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Streszczenie

Symetria przestrzenno-tadunkowa (CP) oznacza, ze prawa fizyki sa takie same, jesli
czastka zostanie zamieniona z jej antyczastka (symetria sprzezenia tadunkowego), a jej
wspolrzedne przestrzenne ulegna odwroceniu (symetria parzystosci). Jednak symetria
w transformacji CP moze zostaé¢ naruszona w przypadku oddzialywan stabych. W roz-
padach mezonéw dziwnych i pieknych efekt tamania CP jest dobrze potwierdzony ekspery-
mentalnie. Kilka lat temu efekt ten zostat takze potwierdzony w rozpadach mezonéw powab-
nych. Niemniej jednak, aby w pelni wyjasni¢ proces bariogenezy w naszym Wszech$wiecie,
potrzebny jest wiekszy poziom tamania CP niz ten obserwowany w modelu standardowym
(MS), co implikuje konieczno$é obecnosci dodatkowych zrodel tamania CP poza tymi
znanymi w MS.

Po dziesiecioleciach poszukiwan eksperymentalnych udalo sie zaobserwowa¢ tamanie CP
w sektorze powabnym. Asymetrie CP zostaly zmierzone w rozpadach D° — K+*K~i D% —
7w~ przy uzyciu duzej probki powabnych mezonéw zebranych przez eksperyment LHCb
podczas LHC Run 1 i Run 2. Dokonujac pelnego potaczenia z wcze$niejszymi wynikami
LHCb, uzyskano nastepujaca wartosé: AAcp = (—15.4 £+ 2.9) x 1074, Niedawno, w 2022
roku, fizycy ze Wspotpracy LHCb po raz pierwszy zmierzyli asymetrie CP w pojedynczym
rozpadzie mezonu powabnego: afffﬂ =(23,246,1) x 1074

Odkrycie tamania CP w rozpadach mezonéw powabnych otwiera okno na poszukiwanie
nowych mozliwych Zrédet asymetrii CP w czastkach powabnych. Jedna ze szczegdlnie
interesujacych grup rozpadow, w ktorych oczekuje sie ztamania symetrii CP, sa rozpady
barionow powabnych =+ — pK 7", Dane z Run 1 zostaly juz przeanalizowane. W jednym
z regiondéw rozkladu Dalitza obserwuje sie zgodno$é z brakiem tamania symetrii CP
wynoszaca 2.7 standardowych odchylen. Dlatego kluczowa jest dalsza analiza tych rozpadow
z wieksza statystyka danych zebranych w Run 2 w celu potwierdzenia istnienia tamania CP
z tych rozpadach. Trudno jest okredli¢, czy obecnie stosowane metody nie sg wystarczajaco
czute, czy tez tamanie CP jest zbyt male, aby mozna je bylo zmierzy¢, poniewaz zgodnie
z przewidywaniami MS oczekuje sie, ze wielko$¢ tego tamania w rozpadach czastek
powabnych bedzie rzedu 10~* — 1072 i mniej.

Niniejsza rozprawa doktorska przedstawia szczegdly poszukiwan efektow tamania
CP w trzycialowych rozpadach barionéow = — pK 7" produkowanych bezposrednio
w zderzeniach pp w akceleratorze LHC i zebranych w eksperymencie LHCb w Run 2,
odpowiadajacych scatkowanej §wietlnosci niecalych 6 fb~!. Poszukiwania sg prowadzone
przy uzyciu réznych technik w sposob niezalezny od modelu. Techniki te to: metoda
zalezna od podzialu na przedzialy Scp, estymator gestosci jadra (ang. Kernel Density
Estimator (KDE)) i metoda testu energetycznego (ang. Energy Test (ET)).



Abstract

The charge conjugation parity (CP) symmetry states that laws of physics should be the
same if a particle is changed with its antiparticle (charge conjugation symmetry) and its
spatial coordinates undergo inversion (parity symmetry). However, the symmetry under
CP transformation can be violated in case of weak interactions. In the decays of strange
and beauty mesons, the CP violation effect is well-established experimentally. In last
years, the effect is also confired in charm mesons. Nonetheless, more than the size of CP
violation in the Standard Model (SM) is needed to fully explain the baryogenesis process
in our universe, implying the necessity of the presence of additional sources of CP violation
beyond those known in the SM.

After decades of experimental searches, the CP violation in the charm sector has been
observed. The CP asymmetries were measured in D° — K*K~, and D° — 777~ decays
using a large sample of charm mesons collected by the LHCb experiment during the LHC
Run 1 and Run 2. By making a full combination of LHCb data, the following value
was obtained: AAgp = (15.4 £+ 2.9) x 107%. Recently, in 2022, physicists from LHCb
collaboration measured, for the first time, the CP asymmetry in a single charm meson
decay: a® |, = (23.2+6.1) x 107"

Discoveries of CP violation in the decays of charmed mesons open a window to the
search for new possible sources of CP asymmetries in charm particles. The particularly
interesting decays wherein CP symmetry is suspected to be violated are charm baryons
Zf— pK~7". The Run 1 data have already been analysed. In one of the regions of the
Dalitz plot, agreement with the lack of CP symmetry violation is observed of 2.7 standard
deviations. Therefore, further analysis of these decays is crucial with more data statistics
collected in Run 2 to confirm the existence of CP violation in such decays. It is hard to
determine whether currently used methods are not sensitive enough or CP violation is too
small to be measured as, according to the SM, the size of this asymmetry in charm decays
is expected to be of the order of 10* — 102 or less.

This dissertation presents the details of searches for CP violation effects in the Cabibbo
suppressed charm baryon = — pK 7" decays produced directly in pp collisions at LHC
accelerator and collected in the LHCb experiment in Run 2, corresponding to an integrated
luminosity of about 6 fb~!. The searches are performed with different techniques in model
independent ways. These techniques are: the binned Scp method, the Kernel Density
Estimator and the unbinned Energy Test method.
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1 Introduction

In modern particle physics and cosmology, one of the most crucial problem is how to
understand the the existed asymmetry between matter and antimatter in the universe. It
is believed that the baryogenesis mechanism can solve the problem, which requires three
Sakharov criteria: baryon number violation, charge and charge-parity (CP) violation, and
out of equilibrium. In the Standard Model (SM) of the particle physics, CP violation (CPV)
is directly generated from a weak phase in the quark mixing matrix in the Kobayashi-
Maskawa mechanism. However, in the SM, CPV is unfortunately far smaller than the
requirement of explaining the matter-dominant universe. It implies that it is needed for a
new CPV sources of new physics beyond the SM. CPV has only been observed in the K,
B and D meson systems but has never been established in the baryon sectors yet. Besides,
the visible matter of the universe is dominantly made of baryons. Therefore, studying
baryon CPV provides a good opportunity to test the SM and search for new physics.

The conditions for the symmetry-violating process between matter and antimatter are
currently possible only in particle accelerators. Such experiments require a lot of work
and the use of the latest technical and technological solutions. Currently, the European
Centre for Nuclear Research in Geneve, Switzerland (CERN) is one of the leading centres
for physics research and observations of this kind. In addition, this facility carries out
the measurements and implements a program directly related to the asymmetry between
matter and antimatter called the Large Hadron Collider beauty experiment (LHCb). This
experiment was launched in 2008, and since then, many studies have been carried out
within its framework, which has allowed, among other things, the characterization of CPV
in beauty and charm meson and baryons decays.

