candidates reconstructed under
the A) — ¢K ~p hypothesis. The distribution is described by a Crystal Ball
and a Gaussian function together with an exponential function. The Figure
shows (top left) Simulation, (top right) 2011 data, (bottom left) 2012 data
and (bottom right) combined data set with ProbNNp cut applied. For the
2011 and 2012 data the Gaussian of the possible A, contribution is depicted
with a dashed red line.

7.4. B°/B° — ¢K*(392)

To investigate the contribution of BY/B? — ¢K*(892) decays in the selected B? — ¢¢
candidates, the kaon candidate with the smallest kaon likelihood is assigned the pion
hypothesis. The possible B® — ¢K*(892) contribution is modeled using a Gaussian
function. The shape is determined from a fit to the combined 2011 and 2012 mass
distribution of B® — ¢K*(892) decays. This data set is selected similarly to the B? — ¢¢
sample used in this analysis, with the exception of the usage of the pion probabilityﬂ
to select the final state pion. An exponential is added to account for combinatorial

2The ProbNNpi variable is used.
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Parameter fitted value

Ny 6972 £ 141

Nog 5156 + 134

o1 [MeV/c?] 13.10 £ 0.94

oy [MeV/c? 23.4+34

f 0.63+£0.14

« 0.00061 £ 0.00015
mean [MeV/c?] | 5278.58 + 0.25

Table 7.2.: Fitted parameters from the fit to the B® — ¢K*(892) sample with
the BY — ¢¢ selection applied.

background. The fit results from the fit to the combined 2011 and 2012 mass distribution
of B — ¢K*(892) decays are summarized in Table [7.2| and shown in Figure [7.4] (left).

When the invariant mass distribution of BY — ¢¢ candidates reconstructed under
the ¢ K*(892) hypothesis is fitted to extract the yield of the possible B® — ¢K*(892)
contribution to peaking background in the selected signal sample, the fit does not con-
verge due to the low statistics of this contribution. Since nevertheless a small number of
B — ¢K*(892) events are expected to pollute the selected B? — ¢¢ sample, a different
method has to be used to extract the ¢/ *(892) yield.

The yield is estimated by applying the ¢¢ and the ¢K*(892) event selection to the
B® — ¢K*(892) sample of simulated events assuming the equality of the ratios

#selected(Data ¢K* in ¢¢)  #selected(Sim ¢K* in ¢¢)
#selected(Data ¢K* in ¢K*)  #selected(Sim ¢K* in ¢pK*)’

(7.3)

where:

o #selected(Data ¢K* in ¢¢) is the number of B® — ¢K*(892) decays in the ¢¢
data sample.

o #selected(Data ¢K* in ¢K*) is the number of B® — ¢K*(892) decays in the
¢K*(892) data sample.

e #selected(Sim ¢K* in ¢¢) is the number of B® — ¢K*(892) decays in the ¢¢
simulation.

o #selected(Sim ¢K* in ¢K*) is the number of B® — ¢K*(892) decays in the
»K*(892) simulation.

This assumption is justified, because the selection process for both modes is mainly based
on kinematical variables, which are well described by the simulation. Equation can
be used to determine the expected number of B® — ¢K*(892) decays contributing to
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the selected BY — ¢¢ candidates:

#selected(Data $K* in ¢p) = i:iii;fg Zbﬁfi;ﬂﬁ)z) Atselected(Data ¢K* in ¢K*).
(7.4)

The ratio of events found in the the ¢ K* simulation with ¢¢ and ¢pK* selection is taken
from [3]. The yields are:

#selected(Sim ¢ K™ in ¢p¢) = 1070 + 40,

#selected(Sim oK™ in ¢K™*) = 96606 £ 465.

The number of events in the combined 2011 and 2012 ¢ K™ data sample is taken from

the fit also used to determine the shape of the BY peak shown on the left hand side of
Figure [7.4l This fit yields:

#selected(Data oK™ in ¢K*) = 6972 + 141.

Inserting these results in Equation gives an expected yield of 38 £ 2 events of B —
¢K*(892) decays contributing to the selected B? — ¢¢ candidates.
Once the number of expected B? events is known, the B? — ¢K*(892) contribution

can be calculated with the fragmentation fraction ﬁ and the fraction of branching ratios:

fs BR(BO — ¢K*)
“fa BR(BY — ¢K*)

#selected(BY — ¢K*(892)) = #selected(B® — ¢K*(892)) . (7.5)

Evaluating Equation with input values taken from [36] yields approximately one
expected BY — ¢K*(892) event. This contribution is therefore neglected.

The 2011 and 2012 B? — ¢¢ data set reconstructed under the ¢K* hypothesis is
combined to ensure the visibility of the B® — ¢K*(892) contribution. The invariant
mass distribution of the combined sample is fitted with the shape of the Gaussian B°
peak fixed to the values from Table and the yield fixed to the 38 events. The fit
result is shown on the right hand side of Figure [7.4l Repeating the procedure described
in this section for the 2011 and 2012 data samples and simulations separately yields
12 £0.6 and 27 + 1.1 B® — ¢K*(892) decays, respectively.

7.5. Summary and B? — ¢¢ mass fit

Of the four decay modes investigated in the previous sections, only the A} — ¢K ~p and
the B® — ¢K*(892) channel were found to contribute to peaking backgrounds among
the selected B? — ¢¢ candidates. The shapes and yields of the peaking background
components are modeled with a Crystal Ball function for each of the two contributions,
which is fixed to the values determined in Section and [7.4] respectively. They are
combined with an exponential function accounting for combinatorial background and a
double Gaussian modeling the B? — ¢¢ signal peak. Figure shows the fits to the
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function together with a Gaussian function for the B® — ¢K*(892) peak
and an exponential function for the combinatorial background. The B° peak
is visualized by the dashed red line.
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Invariant four-kaon mass distribution of the selected B? — ¢¢ candidates
for (left) 2011 and (right) 2012 data. The fit to describe the data has the
following components: Two Crystal Ball functions to model the contribution
of pK* (black) and ¢Kp (green), both dashed; the Gaussian signal peak
(magenta) to describe the B? — ¢¢ signal candidates and the exponential
function to describe combinatorial background (red), both dashed.

invariant mass distributions of the selected BY — ¢¢ candidates from 2011 and 2012
data. The fits yield 1158 + 38 and 2713 &+ 60 signal candidates for the years 2011 and
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2012, respectively. A fit to the combined data set yields 3896 + 72 signal candidates for
the full 3 fb~' of integrated luminosity.