Over the past sixty years, CPV has been observed in the K, D, and B-meson systems
in several experiments [1-9]. In the charm mesons, the recent observation of CPV [10]
stimulates a wide discussion to understand its nature. The discovery measurement of
CPV in neutral charm meson decays uses the difference between two times integrated CP-
violating asymmetries of Cabibbo-suppressed D° decays (D° -7~ 7t and D =K~ K™)
found to be (15.4 4 2.9) x 10~* . This observable does not establish the amount of CPV
in the individual decays. In 2022, the LHCb experiment investigated D° — K~ K+ decays
again to measure CP asymmetry in a single decay [11|. The obtained value was combined
with the previous measurement [10] to calculate CP asymmetry in the D° —7~7" decay.
It was measured to be a®_, = (23.2 £+ 6.1) x 10~*. This asymmetry value deviates from
zero at 3.8 o level. It provides the first evidence of direct CPV in a single charm meson
decay.

Huge data samples containing information about the decays of charm particles have
been collected in the LHCb experiment during two data-taking periods: Run 1 (2011-2012)
and Run 2 (2016-2018). These data sets enable searches for new sources of CPV in the
charm sector, with a previously unavailable sensitivity. So far, it has not been possible to
confirm the existence of CPV in any beauty and charm baryon decays.

This thesis aims to present the current state of knowledge concerning the phenomenon
of CPV in decays of charm baryons = — pK~n". The search for this phenomenon and



the effects of the new physics in the LHCb experiment is discussed in detail in this thesis.
The results are obtained using the binned Scp method [12], the unbinned Energy Test
method (ET) [13-17] and the Kernel Density Estimation technique (KDE) [18]. The latter
two have never before been used to analyze baryon decays.

This dissertation is organised as follows: in Sec. 2, the experimental and theoretical
aspects of the CPV phenomenon in the SM are presented. The known ways of CPV as
well as the predicted values of them, and the experimental status is also discussed. In
Sec. 3, the experimental framework of the LHCb experiment is described. In Sec. 4, the
data selection, the detector effects and the possible background sources are presented.
Then, in Sec. 5, the used methods for searching for CPV effects are discussed. The tests
of the using methods in the control A7 — pK~ 7" decays, as well as in the sidebands of
the =F — pK 7" decays are shown in Sec. 7. In the same section, the sensitivity of the
methods, checked in pseudo-experiments, is also presented.



2 Experimental and theoretical aspects

This section contains basic information about CPV phenomenon: its definition, known
mechanisms, expected values in the SM and the importance of planned searches for new
physics effects.

2.1 Standard Model

In the SM, there are three types of elementary particles: leptons, quarks and intermediate
bosons. On the other hand, the elementary particles are grouped into three families
(generations). Each lepton family contains a pair: one massive charged particle (e=, u=,77)
and one neutral neutrino (v, v,,v,), i.e. e~ and v, etc. More than twenty years ago,
neutrinos were treated as massless, but non-zero differences of mass between them are
measured [19,20].

In addition to three lepton generations, there are six quarks with fractional electric
charge grouping into three families as well. In a similar way to leptons, each quark family
is composed of pair: up-down, strange-charm and beauty-top. There are also bosons: two
massive charged W (W and W ™), one massive neutral Z°, massless photon, gluon and
massive Higgs discovered in 2012 in ATLAS and CMS experiments [21].

Although, the SM describes the existing data in amazing satisfactory way, there are
phenomena which are not properly accommodated therein. For example, the observed
domination of matter over antimatter in our universe is not fully understood. This
asymmetry between matter and antimatter is characterised by the baryon-to-entropy ratio:

YB = np —Npg ~ 10—11’ (1)

s

where ng and ngz are baryon and antibaryon densities, respectively, and s is the entropy
density. There are three necessary conditions, called Sakharov’s criteria (reference), and
the first of them is to produce a baryon asymmetry in the early universe. The second
condition is the loss of the thermal equilibrium. According to the third condition, both C
(charge conjugation) and CP (composition of charge and parity) symmetries are violated.
The first and second conditions require to observe the baryon asymmetry, the Yz parameter
must take a non-zero value and thermal balance implies that rates of the opposing processes
in which baryons would be created and destroyed would be equal.

2.2 Phenomenon of CP violation

The CP symmetry states that laws of physics are the same if a particle is changed with its
antiparticle (charge conjugation symmetry) and its spatial coordinates are inversed (parity
symmetry). However, in the case of weak interactions, the matter-antimatter symmetry is
violated under the CP transformation. The weak interactions of the quarks are described
by Cabibbo-Kobayashi-Masakawa (CKM) matrix [22,23]. In the SM, CPV is included
through a complex weak phase in the CKM matrix.

There are three ways of CPV which are known in the SM. The first one is induced in
the neutral mesons mixing and is related to the difference in the transition probability
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of meson and antimeson, i.e. P(M°(t) — M°) # P(M°(t) — M°), where M° and M°
are flavour eigenstates, measured in the experiments. For those particles, the two mass
eigenstates M o can be expressed as a linear combination of the flavour eigenstates:

| M 5) = p|M®) £ q| M?), (2)

where the p and ¢ are complex coefficients which satisfy relation |p|? + |¢|*> = 1. The case
Ip/q| # 1 means CPV existence. This type of CP violation is independent of the decay
mode.

Secondly, CP symmetry can be violated directly in the decay amplitudes (Ay) of a
particle decaying to a final state f in comparison to that of its own antiparticle decay
amplitude (A7) to the CP conjugate final state f. In this case, the CP asymmetry can be
defined as: A A
Iy A i i
A= A A )

and CPV is present when |Af|/|Af| # 1. This type of CP violation depends on the decay
mode and concerns both neutral and charged particles.

The third way is related to the interference between direct decay and its corresponding
decay processing via mixing [24] and it concerns neutral mesons only. In order to CPV to
be present the following condition must be fulfilled:

arg(As) +arg(Ag) # 0, (4)
where i
_ qAay

Ap = ——. 5

ey (5)

The combination of CPV in the interference and in mixing is also called indirect CPV .

Baryon-number conservation prevents the mixing of baryons and antibaryons, such
that only the second way (so-called direct CPV') is allowed in baryon decays.

To observe CPV at least two amplitudes contributing to a particular process should
interfere with different weak phases. For example, one can consider {( — fdecay with
amplitude Ay and its corresponding CP conjugate process ¢ — f with amplitude flf.
There are two types of phases in those decay amplitudes. The first kind appears in Ay
and A 7 with opposite signs and occurs in couplings of W= bosons, hence it’s called the
"weak phase". This is the phase responsible for CPV existence. The second type is the
same for both decay amplitudes and because it is mostly related to the strong interactions
it is named "strong phase". It is worth noting that the strong interactions preserve the
CP symmetry.

It is convenient to write out each contribution of the decay amplitude in three parts:
its magnitude |a;|, its weak phase ¢, and its strong phase J;:

Ap = |a1|€i(51+¢1) + |a2|ei(52+¢2)’

Af — |a1|€i(51—¢1) + |a2|ei(52—¢2)‘

(6)



After combining amplitudes from Eq. 6 with Eq. 3, CP asymmetry (Acp) can be
described as:
2|ay||az|sin(dg — 01)sin(ps — ¢1)

Acp = ) 7
op la1|? + |az|? + 2|aq||az|cos(ds — 61)cos(da — ¢1) (7)

The above Eq. 7 shows that to observe CPV two or more amplitudes have to contribute
to the decay and their strong and weak phases must be different. The existence of a
non-zero strong phase difference is one of the key conditions necessary for the CPV to
occur.

The CPV expressed in Eq. (7) can be only measured in the SM in the so-called Singly
Cabibbo-Suppressed (SCS) decays. It is due to the fact that only those decays proceed in
tree and penguin transitions, leading to the interference of at least two amplitudes: one
related to three diagrams and one related to the penguin diagram. If weak and strong
phases of tree and penguin diagrams are different, then CP symmetry between particles
and antiparticles is violated. An example of charm baryon SCS decay is the = — pK 7™,
discussed in this thesis. In this case, the a; and ay are magnitudes of the tree (Ar) and
penguin (Ap) amplitudes, respectively, given by the following expressions:

Ap = AT,
_ 5 (8)
Ap = APy + AP, + M P,

where A is one of the Wolfenstein parameters of the CKM matrix. Its value is 0.22500 +
0.00067 [25].

The =F — pK 7" charm baryon decay diagrams are presented in the Figs. 1 and 2 as
tree and penguin, respectively. The penguin transitions can occur in three ways as there
is a loop in which ¢ quark changes its flavour, by exchanging W™ boson, and one d, s or b
quark.

A
o u P
u u

Figure 1: The tree diagram of =F — pK 7" decay.
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Figure 2: The penguin diagram of = — pK 7" decay.

In contrast to SCS processes, there are processes described only using three diagrams,
which are called Cabibbo favoured (CF). Processes occur through penguin diagrams only
are called doubly Cabibbo-Suppressed (DCS). Both CF and DCS processes are those in
which the SM CP asymmetry is expected to be negligible.

The CF Af — pK 7t decay is used in this analysis as a control process because as
was mentioned above the CP asymmetry in those decays in the SM is negligible and the
final states of AT and = are the same. In the control processes all methods for searching
for CPV are tested in aspects that they do not generate fake sygnals of CPV as well as
the detector effects are estimated.

2.3 Expected value of CP violation

In the SM, the theory predicts the value of the CPV for charm mesons to be 1073 or less
and CP asymmetry of the order of magnitude of 10~* in the charm sector has already
been observed [10,11,26-35|, what is significantly smaller than measured in the beauty
mesons |36, 37|, where even extremely large 75% of CPV is found [38]. Predictions of
the magnitude of CP asymmetry for charm baryons are of the same order as for charm
mesons [39,40]. However, it is essential to note that predictions for mixing mesons are
subject to significant uncertainties up to a few orders of magnitude [41]. It is because
contributions from non-perturbative long-range diagrams, which are hard to determine,
impact their values.

The searches for CPV are interpreted as searches for physics beyond the SM. The
charm sector is particularly promising in that due to the small contribution from the SM
(the expectation of CPV is smaller than per mille). There are calculations which show
that new particles can increase the size of CPV by an order of magnitude [42,43] . Since
CPV in CF and DCS decays is predicted to be negligible in the SM any non-zero signal of
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CP asymmetry in these decays implies the existence of new physics.

2.4 Experimental status

The existence of CPV in the decays of strange and beauty mesons is very well established
experimentally. The violation of CP symmetry was implied for the first time in an
experiment in 1964 at Brookhaven Laboratory Christenson [44], which showed that the
long-lived neutral kaon can decay into two pions, and latter was detected in BaBar and
Belle collaborations in 2001 in B® mesons [45,46]. After decades of experimental searches,
CPV in the charm particle decays has been observed for the first time in the LHCb
experiment [10]. In this measurement, the existence of CPV is confirmed via non-zero
difference of the CP asymmetries between the two-body charm meson decays (D° — K~ K™
and D° — =7 T):

AAcp = (=154 42.9) x 1074, (9)

where both statistical and systematic uncertainties are incorporated into one. The sig-
nificance of the deviation from zero is 5.3 standard deviations. The difference in CP
asymmetries is a powerful variable, and in case of decays of D° into charged pions or
kaons, two contributing asymmetries were believed to be of the same magnitude and
opposite signs [24]. However, recent findings by theorists indicate that both asymmetries
A(K~K™*) and A(m~7") magnitudes are significantly different [47]. Nonetheless, to prop-
erly determine and investigate the source of potential CP violation, one has to examine
the single asymmetry. And recently, in 2022, the LHCb experiment has investigated
D® — K~ K™ decays again to measure CP asymmetry in a single decay [11]. Data were
taken at the centre of mass energy of 13 TeV, corresponding to an integrated luminosity
of 5.9 fb™!. Instead of calculating AAcp this time physicists considered several control
channels with negligible CP asymmetries to remove nuisance asymmetries and obtained
the CP asymmetry in the D® — K=K decay only. This value is measured to be

Acp(K"K") = (6.84+5.441.6) x 107 (10)

Combining above value with previous result [10], the direct CP asymmetry a%ﬁ o+ 18
determined to be ‘

adir o = (T.7+5.7) x 107, (11)

The above value is consistent with the CP symmetry but allows to measure a single value
of direct CP asymmetry in D° — 7~ mode afjfﬁ by combining several components:
the LHCb measurement of Acp(K~K™) [48,49|, previous CP asymmetry difference
AAcp [10,48,50], the current LHCb average of AY (the slope of the time-dependent
asymmetry of the decay rates of D° and D° mesons) [51], the world average of the D°
lifetime [25] and values of reconstructed mean time decays of the D° — K~ KT and
D° — 7= 7. The measured a” . is

ad” . =(23.2+6.1) x 107% (12)

This time, the CP asymmetry in the D° —nx~ 7" decay deviates from zero at 3.8
standard deviations. This is the first evidence of direct CPV in a single charm meson
decay.

11



In regards to the CPV measurements in charm baryons, the difference of the CP
asymmetry (AA%Y") between AF — pK~K* and A¥ — pr~n" is obtained to be [52]

AAXTI™ = (0.30 + 0.91 + 0.61)%. (13)

This value is consistent with zero in agreement with the CP symmetry.

So far, CPV is not observed in any baryon decays, charm as well as beauty. In
2017 the LHCD collaboration observed a 3.3 standard deviation from CP symmetry in
AV — pr—rtr~ decays [53|. They proceed via tree and loop diagrams with similar
contributions and through various intermediate resonances, increasing the possibility for
CPV observation. However, this result was not confirmed after introducing 5.6 fb~! of
Run 2 data [54].

The first search of the CPV in the = — pK 7t decays was conducted using data
collected in Run 1 [55]. Two model-independent techniques were applied: binned Scp
method and the k-nearest neighbour unbinned method. The results are consistent with CP
symmetry. Although that, the =7 — pK 7" decays are promising in the first observation
of CPV in charm baryons since in one region of the phase space the local agreement with
CP symmetry was measured to be 2.7 standard deviations. Thus, it is worth continuing
these measurements with data from Run 2.

In this thesis, the searches for CPV in the =F — pK~ 7" baryon decays are presented.
This time, data taken in Run 2 are analysed. Additionally, the new techniques are
implemented which can improve sensitivities for searches for CPV and outperform the x?
test under conditions typical for this kind of studies [15].
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3 Experimental framework

The CERN laboratory in Geneva, Switzerland, hosts one of the largest and most powerful
particle accelerators in the world, namely the Large Hadron Collider (LHC). The LHC
collider is an impressive engineering and scientific achievement, capable of accelerating
protons to very high energies and then colliding these protons to generate new particles
and analyze the properties of matter. Particles resulting from these collisions leave
traces in detectors, and the analysis of these traces assists scientists in understanding the
fundamental components of the universe and the interactions between them. The LHCb
detector, one of the main experiments conducted at the LHC, focuses on studying the
asymmetry between matter and antimatter. Its main goal is to better understand why the
universe is predominantly composed of matter rather than equal amounts of matter and
antimatter. In this section, it is described how the LHC collider enables experiments on
an unprecedented scale of energy, and the LHCb detector allows for precise investigation
of processes involving particles of different heavy flavours as well as the measured data
statistics.