The peaking background components are also included in the background PDF for the
fit to the B? mass distributions which is used to extract the triple product asymmetries.
Further details on how the simultaneous maximum likelihood fit is implemented are

given in Chapter [10]
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CHAPTER 8

Determination of decay-time
acceptance correction

The selection cuts and trigger requirements imposed during the selection process de-
scribed in Chapter [5| introduce a decay-time dependent acceptance which is defined to
be the ratio of the number of selected BY to the total number of produced BY:

_ #selected BY — ¢o(t)
elt) = #produced BY — ¢o(t) (8.1)

The exact determination of the decay-time-dependent acceptance is necessary, because
the acceptance is observed to introduce a small shift of the values for the triple product
asymmetries Ay and Ay [37]. Although the presented measurement is time-integrated,
the decay-time acceptance €(t) in the time-dependent decay rate dI'(¢, 6y, 6, @) of B? —
¢¢ decays can introduce an effect on the triple product asymmetries, when integrating
over t. The determined decay-time acceptance can be used to estimate the systematic
uncertainty on the triple product asymmetries, which is introduced by ignoring decay-
time acceptance effects.

The results of this chapter are an important input for the time-dependent measurement
of CP violation [3], in which the exact knowledge of the time acceptance correction is
essential.

The cut that mainly introduces the decay-time-dependent acceptance is the Impact
Parameter (IP) cut [38], which requires the secondary vertex to be displaced by some
margin from the primary vertex. As a consequence, events with short B? decay-times,
where the BY decays close to the primary vertex, are rejected. This results in an effi-
ciency drop for low decay-times. In addition, it is known that the efficiency for large
lifetimes drops linearly which is an effect introduced by the VELO track reconstruction
algorithms [39]. Those algorithms suffer from a drop in reconstruction efficiency for B?
candidates that are displaced by a few centimeters from the z-axis. The efficiency loss
increases with the displacement and thus also with the decay-time of the B? candidate.
In this analysis, the B? — ¢¢ decay-time acceptance is determined on data using
BY? — D~ decays as a control channel, avoiding the dependence on simulation which
introduces large uncertainties. This channel is chosen because of the higher statistics
due to a higher branching fraction with respect to BY — ¢¢ decays and the precisely
measured lifetime of the B? meson in the BY — D7~ channel [40]. Since the D meson

47



further decays into two kaons and a pion D} — K+TK 7t the decay is topologically
similar to the B — ¢¢ decay, assuming that the D} does not fly far. To ensure this,
a decay-time cut of 1 ps is applied to the DJ meson. To investigate the dependence on
the ways in which an event has been triggered, the decay-time efficiency is determined
for the four trigger possibilities separately. These are:

e The L0 hadron trigger and the HLT2 ¢ trigger are both issued (LOHadron TOS
(HTOS ) and Hlt2IncPhi TOS (IPTOS)).

e The LO hadron trigger and the HLT2 topological trigger are issued, but the ¢
trigger is not issued (LOHadron TOS and Hlt2IncPhi non-TOS (IPnTOS)).

e The LO hadron trigger is not issued, but any other L0 trigger and the HLT2 ¢
trigger are issued (LOHadron non-TOS (HnTOS) and Hlt2IncPhi TOS).

e The L0 hadron trigger and the HLT2 ¢ trigger are not issued, but any other L0
trigger and the topological trigger are issued (LOHadron non-TOS and Hlt2IncPhi
non-TOS).

The steps necessary to extract the decay-time efficiency are summarized in the fol-
lowing sections. For each of the four trigger possibilities, an acceptance histogram is
generated. This is done by using B? — Dfn~ data to determine the decay-time dis-
tributions that suffer from acceptance effects and dividing them by the theoretical pre-
diction. The results are binned and filled into histograms. These histograms show the
decay-time acceptance as a function of the decay-time, where the acceptance is equal
to 1 for decay-times where no acceptance effect is observed and unequal to 1 otherwise.
The decay-time acceptance histograms are used in Chapter|[L1|to estimate the systematic
uncertainty on the triple product asymmetries Ay and Ay and in the time-dependent
analysis of CP violation [3].

8.1. Selection of B? — D7~ candidates

In order to match the decay topology of B? — Dfn~ and B? — ¢¢ events, the whole
selection is kept as close as possible to the one used to select the B? — ¢¢ signal
candidates. The multivariate analysis used to select these signal candidates includes the
neural network PID variable for kaons. Since there are also pions present in the final
state of the BY — DFr~ decay, the usage of the exact same boosted decision tree would
lead to a low efficiency. Therefore, a second BDT is trained using all variables mentioned
in Section with the exception of the ProbNNk variable. The second decision tree,
in the following noted by BDT?2, is trained using the same B? — ¢¢ sideband data
as background input and the same simulated signal events as already used for the first
BDT. The obtained results for signal purity, the figure of merit (S/+/S + B) and the
optimal cut values for 2011 and 2012 data are in good agreement with the nominal BDT
results.
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Additional selections have to be applied to remove physical background from the B? —

D} r~ data sample and ensure high signal purity. The decays A, — A (— pK 7~ )x™"
and B® — DT(— 7~ KT7n)r~ are expected to pollute the selected events [3]. This is
confirmed by assigning a kaon candidate of the B? — D7~ candidates to be a proton
(for Ay) or assigning the pion hypothesis to a kaon candidate (for BY). The resulting
invariant mass of the pK~7~ and the 7~ K™n" candidates of selected B? — Dfn~
decays is shown in Figure . A clear peak can be observed around the known A_ and
D7 masses. To remove these background components, a mass window of 20MeV/c?
around the nominal masses of these particles is vetoed.
To further improve the similarity between the B? — ¢¢ and B? — Dfr~ decay modes,
a cut on the invariant mass of the KK~ systems of 15MeV/c?* around the ¢ mesons
mass is applied. After this cut mainly D} — ¢n' events are left contributing to the
BY — Dfrn~ decay.
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Figure 8.1.: Peaking background contribution to the 2012 B? — D7~ candidates re-
constructed as (left) B® — DTx~ and (right) Ay — A_7" from data. The
D7 contribution is revealed by the invariant mass distribution of the (left)
K*™n~ 7" candidates and the A, contribution is visible in the invariant mass
distribution of the (right) pK~ 7t candidates.