3.1 LHC accelerator

The LHC collider is a circular accelerator located at CERN. It boosts the particles in a
27-kilometre ring of superconducting magnets and accelerating structures at an energy of
6.5 TeV, generating collisions at an energy of 13 TeV. The two high-energy particle beams
travel close to the speed of light in opposite directions in separate tubes kept in an ultrahigh
vacuum. Then the proton beams are collided at four points around the accelerator ring,
corresponding to the locations of four particle detectors — ATLAS, CMS, ALICE and
LHCb. The ATLAS and the CMS (Compact Muon Solenoid) are two general-purpose
detectors. Their main objective is to investigate a broad range of physics, from studying
the Standard Model to searching for particles that could constitute dark matter. The third
detector ALICE (A Large Ion Collider Experiment), is dedicated to studying quark-gluon
plasma physics. The fourth LHCb detector aims to provide precise measurements of CP
symmetry violation in decays of beauty and charm particles and analyse rare decays of
these hadrons, including the indirect searches for new physics effects.

The LHC started accelerating protons on 10 September 2008. Till the end of 2011,
it operated at center-of-mass energy of /s =7 TeV. In 2012, this energy was increased
to /s = 8TeV. In 2013-2015, the LHC was modernised and restarted in 2015 with
/s = 13TeV energy at center-of-mass. In this shape, the LHC operated till the end of
2018. After that once again the accelerator went to major upgrade, as well as all detectors.
This time the energy was increased to the level of /s = 14 TeV at center-to-mass (originally
planned in 1994). In 2022, the first tests of upgraded accelerating system have been started.
The accelerator is expected to operate intermittently until 2035.

Period of time from 2010 to 2012 is called Run 1, whilst years 2015-2018 belong to
Run 2. The cycle started in 2022 is called Run 3.
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The expected number of events can be calculated using the following formula:
N = Lo, (14)

where L is the accelerator luminosity and o is the cross section of a given process. For
Vs =13 TeV energy at the center of mass, the cross-section for proton-proton interaction
is estimated to be 75 mb and integrated luminosities in Run 1 and Run 2 were measured
to be about 3 fb™! and 6 fb™!, respectively.

3.2 LHCDb experiment

The LHCDb experiment is one of the four large experiments operating at LHC. The
construction of the LHCb detector [56-59] was designed to investigate the discrepancies
between matter and antimatter in the decays of heavy particles containing b and/or ¢
quarks as well as their rare interactions. The detector is a single-arm forward spectrometer
and its scheme is presented in Fig. 3.
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Figure 3: A scheme of the LHCb detector. The distances are given in respect to nominal
pp interaction point.

The right-handed coordinate system adopted has the y-axis along the vertical and the
z-axis along the beam. During the proton-proton collision, heavy quarks are produced
through two gluons fusion. The pairs of bb and c¢ are predominantly made in a forward
cone with very small # and in a backward cone with large 6, where 6 is the polar angle,
defined as the angle between particle flight direction and beam axis. Due tothe LHCb
detector geometry, it can only register half of the created particles. The other half is used
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in one of the trigger systems called VETO, and part of its signal is recorded in the vertex
detector. The LHCb spectrometer covers the range of pseudorapidity 2 < n < 5, where n
is defined as:

n=—lIn tgg. (15)

Point where two proton beams collide is called the primary vertex (PV). This is
also a point of production beauty and charm particles called as prompt. Newly created
heavy hadrons travel from a PV a few millimetres to 1-2 centimetres, then decay. This
decay point is called the secondary vertex (SV). It is also possible for several decays to
happen. Should this occur, every secondary vertex must be separated from each other
and treated individually. The detector component used for distinction between primary
and secondary vertexes is VErtex LOcator (VELO), which surrounds the PV. The VELO
measures so-called impact parameter (IP) which is defined as the closest distance from the
primary vertex of the collision in a collider to a given track. For particles with transverse
momentum pr > 1 GeV/e, IP is determined with precision greater than 35 ym. Impact
parameter for particles produced at the secondary vertex is high as oppose to IP measured
for particles created at primary vertex, which are expected to be close to 0.

The LHCb detector comprises a number of sub-detectors designed for measuring
different characteristics of the particles produced by the colliding protons. Components
which are essential for measuring CP asymmetry in = — pK 7t are described below.
This characterisation refers to detector and its operation during the two data collection
cycles Run 1 and Run 2.

3.2.1 Tracking system

The tracking system provides the measurements of the momenta (p) of charged particles
with a relative uncertainty that varies from 0.5% at the lowest momentum values to 1.0%
at momentum values of 200 GeV/c. The minimum distance of a track to a PV, the IP
is measured with a resolution of (15 4 29/pr) pm. The average tracking reconstruction
efficiency is above 95% [58].

The tracking system consists of:

e VELO,

the dipole magnet, which bends the traces of charged particles in the generated
magnetic field with a curvature capacity of 4 Tm.

the Tracker Turicensis (TT) located upstream of the magnet,

the three tracking stations T1-T3 situated downstream of the magnet.

The VELO is a position sensitive silicon detector. It contains of 42 modules arranged
along the beam, each providing a measure of the radial r and azimuth ¢ coordinates. The
pitch within a module varies from 38 pm at the inner radius of 8.2 mm, increasing linearly
to 102 um at the outer radius of 42 mm. The VELO sensors are placed at a radial distance
from the beam which is smaller than the aperture required by the LHC during injection.
Hence, the modules are retracted by 29 mm in the horizontal direction during injection of
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the LHC beams and are subsequently moved back, following a fully automated procedure
once stable conditions have been declared.

The TT uses silicon microstrip sensors with a strip pitch of 183 um. The TT is about
150 cm wide and 130 cm high, with a total active area of around 8 m?.

Three tracking stations T1-T3 consist of parts close to beam pipe (Inner Tracker, IT)
and external sensor (Outer Tracker, OT). Former use silicon microstrips with a strip pitch
of 198 um and latter is drift-gas detector. The IT covers a 120 cm wide and 40 cm high
cross-shaped region in the centre of the three tracking stations T1-T3. The total active
area of the IT is approximately 4 m?. The OT consists of approximately 200 gas-tight
straw-tube modules with a drift-time read-out. Each module contains two staggered layers
of drift-tubes with an inner diameter of 4.9 mm. A counting gas is a mixture of Argon
(70%), CO5 (28.5%) and Os (1.5%), which guarantees a drift time below 50 ns and a
spatial resolution of 200 pm.

The magnetic field deflects oppositely charged particles in opposite directions. The
configuration with the magnetic field pointing upwards (downwards), MagUp (MagDown),
bends positively (negatively) charged particles in the horizontal plane towards the centre
of the LHC ring. The polarity is periodically reverse throughout the data-taking to study
and cancel detection asymmetries, which can be of the same or greater magnitude than
the expected CP asymmetry.

3.2.2 Particle identification

Depending on type of particle, its identification is based on different subdetector, which
are:

e two Cherenkov detectors,
e the calorimeter system,
e the muon chambers.

The two ring-imaging Cherenkov detectors are RICH 1 (located between VELO and
magnet) and RICH 2 (situated just after three tracking stations T1-T3 and before
calorimeters). Based on information from RICH 1 and RICH2 the protons, kaons and
pions are identified. Their missidentification depends on momenta and is smaller than 5%
for kaons and smaller than 3% for pions [57].