In the final step, the selection cuts of the B? — ¢¢ selection that cause the time-
dependent acceptance are applied to the B — Dfr~ data including the cut on the
IP-y? and the cut on the transverse momentum of each final state particle. The selection
cuts that are different from the B? — ¢¢ selection are summarized in Table .

8.2. Comparison of simulated B — D r~ and B! — ¢¢
time acceptance

To justify the usage of the B — DF7r~ mode as a control channel for the decay-time
acceptance a good agreement between B? — ¢¢ and B? — D7~ events is crucial. The
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Variable Cut Value
D? decay-time < 1ps
¢ meson enforcement |m g+ - — 1019.455MeV/c?| | < 15.0 MeV/c?
D* veto Mg+ g+ — 1869.6MeV/c?| > 20.0 MeV/c?
A, veto |myg-,- — 2286.5MeV/c?| > 20.0 MeV/c?
D range my+ g+ 1908 MeV/c? < mpy < 2028 MeV/c?
BY range my+ gt 5250 MeV/c* < mpo < 5567 MeV/c?

Table 8.1.: Selection cuts to select BY — Dfn~ candidates that are different from the
@@ selection.

largest source of systematic uncertainty is the difference between simulated B? — D7~
and B? — ¢¢ events in the kinematic observables. Disagreement in the kinematic
observables leads to a different response to the selection steps which introduce the decay-
time dependent acceptance. Here, a difference between the normalized distribution of
the minimum track p; between simulated B? — ¢¢ and B? — D71~ events can be
observed, which is shown in Figure 8.2l The B? — Din~ events are therefore re-
weighted according to this observable.
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Figure 8.2.: Comparison between the minimum track p; distributions of simulated BY —
$¢ events shown in green, B? — D7~ events before the re-weighting of
events shown in blue and in red after. After the re-weighting good agreement
is seen.
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8.3. Data driven selection of B! — D/~ signal
candidates

In order to obtain the decay-time distribution of BY — D} 7~ signal events, the back-
ground contributions have to be suppressed. This is done using a weighting technique
known as s-weights [41]. The weights are obtained from a fit to the two-dimensional
mass distribution of the B? and D} candidates, separating signal and background. It
should be noted, that the B? — D7~ data sample is still polluted by mis-reconstructed
background from the decay B? — D*Tn~ — DF~ymr~. This background is therefore
parametrized by the fit function to describe the invariant mass distributions of the se-
lected candidates. The fit function has the form

P(mBga ijv X’L) = st’g . S(mBga ija Xsig) + Ncomb : Bcomb<mB(S)7 ij; Xcomb) (8 2)

+ Nmisfreco : Bmisfreco(mBga ij'; )\misfreco)a
where the three fit components are:

o S(mpo, mps+; Xsig) is the signal PDF. The D} mass peak is modeled by a double
Gaussian and the B mass peak is modeled by a double Gaussian and a Crystal
Ball function.

° Bmis_reco(mgg,m[)j;Xmis_mw) is the PDF that takes mis-reconstructed BY —
D**r~ events into account. Since the reconstructed masses of D** and D} can-
didates are similar due to the unreconstructed photon, the D** peak is located
directly under the DY peak in the invariant K™K~ 7" mass distribution and in
the lower sideband of the KK ~n"7~ mass distribution due to the photon which
carries away momentum. It is therefore described by a double Gaussian for the
mpz+ distribution and an ARGUS function for the mpo distribution. The ARGUS
function describes the peak-like structure of the invariant mass distribution of
D** candidates and combines it with the radiative tail due to the missing photon
momentum. It is of the form [42]:

ruinnan (1 (2] (e (2))). s

where u represents the cutoff at which the function drops to zero, ¢ determines the
curvature and p the power of the ARGUS function.

° Bcomb(mBg,mD:;meb) takes the combinatorial background into account. It is
modeled by a single exponential function for both mass distributions.

The parameters of the ARGUS function ); are constrained to values obtained by simu-
lation. The parameters float within their their statistical uncertainties using Gaussian
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constrains. This is done by adding additional terms to the logarithmic likelihood func-
tion £

N,
o — Aj measure 2
Inl = Z (lnP(mBo mp+; A +Z 5,2 2 ) ) , (8.4)
i—1 j=1 j,measured

where Aj meqsurea 18 the measured value of the respective parameter of the ARGUS func-
tion and 0 measured 15 the experimental uncertainty. This method ensures that the pa-
rameters \; take the values of the simulation within their statistical uncertainties.

The two-dimensional invariant mass distribution of selected D} and BY candidates is
shown in Figure The radiative tail, caused by the mis-reconstructed D** — D7~
decays can be observed. The projections of the two-dimensional invariant mass distri-
butions, as well as the projections of the fit results on the B? and D} mass are shown
in Figure The fitted parameters are given in Table

m(K 'K ) [MeVic?]
miK 'K TT) [Mevic’]

o
8
=1
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Figure 8.3.: Two-dimensional invariant mass distributions of the selected B? and DF
candidates for (left) 2011 and (right) 2012 data. The radiative tail of mis-
reconstructed Dt — D7~ decays can be observed.

The two-dimensional PDF is used to assign a weight to each event. B? — Dfr~
events, where either the invariant mass of the D? or the B? meson lies in the sideband
of the distributions shown in Figure are likely to be background and are therefore
assigned a smaller weight compared to events where both invariant particle masses are
close to the PDG value. A unique feature of the s-weight technique is that negative
weights are allowed. This ensures that although some weights w; are larger than 1,
the sum of all weights N is sz\il w; = N. This means summing over all weighted
events returns the initial, unweighted event yield, which preserves the normalization
of the respective distribution. The fit allows to identify the background part modeled
by Beomb(Mpo, M p+; Acomb) and B,,;s— reco(m BY M+ Nomis reco) and separates it from the

signal part modeled by S(mpo, mpy; )\s,g). This is exploited to assign signal and back-
ground weights accordingly. The weights can be used to re-weight any given distribution
to show either the distribution of signal or background events.
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Parameter fitted value 2011 | fitted value 2012
Nsigq 13344 + 272 30181 £ 372
Neomp 1888 £+ 90 4281 + 113
Nris—reco 2237 + 242 5414 + 330