The calorimeter system is composed of sequentially placed: a Scintillating Pad Detector
(SPD), a Preshower (PS), a shashlik type Electromagnetic Calorimeter (ECAL) and
a Hadronic Calorimeter (HCAL). This system provides the identification of electrons,
photons and hadrons along with their energies and positions, and selects candidates with
high transverse energy (Er) for the first trigger level (described in the next sections). The
SPD is constructed from two planes of almost identical rectangular scintillators pads placed
on either side of a 15 mm thick layer of lead. The ECAL has a sampling lead structure
with a total thickness of 25 radiation lengths. In addition, a segmentation into three
different sections has been chosen for the ECAL with a corresponding projective geometry
for the SPD and PS detectors, meaning that all of their transverse dimensions scale with
the distance from the interaction point. The HCAL is a device made from alternating
layers of iron and scintillating tiles, as absorber and active material, respectively. Given
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the dimensions of the hadronic showers, the HCAL is divided transversely into two zones
with different lateral dimensions: 130 mm width near the beam and 260 mm in the outer
areas. The thickness of the HCAL is limited to 5.6 nuclear interaction lengths due to space
constraints.

The muon chambers [57] provide an identification of muons as its name indicates.
Their signals contribute to the first level trigger (described in the next sections). It is
composed of five stations (M1—M5) of rectangular shape equipped predominantly with
multiwire proportional chambers. Apart from the highest rate region of M1, where triple
gas electron multiplier detectors are used, the four stations M2-Mb are placed sequentially
after HCAL closing the detector. The M1 station is placed between RICH 2 and SPD.
The full system comprises 1380 chambers and covers a total area of 435 m?. The M2-M4
chambers are interleaved with 80 cm thick iron absorbers to select penetrating muons.
The minimum momentum that a muon must have to travel through the five stations is
about 6 GeV/c. The minimum pr value for a single muon is required to be in the range of
1.48 to 1.76 GeV/c, while for a pair of two muons, their minimum combined p4 should be
in the range from 1.69 to 2.56 ( GeV/c)?. The efficiency of muon identification is of the
order of 97% [57].

3.2.3 Trigger

The trigger system used in Run 1 [56,57| performed a two-level version of the full offline
reconstruction. In the first stage, only charged particles with at least 1 GeV/c of pr
displaced from the PV were available. The muons requirements were slightly different:
the threshold was lower, and they didn’t have to be displaced. This first reconstruction
phase enabled the bunch crossing rate to be decreased efficiently by approximately one
order of magnitude. In the following second stage, charged particles with pr > 300 MeV/c
were available to classify the bunch crossings.

Whole trigger system was redesigned in Run 2 to implement full offline event recon-
struction [59]. A schematic diagram illustrating the trigger data flow in Run 2 is presented
in Fig. 4. The LHCDb trigger is constructed to allow data taking with minimal dead time
at the total LHC bunch crossing rate of 40 MHz. A system of field-programmable gate
arrays with a fixed latency of 4 s (the LO trigger) makes decisions based on information
from the calorimeter and muon systems to reduce the event rate to below 1 MHz.

The HLT is is fully programmable and frequently called as a software trigger. It is
divided into two sublevels: HLT1 and HLT2. The HLT1 performs an inclusive selection of
events based on one- or two-track signatures, on the presence of muon tracks displaced
from the PVs, or on dimuon combinations in the event. Selected events are then buffered
to disk storage in the online system. They can be further processed during inter-fill cycles,
and the detector can be calibrated and aligned run-by-run before the HLT2 stage. Once
the alignment and calibration processes are finished, events are passed to HLT2, where a
full event reconstruction is performed. After the HLT, events are stored and later processed
with a more accurate alignment and calibration of the sub-detectors. This part of the
reconstruction and subsequent selection of interesting events is called offline reconstruction
and particle selection.
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Figure 4: Overview of the LHCb trigger system in Run 2.

3.3 Data statistics

The cross section of bb production measured at LHCD for centre-of-mass energy equal to
7 TeV is about 75 ub [60]. The cross section of ¢¢ production measured for the same energy
is about 20 times bigger and is around 1400 ub [61]. However, for centre-of-mass energy
equal to 13 TeV accessible in Run 2 cross section of c¢¢ production was measured to be
about 2400 pb [62] which is 30 times higher than bb production cross section. Hence, one
can expect data samples consisting extremely huge amount of charm mesons and barions,
which are never collected in world till now. These data samples allow for precise searches
for CP violation, which were never achieved before.

As far as charm baryon decays are concerned, the most accessible are ones containing a
single proton and several kaons or pions in the final state, such as CF AT — pK 7" and
SCS 5,7 — pK 7t decays with identical final states. An identification of such decays is
an experimental challenge, due to the relatively short lifetimes of them. It reduces the
efficiency of the selection based on separating the decay vertex of the charm particle from
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the other vertices, increasing the combinatorical background, which is mainly made up
of pions and kaons of low momenta. Although, the selection of charm baryons is mostly
determined by good discrimination of charged particle tracks and by precise reconstruction
of the secondary vertex. The presence of a proton in the final state is both valuable
in event selection and experimentally challenging for C'P violation measurements. This
is because one has to additionally consider the proton-antiproton detection asymmetry,
which is related to the different reconstruction efficiency of protons and antiprotons. That
asymmetry can be on the order of one-two percent and, therefore, is more significant than
the expected CP asymmetry.

3.4 The upgrade and future of LHCb

The LHCDb proved itself to be a general purpose forward physics detector with a rich
physics program extending significantly beyond its primary goals. It was designed to collect
data for five years at £ = 2 x 10*2cm~1s™! yet this value was exceeded at the end of Run 2
and detector operated successfully at twice the previous luminosity: 4 x 10%2cm~!'s=!. To
overcome experimental challenges due to increased luminosity and collect more data LHCb
undergone a major upgrade, so-called LHCb Upgrade, during the "Long Shutdown 2"
of LHC (LS2), which started in 2018 and ended in 2022, when LHCb detector has been
relaunched. The aim is to collect 50 fb~! of data till 2028. The target peak luminosity
L =2x10% cm~!s7! is five times higher than luminosity recorded in Run 2. It is estimated
that the total luminosity in Run 3 (2022-2024) will be 23 fb~!, and in Run 4 (2026-2030)
will be 50 fb~".

During the LHCb Upgrade, almost all of the subsystems were redesigned. One of the
most significant changes of the upgrade is the 40 MHz readout ability by all of the LHCb
readout electronics. This readout is also prepared to manage the multi-TB /s data stream.
The VELO detector was replaced by a new subdetector constructed of 52 rectangular
modules perpendicular to the particle beam with 55 x 55 um pixel sensors resulting in
timing resolution of 25 ns [63]. The RICH detectors and tracking stations are also upgraded
to maintain performance for higher luminosities. Total error on the Cherenkov angle
for the RICH1 decreased from 0.99 mrad to 0.80 mrad and the total material budget
in the RICHI has been reduced from ~ 7.6% to ~ 4.8% radiation lengths [64]. The LO
hardware-based trigger is removed, and the new trigger system is entirely software-based.
The calorimeters and muon chambers are not undergoing substantial upgrades, except for
replacing the front-end electronics.
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4 Data sets and selection criteria

The A7 — pK 7" and ZF — pK 7t decay candidates are selected online by the
dedicated software trigger lines. These selections are not sufficient and more precise
requirements of data are necessary due to topology of producing A} and =} baryons. This
further requirements are called offline selections and aims to reject background events as
the best as possible while preserving as many A and = decays as possible. The stages
of this strategy are described in this section. The criteria for elimination of detector effects
are also presented in aspect the effective measurements of CP violation effects.

4.1 Data sets

The CP violation searches are based on data collected in pp collisions at /s = 13 TeV
by the LHCb detector in 2016, 2017 and 2018, commonly known as Run 2 data. These
data samples correspond approximately to 4.0 fb~! in total. The specific values of the
luminosity in each year of data taking are presented in Table 1.