Bs oy [MeV/¢?] 23.32 +1.16 13.88 & 0.40
Bs 0y [MeV/c?] 15.87 + 0.31 19.75 + 0.36
Bs f 0.88 + 0.02 0.86 + 0.01
CB « —0.23 +0.03 —0.38 £0.02
CB o [MeV/c?] 51.98 + 5.08 57.27 £ 3.28
ARG ¢ —267.58 £ 28.97 | —211.560 4+ 27.26
ARG p [MeV/c?] 5442 + 12 5458 + 12
ARG p 18.41 £+ 2.31 16.32 £ 2.23
Ds oy [MeV/c?] 20.55 & 3.02 24.69 4 1.24
Ds oy [MeV/c?] 6.30 £0.11 6.29 £+ 0.04
Ds f 0.09 £ 0.01 0.08 £ 0.01
Qeomb —0.0027 £ 0.0003 | —0.0028 £ 0.0002
Bs m [MeV/c?] 5371.1 4+ 0.2 5371.1 4 0.1
Ds m [MeV/c? 1969.61 + 0.06 1969.53 + 0.04

Table 8.2.: Parameters determined in a two-dimensional fit to the BY and D mass
distributions for 2011 and 2012 B? — Dfr~ data.

8.4. Extraction of the decay-time acceptance correction

To determine the decay-time acceptance, the decay-time distribution of selected B? —
Dfr~ signal events is used. This distribution corresponds to the number of selected
B? signal candidates in the numerator of Equation . The denominator is generated
from the theoretical decay-time distribution without any selection cuts. The theory
distribution is generated using an exponential decay function e "<’ with the mean
lifetime 7., that is taken from the recent LHCb measurement [40]. Both distributions
are normalized. For each of the four possible trigger categories defined at the beginning of
this chapter a decay-time-dependent acceptance histogram is obtained. The acceptance
histograms for 2011 and 2012 data are shown in Figures [8.5 and [8.6, The binning is
chosen such that for lower decay-times, where most of the statistics is available, the bins
are smaller. In all histograms one sees how the acceptance drops for very low decay-times
and for very large decay-times. The effect for very large decay-times is less pronounced
for 2012 data than for 2011 data. This effect is under investigation. It could originate
from statistical fluctuations, because of the very low statistics at this high decay-times.
The histograms are used to estimate the systematic uncertainty introduced by the decay-
time acceptance on the triple product asymmetries Ay and Ay,. Given that the statistical
uncertainty dominates the measurement of triple product asymmetries in the BY — ¢¢
channel, the assignment of a systematical uncertainty is sufficient to account for the
decay-time acceptance. The procedure is described in Chapter [I1]
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Figure 8.4.: Two-dimensional fit to the invariant K+ K 7t7~ and KTK 7" mass dis-
tributions of selected B? — D7~ candidates for (top) 2011 data and (bot-
tom) 2012 data. Peaking background components in black are modeled by
an ARGUS function in the mg+x-r+-— distribution and a Gaussian in the
m+r--+ distribution. Combinatorial background is modeled by an expo-
nential in red. The signal is modeled with a double Gaussian (M g+ j—r+)
and a Gaussian together with a Crystal Ball (mg+x—r+r-). The combined
fit functions are shown in blue.
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CHAPTER 9

Determination of angular
acceptance correction

The geometry of the LHCb detector and the requirements on the final state particle
kinematics described in Section [5.2] introduce inefficiencies in dependence of the helicity
angles 61, 6, and ®. The angular acceptance describes the efficiency of the particle
detection and selection as a function of these angles. The angular acceptance is given
by the ratio of selected and originally produced BY candidates

_ #selected BY — ¢¢(Q)
() = #produced BY — ¢p(Q)’ (9:1)

where the number of BY decays are measured as a function of Q = (®, 60y, 6,), the helicity
angle of the decays. Fully simulated BY — ¢¢ events are used to estimate the angular
accpetance effects. The same selection criteria as described in Chapter [5| are applied
to the simulated data set. Since the helicity angles are correlated, a three-dimensional
correction has to be derived. Figure shows the two dimensional correlation plots for
the helicity angles used in the B? — ¢¢ decay where clear structures are observable.

To calculate the three-dimensional efficiency depending on €2, the number of selected
events in a given angular bin has to be compared to the number of events in this angular
bin, that were produced in total. Since this number is not known for real data, a fully
simulated data set is used. For the numerator in Equation the simulated B? — ¢¢
events are used with the full signal selection applied to them. For the denominator,
events without any detector or selection effects are generated according to the BY — ¢¢
decay rate defined in Equation [2.16] Since those events are not subject to detector
effects and no further selection is applied, they correspond to the originally produced B?
candidates relative to the simulated events, which are distorted by angular acceptance
effects. The angular distributions of both simulated data sets are normalized to one
and divided by each other to calculate the three-dimensional efficiency €(2). Figure
visualizes the one-dimensional projections of the relative acceptance for each angle.
In the & dimension, only small effects can be observed while there is a clear drop in
efficiency as cosf,/, approaches 41. This effect is introduced by the p; cuts on final
state kaons and the trigger selection.

A way to apply the angular acceptance correction within the maximum likelihood fit
is described in the following. Using the definition of the likelihood function given in
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Figure 9.1.: Two-dimensional angular distributions of the helicity angles for simulated
BY — ¢¢ events, (top left) 6; — 6y, (top right) 6; — ® and (bottom) Oy — .
Clear correlation patterns can be observed.

Equation [6.2] maximizing the logarithmic likelihood is equal to solving the equation

OlnL 0 <~ S@;N)
ON; O, ; [ S(#\)dz (5:2)

where S is the unnormalized signal PDF, Z = (m, Q) is the set of observables, X is the
set of parameters and the index i denotes the summation over all events N. The angular
efficiency over the subset Q € {Z} can be included in Equation [9.2] as

oL 8)\ Zl S(Z; N)e(€) 9.3)

22y NS Ne(Q)dm d9

The efficiency €(€2) does not depend on any of the fitted parameters X, because the
invariant mass of a BY candidate is uncorrelated to the helicity angles. In this case,
the logarithmic identity In(AB) = In(A) + In(B) can be used to simplify Equation

o7



LHCb Simulation acceptance LHCb Simulation acceplance
2 242 Lt
E + + + N + + o4+ + 4 * +
11— N + + + 4 . N + +
+ 1= *
L +
0.8 L
r 0.8—
0.6 ¥
- 06—
04 04l
02~ 02
oLl P H R R L P S O B
A -0.5 0 0.5 1 e -0.5 0 0.5 1
cos(8) cos(8,)
LHCb S . & acceptance
2 +
2 L
E 1= + + s + * + + 4o+ -
o+
0.8
06—
0.4
0.2
] T P AN B IR R
-3 -2 -1 0 1 3
¢ [Rad]

Figure 9.2.: One-dimensional projections of the three dimensional relative angular ac-
ceptance for each helicity angle calculated with simulated B? — ¢¢ decays.

further and derive that
olnL 9 S(Zi; X) d
= — In = + In e(€;
o (2 (60 m: X)) dﬂ) o (2 ( )) o

S(Zi; \)
:07
aAZ [ [ S(Q,m; X)e(Q)dm dQ2

7

since the derivative in the second term vanishes. Assuming that the PDF factorizes into
an angular and a mass dependent part f(€2) and M (m), the angular efficiency weights

may be defined through
- [ @i (9.5)

which occur in the denominator of Equation

—

OlnL (xl,)\) B
N = on Z T 3i0m )dm_o. (9.6)

%

In this way, the acceptance is absorbed into the normalization of the PDF giving rise
to normalization weights. Since the measurement presented in this analysis is time-and
angular-independent, the angular acceptance is treated as a systematic uncertainty. To
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estimate the systematic uncertainty of the angular acceptance, the three-dimensional
acceptance is used to generate weighted pseudo-experiments and estimate the effect on
the determination of the triple product asymmetries when ignoring angular efficiency
effects. This method is summarized in Chapter [II} It is shown that the acceptance
effects lead to a small systematic shift for Ay and Ay compared to the current statistical
precision. A systematic uncertainty is assigned accordingly.
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CHAPTER 10

Determination of the triple product
asymmetries

To determine the triple product asymmetries Ay and Ay the sample of selected BY — ¢¢
decays is split in two sub-samples of positive and negative U and V. The B%-mass
distributions of the positive and negative U and V decays are fitted simultaneously with
common parameters )\Shared and independent parameters )\mdependent to allow for small
differences in the shape of the mass peaks in the different sub sets. This means that
a certain set of parameters is shared between all PDFs for the different data sets and
signs of U(V) while the rest of the parameter set is independent in each mass fit. The
complete set of parameters is then given by:
A= )\sha’r’ed + /\independent~ (101)
For each invariant mass distribution of the B? candidates, a double Gaussian is used
to model the signal peak together with two Crystal Ball functions for the Ay, — ¢K p
and B® — ¢K* background components and an exponential function to model the com-
binatorial background. The PDF is given by Equation [6.3] The shape of the peaking
background PDFs is fixed to the values determined in Chapter [7] For the normaliza-
tion of the PDF's the peaking background yields for 2011 and 2012, also determined in
Chapter [7] are used. The full background PDF defined in Equation is of the form
(for each sub set)

1 —am
B<m7 a, ﬁa M, S, n) :Ncombinatom'al : Ee + NqSK* : CBl(m> 517 1,61, nl)

(10.2)
+ Nokp - CB2(mBg>ﬁ2>M2>§2,n2)>
while the signal PDF is
_mem? _ (m=m)?
S(m;m, 01,02, f) = Nsig - I e i+ / e | (10.3)
210 20y

The parameters that are shared in the PDF's for 2011 and 2012 data with U(V) positive
and negative are:
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e 0, : The core resolution of the double Gaussian peaks.
e m : The mean of the double Gaussian peaks.
e o« : The slope of the exponential describing the combinatorial background.

e f : The fraction between the two Gaussian functions. It is fixed to f = 0.75
to ensure stability of the simultaneous fit. The value has been determined from
simulation.

o CBia(m, [12, 12,612, n12) © All parameters of the two Crystal Ball functions for
the peaking background. This includes the means p; o, the widths ¢ 2, the cutoff
for the exponentials ;5 as well as the slopes of the exponentials n; 5. Those
parameters are fixed to the values obtained in Section and [7.4]

e Ay and Ay : The triple product asymmetries defined in Equation and
The parameters allowed to be independent are:

e 0y : The second width of the double Gaussian to account for differences in the
peak shapes due to a different detector calibration for the data taken in 2011 and
2012.

e N : The yields have to be independent since they differ for 2011 and 2012 data. This
includes the signal yield as well as the expected number of peaking background
events which is fixed to the yields determined in Chapter [7] and the number of
combinatorial background events.

The asymmetries Ay and Ay are directly taken from the fit exploiting the relation

i N

Fl= 5 (A +1), (10.4)
NY ,

=0 Al (10.5)

where j € {5, B} labels the signal or background part and N7 refers to the total num-
ber of signal or background events. The background asymmetry Ag(\/) quantifies the
asymmetry of background events for U and V positive and negative. It has no physical
meaning, but is included in the PDF to preserve the normalization. All triple product
asymmetries referred to in this analysis are Ag(\/)'

The mass distributions and the fitted functions for 2011 and 2012 data with the
positive and negative U as well as positive and negative V are shown in Figure [10.1}
The triple product asymmetries are found to be

Ay = —0.003 £ 0.017,
Ay = —0.017 £ 0.017,
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where the uncertainty is statistical. All fit results are shown in Table[10.1] The measured
triple product asymmetries are compatible with the Standard Model expectation of
Ay = Ay = 0 within their statistical uncertainties. This corresponds to a conservation
of the CP symmetry.