Table 1: Luminosity in each year of data taking divided into two types of magnet polarization:
"Up" and "Down".

Down Up
2016 | 845 pb~ ' | 795 pb !

Down Up
2017 | 525 pb~ ' | 500 pb "

Down Up
2018 | 618 pb ™' | 612 pb !

The luminosities for both types of magnet polarization are in similar orders. The
luminosity of the data collected in 2016 is the highest due to the existence of the HLT2
trigger which is not used in 2017 and 2018. The data samples have already been pre-
selected at the trigger stage. However, this selection is not enough and further offline
selection cuts are used. Its goal is to reduce background events while keeping as many A7

and = decays as possible.

4.2 Selection strategy

The choice of each offline selection cut is based on the improvement of the Figure of Merit
parameter (FoM), which is defined as follows:

FoM — —2 (16)

VS + B’
=+

where S and B are considered as the numbers of candidates below signal (A or =
decays) and background functions, respectively. In addition to the FoM parameter, for
each set of cuts for a given variable, efficiency (defined as the ratio of the number of events
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left after the cut to the number of events before the cut) is monitored. The S and B
numbers are taken from fitted model to the mass distributions obtained after each cut.

The fitted model to the mass distribution consists of two functions: a single Gauss for
the signal or double Gauss to better describe the mass peak if needed and a Chebyshev
polynomial function to describe the background. A Gaussian function has two free
parameters: the mean (p) and the width (o). The mass (below represented by = parameter)
is the observable. In case of double Gauss, it is a linear sum of two Gaussian functions.
Then the p parameter is in common one between the two Gaussian functions, while the
widths o1 and o, may differ. The single Gauss is defined as:

(x —p)?
G(z,p,0) = 69329(—?'2) (17)
and then the double Gauss is defined as:
f(I) = SiglfTCLC ’ G(ZL’, M?O-I) + (1 o Siglf’f’(lC) ’ G(I,/% 02)7 (18>

where the sigl frac parameter determines fraction of the first Gaussian function.

The Chebyshev function has two coefficients: py and p;, and is defined as:

g(x) = po+p1 - . (19)

The signal and background functions are combined as a linear sum to form a total
model h(z), where each component is weighted by their respective yields nsig and nbkg,
corresponding to the number of signal candidates and the number of background candidates,
respectively:

h(x) = nsig - f(x) + nbkg - g(x). (20)

A x? fit is performed in the data sets by minimizing a normalized version of h(x) (as
a probability density function). The x? is minimized with MIGRAD algorithm, inside
MINUIT package, with all parameters allowed to float, and the covariance matrix is
computed with HESSE function, all implemented in RooFit framework [65].

The reconstructed mass (M) of p K~ 7 selected online by the dedicated software trigger
for =1 and A} for each year of data taking are presented in Figs 5 and 6, respectively.
These selections are based on three charged particles identified as proton, kaon and pion
which are combined to form a good-quality decay vertex, detached from any PV. The PV
with the smallest value of x? associated to the decay candidate, where IP x? defined as the
difference in the vertex-fit x2 of the PV reconstructed with and without the particle under
consideration, in this case the = or AT candidate. The models are not superimposed
because of the difficulty of obtaining a good fit to large and contaminated samples of
data not yet subjected to the offline selection. The models are fitted to the final data
samples in Sec. 4.7. There are no significant differences in reconstructed =} (or A}) mass
distributions for different years of data taking. The observed peaks correspond to the
ZF and Al decays. The reconstructed background is relatively large (the background
in A} sample is significantly smaller than in =} sample). It shows that further offline
selection cuts are neccessary aiming to reduce the background simultaneusly increasing
the efficiency of baryon reconstruction. At this first stage in total, there are around

447 million AF candidates and 252 million = candidates including background events.
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Further requirements are applied among others on the = /AT decay time; on the angle
between the reconstructed = /AT momentum vector and the vector connecting the PV
to the decay vertex; on the x? of the Zf /A decay vertex fit; and on the momentum,
the transverse momentum and the x? of IP of the the =} /A candidate and its decay
products. Below describes in detail how the offline cuts are selected. Since there are no
significant differences between the years of data taking and the goal is to optimize the
selection to choose as many the = decays as possible, the cuts are developed using sample
with the = decays collected in 2018.
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Figure 5: Reconstructed mass (M) of pK~m" before offline cuts for = samples in 2016 (top
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Determination of each offline cut is based on calculation efficiency of this cut, which is
defined as:

number of entries after cut

efficiency = (21)

number of all entries before cut

Figures 11-21 show the distributions of variables for which the selection cuts are applied,
and plots of its efficiency as a function of these variables. For better readability, the Y axis
on each variable distribution is drawn in a logarithmic scale. Ranges of the distributions
for which efficiency is a constant indicate that online cuts have previously been applied to
the variable. The vertical red and blue lines indicate the selected value of cuts. Several
potential cuts are considered for each variable. For all of them, the model is fitted to the
mass distribution and from this fit the number of signal and background candidates are
taken and the value of the FoM parameter is calculated. Based on these four numbers and
the efficiency, the final cuts are selected.

The first considered variables are those related to particle identification. There are
two methods to identify particles combining the information from the sub-detectors
described in Sec. 3.2.2. One method is based on calculation quantity which is the change
in log-likelihood (AlogL(h — 1)) between the h and h' hypotheses for the particle under
consideration (PID). The PID is calculated with respect to the pion. The second method
is based on neural network quantity which is the output of multivariate techniques created
by combining tracking and PID information (ProbNN). The ProbNN results in a single
probability value for each particle hypothesis. The PID for protons is shown in Fig. 7,
whilst the ProbNN is shown in Figs 8, 9 and 10 for protons, kaons and pions, respectively.
The PID for kaons and pions are already implemented in the online selection process and
further for them the ProbNN variables are considered only. For protons, the PID is chosen
to be higher than value 10 corresponding to the efficiency about 70% and the ProbNN is
chosen to be higher than 0.5 corresponding to the efficiency about 60%. For both kaons
and pions, the ProbNN is higher than 0.1 keeping similar efficiency about 95%. After
these cuts the FoM improves by 25% reducing combinatorial background by about 50%.
This test shows that the bigger problem is with proton reconstruction than with kaon and
pion. This problem is also evident in other LHCb analyses. Therefore, one should expect
greater problems with removing the detector effects associated with protons than with
kaons and pions, which are described in Sec. 4.6.

The next considered cuts are the IPx? for protons, kaons, pions and charm baryon
candidates. Their distributions are shown in Figs. 11, 12, 13 and 14, respectively. Due to
the decay topology of prompt = baryon with respect to the primary vertex its IP should
be close to zero originating from the primary vertex, whilst its daughters (protons, kaons
and pions) should originate from the secondary vertex, i.e. vertex of the =F decay. The
associated IPy? carries the values of IP but cutting to IPy? is more effective in reducing
the background. Therefore, the cut limits the maximum IPx? value for charm baryon and
for daughter particles IP restrictions are set from below as protons, kaons and pions should
originate from the secondary vertex. The cut on the IPy? discards the most background
events and have the greatest impact on the statistics of the final sample. For example,
the cut on = IPy? < 12 removes around 60% background events and only 5% signal
candidates. The IPy? and efficiency distributions for daughter particles are shown on Figs.
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11-13. For protons, pions and kaons the IPy? > 9 is chosen. The efficiency for this cut
is around 90%. The IPy? cuts on proton, kaon and pion remove around 15% signal and
15% background events and FoM improves by about 35%. The signal candidates (5), the
background candidates (B), FoM and efficiency values for the = IPx? is presented in
Table 2. The IPy? < 15 cut keeps the highest number of background events. For the
IPx? < 10 the FoM is the lowest and the number of signal events is too reduced. Finally,
the IPx? < 12 is chosen since of its efficiency and the number of signal events larger than
the IPx? < 8 cut.

Table 2: Number of signal () and background (B) events, FoM and efficiency for different cuts
=+ 2
on = IPx~.

cut <8 | <10|<12| <15

S 3tk | 35k | 38k | 38k

B 244k | 270k | 288k | 313k
FoM 69 63 67 64
efficiency | 0.65 | 0.70 | 0.76 | 0.80

One of very effective cut in background elimination is related with flight distance (FD)
of the =F shown in Fig. 15. The S and B numbers, the FoM and the efficiency values
for this variable are presented in Table 3. The FD x? < 2000 is chosen as it reduces the
number of background events to the greatest extent. The FoM parameter for all considered
cuts is very similar and it is improved by about 17%. The efficiency for the selected cut is

84%.

Table 3: Number of signal (S5) and background (B) events, FoM and efficiency for different cuts
—t 2
on = FDyx~.

cut < 2000 | <4000 | < 6000
S 34k 37k 37k
B 471k 528k 552k
FoM 48.5 48.8 48.7
efficiency | 0.84 0.92 0.96

The next very effective cuts in terms of background reduction are the ones associated
with momenta of daughter particles. The proton, kaon and pion momenta and their
efficiency distributions are shown in Figs 16, 17 and 18, respectively. The S and B
numbers, the FoM and the efficiency values for proton momentum are presented in Table
4. Two of the analysed cuts (10 < p < 80 and 10 < p < 100) remove too few background
events. The 15 < p < 100 GeV /c is chosen as the number of signal events, the FoM and
the efficiency are larger for it. This cut removes roughly 25% of the background events.
The kaons and pions are easier to reconstruct than protons and therefore looser constraints
are imposed on them than on the proton. In this case, the selected cut on momentum
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is 3 < p <150 GeV/c. The chosen cut reduces background events by around 10%. The
signal events are reduced by 5% and the FoM improves by around 8%.

Table 4: Number of signal (S5) and background (B) events, FoM and efficiency for different cuts
on proton momentum (p). There are two efficiency values: the first corresponds to limitations
from below and the second to the limit on the maximum value.

cut [GeV/e] [ 10<p<80 | 15<p<80|10<p<100|15<p<100
S 36k 33k 37.5 34k
B 627k 533k 651k 556k
FoM 44.3 43.5 45 44.5
efficiency 1:0.95 0.90; 0.95 1:0.98 0.90 ; 0.98

One of the quantities analysed for the charm baryon which is also effective in removing
background events is the transverse momentum pr shown in the Fig. 19. The S and B
numbers, the FoM and the efficiency values are presented in Table 5. For =, the cut
3 < pr < 16 GeV/c rejects too little background events. The cut 4 < pr < 16 GeV/c
is chosen because it leaves more signal events and has a higher efficiency. The signal
events are reduced by around 20% and the background events are reduced more by about
40% and the FoM is slightly improved by 2%. This cut eliminates mostly combinatorial
background, i.e. number of candidates per event.

Table 5: Number of signal (S) and background (B) events, FoM efficiency for different cuts on
=7 pr. There are two efficiency values: the first corresponds to limitations from below and the
second to the limit on the maximum value.

cut [GeV/e| |4 <pr<15|3<pr<16 |4 <pr <16
S 28k 36k 29k
B 439k 620k 440k
FoM 42 45 42
efficiency 0.99 ; 0.99 0.98;1 0.99 ;1

The next considered variable is cosine of the angle between the reconstructed =
momentum vector and the vector connecting the PV to the decay vertex (DIRA) shown
in the Fig. 20). The final cut on this variable is chosen to be DIRA > 0.99995. It removes
about 10% of the background entries and the signal events and the FoM are almost intact.
The efficiency of this cut is 99%.

In the case of charm baryons, cuts on pseudorapidity (n) are also considered. The 7
and efficiency distributions are shown in Figs. 21. The efficiency of the chosen cuts n > 2

and 1 < 4.5 18 99%. The signal and background events are reduced by about 8%.

The last considered variable is the = Vertex x? /ndof shown in Fig. 22. The S and
B numbers, the FoM and the efficiency values are presented in Table 6. Two cuts are
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analysed Vertex x?/ndof < 8 and Vertex x?/ndof < 10. The former removes around 15%
background entries and improves the FoM by about 15% and the latter reduces background
entries by 9% and improves the FoM by 10%, while the number of signal events after
applying either of the cuts is almost the same. Ultimately the cut Vertex x?/ndof < 8 is
chosen.

Table 6: Number of signal (S) and background (B) events, FoM efficiency for different cuts on
ZF Vertex x? /ndof.

cut Vertex x°? /ndof < 8 | Vertex x* /ndof < 8
S 38.7k 38.5k
B 630k 670k
FoM 47 45
efficiency 0.95 1

The cut on y? separation from related PV > 20 is based on other LHCb analyses.
They remove around 8% signal events and 14% background events.

The list of final offline selection cuts is presented in Table 7 and the reconstructed
mass (M) of pK~7" in the = and A 2018 samples are shown in Figs. 23 and 24.
Comparing the obtained mass distribution for 2018 data sample with the one before the
offline selection (Figs. 5 and 6) for the same year of the data taking, it can be observed
that the background events for = sample are reduced by about 90% and the FoM is
increased by about 80% and in case of A} background are reduced by around 90% and
FoM is increased by about 10%.
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Figure 7: The PID distribution for proton (p) for 2018 = Down data sample (left) and
corresponding efficiency as a function of PID (right). The chosen cut PID(p) > 10 is shown by
vertical red line.
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Table 7: The offline selection cuts.

variable cut
p
PID(p) > 10
ProbNN(p) > 0.5
IPy> > 9
momentum 15 < p < 100GeV/c
K
ProbNN(K) > 0.1
TPy> > 9
momentum 3<p<150GeV/c
T
ProbNN(r) > 0.1
IPy? > 9
momentum 3<p<150GeV/e
I,
IPy? <12
x? separation from related PV > 20
Vertex x?/ndof <8
DIRA > (0.99995
pesudorapidity (n) (2;4.5)
transverse momentum 4 <pr<16GeV/c
FDy? < 2000
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line), with mean p and width o, for signal and Chebychev polynomial g(z) = pg + p1 - « (green
dotted line) to describe background, where z is the mass of the pK7. The nsig and nbkg are
the numbers of signal and background events obtained from the fit, respectively. The shown pull

x10°
1

100

mean = 2468.4100 + 0.0076

nbkg = 2243639 + 2371

nsig= 1421228 + 2192

pO = -0.10755 + 0.0012 -

pl=-0.06088 + 0.0017

sigma= 6.1637 + 0.0087

50
0 I r’/.| oo “in T
2440 2460 2480 2500
M (MeV/c?)
10 r
¢ % ‘a
5] e EEEEEEEEEPEPEES #}# ------ Wl
0 **H“* § ¥ § *{; # s ﬁ*ﬁ“z
# ¢ # byt ¢ 3
- .{.* ............... xR $ ..t ﬂ} ........... =
5 {'“;}» H’i* §
10 2440 2460 2480 250

0
M (MeV/c?)

distribution is a difference between data and fitted model.