Parameter distribution fitted value
m [MeV/c? U 5365.9 + 0.28
o1 [MeV/c?] U 13.41+£0.29
a U (1.38+0.59) - 1073
o1 [MeV/c? \Y% 13.46 £ 0.30
m [MeV/c? \Y% 5365.9 + 0.28
a \% (1.34 £0.59) - 1073
Ay U —0.003 £ 0.017
Ay \Y% —0.017 £0.017

2011 2012
Nsig U 1180 + 36 2765 £+ 56
Nsig \Y 1178 £ 36 2759 £+ 56
NeombBig U 57 £ 12 407 £ 30
NeombBig \Y% 59 £ 12 413 + 30
Ny g both 12 (fixed) 27 (fixed)
Nsrcp both 49 (fixed) 65 (fixed)
oy [MeV/c?] Uy 25.81+£3.10 | 24.70 £ 2.71
oy [MeV/c? U_ 28.65 £5.84 | 25.13 £2.51
oy [MeV/c? Vi 29.60 £ 5.26 | 22.55 +2.69
oy [MeV/c? V_ 24.67+3.01 | 26.35 £ 2.53

Table 10.1.: Parameters determined in the simultaneous fit to the invariant mass distri-
butions of selected BY — ¢¢ candidates for U and V positive and negative,
for 2011 and 2012 data. The horizontal line indicates the parameters which
are shared between all PDF's.
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Figure 10.1.: Invariant mass distribution of the selected B? — ¢¢ candidates for 2011
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both described by a Crystal Ball function; Combinatorial background in
red, described by an exponential function and ¢¢ signal peak in magenta,
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10.1. Validation of the fitting procedure

It is crucial that the PDF's derived in the previous section are implemented correctly
and that correlations between floating parameters do not introduce shifts in the values
of the physical parameters. Additionally, it has to be validated that the statistical
errors and the normalizations of the PDFs are handled correctly. To test the fitting
procedure, pseudo-experiments in which decay configurations are generated according
to a PDF are performed. To investigate the effect of limited statistics and estimate the
expected statistical uncertainty, each pseudo-experiment is generated with the number
of events found in real data. These are 1292 and 3292 events for the years 2011 and
2012, respectively. The events are generated according to the PDFs described in this
chapter and are fitted the same way as the real data samples are treated to extract
the triple product asymmetries. This pseudo-experiment is repeated 3000 times. The
values of the fitted parameters should be distributed according to a Gaussian distribution
and the mean of those distributions should reproduce the values used to generate the
pseudo-experiments, given the fitting procedure works properly. The distributions of
the fitted parameters are modeled with a Gaussian function to extract the mean value.
If the number of events generated in each pseudo-experiment corresponds to the actual
number of events in the real data sample, as it is the case in this analysis, also the
statistical error of the fitted values should be reproduced. This is verified by modeling
the distributions of the statistical error of each fitted parameter with a Gaussian function
and taking the central value of the Gaussian as the mean statistical uncertainty. The
results are shown in Table All means are compatible with the generated values
within their uncertainties and all expected statistical errors are reproduced without
significant deviation.

The correct implementation of the fit can be tested using the pull distributions of
the fitted observables. The pull p of a parameter A is defined as the difference of the
generated and fitted values Aseqsured — Ageneratea, divided by the uncertainty o4 of the

fit: A A
b= measured generated : (106)

oA

With a correct fit implementation, the distributions of the pulls should be Gaussian
shaped, with the mean being compatible with 0. The width of the Gaussian shape
should be compatible with 1, because the deviation between the generated and fitted
value and the statistical uncertainty of the fit are equal on average. Figure and
show the pull distributions of all signal yields, which are used to extract the triple
product asymmetries for the years 2011 and 2012. Every distribution is modeled with a
Gaussian function to determine the respective mean and width. No significant deviation
from the theoretical means and widths are observed, which proofs that the normalization
and error handling of the PDF's are implemented correctly.
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Parameter generated value + statistical error | mean of fitted values
Um [MeV/c?] 5365.9 £ 0.28 5365.8 £0.29
Vm [MeV/c?] 5365.9 £ 0.28 5365.9 £ 0.31
U oy [MeV/c?] 13.41 £ 0.29 13.38 £ 0.32
V oy [MeV/c?] 13.46 £+ 0.30 13.49 +0.33
Ua (1.38 £ 0.59) - 1073 (1.44 +0.62) - 1073
Va (1.34 4+ 0.59) - 103 (1.40 £ 0.60) - 1073
Uy (2011) oy [MeV/c?] 25.81 + 3.10 26.21 + 3.32
U_ (2011) oy [MeV/c?] 28.65 £ 5.84 28.49£4.01
V, (2011) o9 [MeV/c?] 29.60 4 5.26 27.94+4.29
V_ (2011) oy [MeV/c? 24.67 £+ 3.01 24.05+ 3.15
Uy (2012) oy [MeV/c?] 24.70 £ 2.71 24.86 + 2.42
U_ (2012) oy [MeV/c?] 25.13 £ 2.51 24.23 +£2.18
Vi (2012) 0y [MeV/c? 22.55 + 2.69 23.35 £2.38
V_ (2012) o9 [MeV/c?] 26.35 4 2.53 26.87 £ 2.82
U (2011) f¥ 592 + 26 600 + 26
U (2011) f% 582 + 29 58h + 27
V (2011) [ 571 + 28 D79 + 27
V (2011) fS 603 + 26 601 + 27
U (2012) /% 1352 £ 43 1368 + 43
U (2012) fS 1375 £ 43 1370 £ 43
V (2012) f? 1344 + 43 1344 + 43
V (2012) ff 1379 £+ 43 1378 +43
Table 10.2.: Generated and fitted values and errors of the free fit parameters derived from

pseudo-experiments. The horizontal line indicates the parameters which are
shared between all PDFs.
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CHAPTER 11

Estimation of systematic
uncertainties

In this chapter the systematic uncertainties of the measurement of the triple product
asymmetries are discussed. As pointed out in Chapter[d] the peaking background sources
as well as the angular acceptance and decay-time efficiency are contributing to the
uncertainties of the triple product asymmetry measurement. Since the measurement
builds upon the correct parameterization of the B? mass distribution for positive and
negative values of U and V, the mass model used to fit these distributions is a source of
systematic uncertainty and is therefore also considered here.

Pseudo-experiments further referred to as toys are used to estimate the effect of the
angular and decay-time acceptance. Using the parameterization of both effects discussed
in Chapter [§ and [J]it is possible to generate toy sets with and without acceptance effects
and estimate their effect on the triple product asymmetries Ay and Ay . The systematic
uncertainties arising from the mass model and the exact number of peaking background
events are estimated by directly varying the respective fit components and investigating
the effect on the triple product asymmetries.

11.1. decay-time acceptance

To investigate the systematic uncertainty related to the decay-time acceptance, an ex-
plicitly time-dependent parameterization of the theoretical decay rate for B? — ¢¢
decays is taken from [3]:

6
o< 4| A(t, 01,605, @) =Y Ki(t) (61, 62, P), (11.1)

=1

dI’
dtd cos 6,d cos O5,dd

where the decay rate factorizes in the time-dependent functions K;(t) and the angular
functions f;(0;, 6, ). The angular part is equal to the decay rate defined in Equation
[2.16] and the time dependent part is given by:

1 1
K;(t) = Nie "*![c; cos(Amt) + d; sin(Am,t) + a; cosh(éAFSt) +b; sinh(éAFst)], (11.2)

where Am, is the mixing frequency describing the B? — B_g oscillation, I' is the decay
width and AT is the decay width difference between the light and heavy mass eigenstates
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1 Nz a; bz C; dl

Ll JAf 1 — COS @ 0 sin ¢

20 14° 1 — COS ¢ 0 sin ¢

31 |ALP 1 oS ¢ 0 — sin ¢

4\ A AL 0 —cosdpsings | sindy | — cosdy cos @
51 |Ayl|Ao| | cosda | —cosda cos g 0 oS 9 1 sin ¢
6 || |Aol|AL| 0 —cos0a8in ¢y | sindy | — cos da COS P,

Table 11.1.: Coefficients of the time dependent part K; [3].

Parameter Input Value
| 0.662 ps—*
AT, 0.102 ps—!
Amg 17.774 pst
| Aol? 0.365
|A) 2 0.331
|AL)? 0.304
o1 0.12 rad
0o 2.67 rad
bs € {-0.5,0,0.5} rad

Table 11.2.: Input values for the generation of toy sets. Taken from [3].

of the B? meson. The factors N, a, b, ¢ and d are given in Table , where ¢4 is the
CP-violating phase arising from the interference of mixing and decay in B? — ¢¢ and
d; are the strong phases d; = 0, — 0] and dy = 6, — dp.

For the generation of toy sets, input values for all parameters of the time-dependent
decay rate are needed. The values are taken from [3] and shown in Table [I1.2] For
the CP-violating phase, different assumptions are made (¢s € {—0.5,0,0.5} rad) and
the results are compared to investigate the effect of the value of ¢, on the triple product
asymmetries. This procedure accounts for the fact that the statistical error of the ¢,
determination in the BY — ¢¢ channel is still quite large.

Toy sets are generated using Equation with and without the application of the
decay-time acceptance correction histograms determined in Chapter [§|and shown in Fig-
ure and Figure 8.6] 1000 pseudo-experiments with and without decay-time accep-
tance effects, each with 10000 events are generated for ¢, = —0.5, ¢s = 0 and ¢5 = 0.5.
As it is done with the actual data, each set is divided into subsets with U(V) > (<)0
and the triple product asymmetries are determined, ignoring possible acceptance effects.
For each fit, the difference between the fitted asymmetries from the set with acceptance
effects and the set without effects

AAyy = Ay — Ae (11.3)
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where €; symbolizes the set with time efficiency effects and w/o €; otherwise, is computed.
The distributions of AAy and A Ay defined in Equation|11.3|are described by a Gaussian
function to determine the overall deviation from the generated values of Ay and Ay .
The distributions and the fits are shown in Figure [11.1} Three different values for the
systematic uncertainty AAy,y are obtained for the three different assumptions on ¢,.
The values are shown in Table where the largest value is conservatively chosen as the
systematic uncertainty for both Ay and Ay, because there is no reason for a difference.
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Figure 11.1.: Difference of the fitted triple product asymmetries due to the decay-time
efficiency described by a Gaussian function for ¢, € {—0.5,0,0.5} rad.
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¢, (rad) | [AAy| | [AAY]
0 — —

+0.5 || 0.005 | 0.003

-0.5 0.004 | 0.002

Table 11.3.: Uncertainties due to decay-time acceptance for the triple product asymme-
tries.

11.2. Angular distribution

The systematic uncertainty due to the angular efficiency is estimated similarly to the
one related to the decay-time acceptance described in the previous section. As described
in Chapter [9 the angular detector and reconstruction efficiency can be accounted for
by the use of normalization weights defined in Equation for the angular terms f;.
To investigate the effect of the angular acceptance on the triple product asymmetries,
pseudo-experiments are generated according to the time- and angular-dependent decay
rate defined in Equation The input values for the toy generation are again taken
from Table [11.2] The CP-violating phase ¢ is varied using three different inputs ¢5 €
{=0.57,0,0.57}. The input values for ¢, were chosen in this way to ensure comparability
with the previous analysis of triple product asymmetries in the B? — ¢¢ decay [37].

1000 toys with 10000 events are generated with and without acceptance effects. For
each set, the resulting mass distributions are again divided into subsets with U and V
larger and smaller than zero and are fitted using the PDF given in Equation Again,
the difference AAy )y is computed according to Equation . The overall difference is
determined by a Gaussian fit to the AAy v distributions with the mean of the Gaussian
being the systematic uncertainty. The uncertainties are shown in Table [I1.4] where the
largest deviation for the different ¢, assumptions is chosen to be the overall systematic
uncertainty for Ay and Ay. The distributions of AAyy and the Gaussian fits are shown
in Figure [11.2

m) | |AAy] | [AAy|

0.001 | 0.003

+0 5 || 0.001 | 0.002
05 | 0.001 | 0.002

Table 11.4.: Uncertainties due to angular acceptance for the triple product asymmetries.

11.3. Peaking background

The analysis of backgrounds from other b-hadron decays described in Chapter [7| con-
cludes that A) — ¢K~p and B® — ¢K* decays pollute the full 2011+2012 B? — ¢¢
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data sample with /V, A = 114+ 36 and Ngo = 38 &2 events, respectively. To estimate the
uncertainty arising from the error on the exact number of peaking background events,
the simultaneous fits to the mass distributions of the B? — ¢¢ candidates described in
Chapter [10] are repeated. The mass spectrum is partitioned into subsets with U and V
larger and smaller than zero and the peaking background yields are varied by +1 o of
statistical uncertainty:.

The observed maximum deviation of the triple product asymmetry Ay from the nom-
inal fit result is |[AAy | = 0.001 while no effect is observed for Ay. Thus, the systematic
uncertainty arising from the peaking background components is conservatively chosen
to be |[AAy/y| = 0.001 for each asymmetry.

11.4. Mass model

The determination of the triple product asymmetries relies primarily on the correct
parameterization of the mass distribution of the BY candidates to extract the yields of
BY — ¢¢ decays with positive and negative signs of U = sin(2®) and V = +sin(®).
However, the chosen parameterization using a double Gaussian model for the signal peak
together with an exponential model for the combinatorial background is not unique. It is
also possible to model the signal with a single or a triple Gaussian and the combinatorial
with a polynomial function instead. A change of the mass model might introduce a shift
of the obtained values for Ay and Ay. Since there is no unique description, the possible
shift has to be investigated and is accounted for as a systematical uncertainty.

To study the effect of the mass model, the simultaneous fits to the 2011 and 2012
mass distributions of the B? candidates for positive and negative values of U(V) are
repeated using a single Gaussian and a triple Gaussian to model the signal peak. The
triple Gaussian is of the form

. _ (m-m)? _mem? _ (m-m)?
TG(m; Agig) = _h e ¥+ f2 e i 4 L=h=fe e 5, (11.4)
2moy 210y \V2mos

where the new parameters f; and o3 are introduced to account for the fraction of the
third Gaussian and its width, respectively. Also the combinatorial background model is
exchanged by a linear polynomial of the form

Poly(m; Ayg) = o+ ¢1 - m, (11.5)

together with a double Gaussian function to model the signal. The coefficients ¢; deter-
mine the offset and the slope of the PDF.

The fits to the 2012 data with U > 0 using a single Gaussian, a triple Gaussian and
a polynomial background are shown in Figure [[1.3] The maximum shift of the triple
product asymmetries due to the mass model is found to be |[AAy| = |AAy| = 0.002.
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11.5. Summary

In the previous sections, several sources of systematic uncertainties for the measurement
of triple product asymmetries have been discussed. It is found that the decay-time
efficiency, the angular acceptance as well as the peaking backgrounds and the applied
mass model introduce small systematic uncertainties to the analysis. The two largest
contributions are the detector-dependent decay-time and angular efficiency effects while
the uncertainties on the peaking background components are only a minor contribution.
Table summarizes the sources for systematic uncertainties and indicates which error
is taken for both measured asymmetries. The total systematic error is obtained by adding
the components in quadrature. The total systematic uncertainty is almost three times
smaller than the statistical uncertainty, which makes the analysis statistically limited.

Source |AAy| | |[AAy| | Error Taken
Angular acceptance 0.001 | 0.003 0.003
decay-time acceptance | 0.005 | 0.003 0.005
Mass model 0.002 | 0.002 0.002
peaking Background - 0.001 0.001
Total 0.006 | 0.005 0.006

Table 11.5.: Summary of systematic uncertainties for the triple product asymmetries.
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CHAPTER 12

Summary and outlook

This thesis presents the time-independent analysis of CP-violating triple product asym-
metries Ay and Ay in B? — ¢¢ decays. For the analysis, a data sample corresponding to
an integrated luminosity of £ = 3.1 fb™! collected at the LHC during the years 2011 and
2012 is analyzed. The center of mass energies are /s = 7 and 8 TeV, respectively, and
roughly 3900 signal candidates are found. The fitting procedure applied to determine
Ay and Ay is a simultaneous unbinned maximum likelihood fit to the invariant mass
distributions of the BY — ¢¢ candidates. The distributions are partitioned according to
the sign of the triple products U = sin 2® and V = +£sin ® in each event and the fit is
used to determine the event yield and the asymmetries.

To separate the B — ¢¢ decays from background events, a selection procedure is
applied. The first step includes a cut-based selection that aims to roughly select the
B? — ¢¢ signal candidates from the data sample. In the second step, a multivariate
analysis tool is used to combine information from different decay observables of the
B? candidates which are capable of separating signal from background events. The
background that cannot be removed by the selection steps is found to be composed of
combinatorics as well as of the physical decays B® — ¢K* and A) — ¢K p. Those
background components are accounted for in the PDF of the simultaneous fit. Time
acceptance effects due to the reconstruction and selection process of BY — ¢¢ events
are determined using B? — DFr~ decays. The angular efficiency is estimated using
fully simulated events that mimic the detector and selection effects. The two acceptance
effects are found to be the dominant contributions to the systematic uncertainties for
the presented analysis. The obtained triple product asymmetries are

Ay = —0.003 £ 0.017(stat) £ 0.006(syst),
Ay = —0.017 +0.017(stat) + 0.006(syst).

The results are compatible with the Standard Model prediction of zero corresponding
to CP conservation in this decay. The asymmetries were first measured by the CDF
Collaboration in 2011 [I], using 295 BY — ¢¢ candidates found in a data sample corre-
sponding to an integrated luminosity of 2.9fb~*. CDF found Ay = —0.00740.064+0.018
and Ay = —0.120 4+ 0.064 + 0.016, where the first errors is statistical and the second
systematical. The presented measurement has improved statistical and systematical
precision with respect to the CDF measurement.
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The measurement uncertainty of the triple product asymmetries is dominated by
the statistical error. Starting in spring of 2015, the LHC aims to run at the design
energy of /s = 14 TeV. During Run 2 the LHCb collaboration expects additional data
corresponding to 5-6 fb~! of integrated luminosity [43]. This will decrease the statistical
error by at least 40%. However, there is also room for improvement of the systematical
uncertainties, as a better understanding of the acceptance effects would decrease the
systematical error. Especially the drop of angular efficiency as cos ¢, approaches +1,
due to the p; cut on the final state kaons and the trigger selection, requires further
treatment. The mass distribution of selected B? — ¢¢ candidates could be reweighted
according to the three-dimensional efficiency €(€2) to account for this angular acceptance
effect. On the other hand, new physical background components might get significant
with higher statistics and the peaking background studies would have to be expanded.

The presented measurement is the world’s most precise determination of triple product
asymmetries in the B — ¢¢ decay.
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APPENDIX A

Distributions of the multivariate
analysis variables

Figure A.6| show the distributions for the variables used in the multivariate analysis
presented in Section for 2011 and 2012 data. The signal sample is taken from fully
simulated events and the background sample is taken from the sidebands of the invariant
mass distributions of BY — ¢¢ candidates. The sidebands are defined as the mass region
which is at least 120 MeV/c? larger or smaller than the B? PDG mass.
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Figure A.1.: Input variables to the 2011 BDT (part 1 of 3).
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