37



o T T I T T T I T T T 3
(S)
>
) | 4
= mean = 2287.6036 + 0.0017
©
o R 4
gl nbkg = 2617542 + 13660
%)
1)
& 600 _ _
> nsig= 15918435 + 14139
L
po0 = -0.12133 + 0.0014
pl =-0.11274 + 0.0046
siglfrac= 0.5361 + 0.0069
400 — —
sigmal = 4.558 + 0.014
sigma2 = 7.255 + 0.037
200
0 A | 1 | 1 1 1 | ffreeen 1
2260 2280 2300 2320
M (MeV/c?)
» 10

0
Y SENRRRR. | XUV 'S RN S 20 SRR o =
W0 2280 2300

Figure 24: The reconstructed mass (M) of pK 7" after offline cuts for A} 2018 sample. The
fitted mass model is overlaid (blue line). It is composed of double Gaussian function (red dashed
line), with common mean p and different widths o7 and o9, for signal and Chebychev polynomial
g(z) = po+p1 - (green dotted line) to describe background, where z is the mass of the pKm. The
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4.3 Wrong mass hypothesis

Despite the fact that particle identification requirements are imposed on the proton, kaon
and pion candidates, it is possible that a true meson decay is misidentified as A} or =Z.
For example, a true Dt — 7" K~ 7" decay could be misidentified as A}; =F — pK 7" if
the proton mass hypothesis is assigned to the pion and passes the particle identification
cuts, or a true D} — K™K~ 7t decay might be misinterpreted as AT; =F — pK~x" if the
proton mass hypothesis is appointed to be kaon. Such misidentified decays can contribute
to the AT and = mass spectra and the measured asymmetries may have a contribution
from production asymmetry of Dt or DY .

An approach to test the presence of misidentified decays is to inspect three-body mass
distribution when each particle is assigned different mass hypotheses. For instance, one
can assign the pion mass to the proton candidate in the pK~ 7" mode and investigate
the invariant mass of the 77 K~ 7" combination. Any excess in the area close to the DT
mass would indicate a contamination of DT candidates in the data etc. These exercises
are performed for both control A} and signal = decays after applying all offline selection
cuts to those data samples. Data with various different hypothesis sets for A} decays are
shown in Figs 25 and 26, where there is not proton mass hypothesis in any set (expected
background from D* and D] decays) and where each set does include the proton mass
hypothesis (expected background from other AF decays than A} — pK~n"). There are
no mass peaks corresponding to the decays of DT and DI and also A} from decays other
than AT — pK~7". The contamination from wrongly identified particles is insignificant.

As far as four-body D decays are concerned they can be only partially reconstructed
and in the result the peak should be observed below the expected mass, as for example
Dt — hhhr, 70 is not reconstructed and for D} — hhhh one h is missing. In addition to
the partially reconstructed event, a misidentification may also occur. For such decays the
peak could be observed in Fig. 25. The nominal D", D and A} masses are 1869.6 MeV /c?,
1968.3 MeV /c? and 2286.5 MeV /c?, respectively, and no contamination from those particle
decays can be found.

To sum up, in every data set, the contamination from wrongly identified particles is
negligible as well as from partially reconstructed four-body D(t). The conclusion is that
there is only production asymmetry from A or ZF and the contributions from the other

decays are not needed to be considered.

4.4 Multiple candidates

Due to the assembly of daughter particles into one particle, it is possible that two or more
physical decay candidates are reconstructed in a single event. Such multiple candidates
could be caused by nonphysical means such as cloned tracks. The fully selected data are
checked for multiple candidates. This is done by counting the number of candidates which
share the same run number and event number, the value of which is unique. For events
with duplicate A} or ZF candidates, the candidate with the best x? of vertex is chosen,
removing all others. After final offline selection cuts, it is found about 5% of events with
multiple candidates in all analysed Run 2 data.
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Figure 25: Wrong-mass hypothesis distributions obtained by changing mass in fully selected
pK~ 7t decay mode, where no child is appointed the proton mass. For example, the (p —
nT)K~w" distribution is where the nominal proton candidate has been assigned the pion mass
hypothesis. In presented mass window, the DT and D] decays can be manifested as the PDG

mass of DT equals 1869.6 MeV and the PDG mass of D equals 1968.3 MeV/c? [25]. The

presented distributions are obtained in whole Run 2 data.
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Figure 26: Wrong-mass hypothesis distributions obtained by changing mass in fully selected
pKr decay mode, where no child is appointed the proton mass. For example, the (p — m) K

distribution is where the nominal proton candidate has been assigned the pion mass hypothesis.
In presented mass window the other = and A} decay modes than AT; = — pK~ 7" ones can
be manifested. The PDG mass of A} equals 2286.5 MeV /c? and the PDG mass of A} equals

2467.8 MeV /c2. The presented distributions are obtained in whole Run 2 data.
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4.5 Lifetime distribution test

In order to check whether the selected cuts do not bias the sample, the baryon lifetime
is measured. To do it the sPlot technique [66] is used. Since data typically consists
of event from different species, such as background and signal merged in one sample,
the sPlot technique allows to separate them statistically. Each event is described by
the set of variables divided into two components. The first one contains variables for
which distributions of all the sources of events are known. These variables are referred
as to discriminating variables. The second class are called control variables for which
distributions of some events are unknown. The sPlot technique allows to estimate the
distributions for control variables without the use of any prior knowledge of those variables.
Only information accessible for the discriminating variable is applied to understand the
behaviour of the individual sources of events with respect to the control variable. A critical
assumption to sPlot to work properly is that control variables are not correlated with
discriminating values. To unfold data distributions for control variables for each species
weights called sWeights are used to fill the histogram bins. In this analysis discriminating
variable is the = baryon mass and the control value is the lifetime of this baryon.

The process of the sPlot technique consists of several steps. Firstly, the sample on
which sPlot technique is applied is created and it is about 5% of the Down 2018 data
sample. Then the maximum likelihood fit is performed to baryon mass distribution of =F
and sWeights are calculated. In the next step, those sWeights are imposed on lifetime
distribution of =F to separate statistically the signal part from the background part.
Finally, the exponential function is fitted to the statistically separated signal part of the
lifetime distribution of =F. Technically the fit is performed using the RooFit tool [65].
Following function is fitted:

flz,A) =N -exp(x -\, (22)

where N is a normalization constant that depends on the range and values of the arguments
and A is the decay constant which can be translated to the mean lifetime 7 of the =F as:

T=—. (23)

(24)
where u(\) is the measured uncertainty on .

The re-weighted lifetime distributions is presented in Fig. 27. The obtained = lifetime
7 = 450 + 8 fs is in agreement with average 7 of =} 453 + 5 fs given in PDG [25]. The

conclusion is that any contamination from other decays such as secondary A) or =}, seems
to be negligible.

42



1000 i fﬂ{'ﬂ% 1=450£8[fg] ||

i ; {*{. x2ndf =1.16 |

Events/ ( 4.86667e-05)

500 4 =
n %*‘i+ .
i , 'H' i
i gm& i}
i N i
+ * Yoy
0 .T T B .“.... Lo
0.001 0.002 0.003

T [ng

Figure 27: Lifetime (7) distribution of ZF re-weighted using the sPlot technique. Dashed red
line represents section of 7 distribution in which exponential function f(z,\) = N -exp(x - A) is

performed.

4.6 Detector effects

The pollution asymmetries can affect the searches for CP violation by changing this
asymmetry. Hence, it is necessary to identify all pollution asymmetries and subtract their
from final CP asymmetry or eliminate all pollution asymmetries if their disentangle from
CP asymmetry is not possible. For this reason the physics effects as well as effects related
with the geometry of the detector are taken into account. For further consideration the
events in the mass windows defined as & 20 MeV /c? around the expected mass of A} and
=T are chosen. The mass distribution with that range contains the most signal events
relative to the number of background events. The purity of A} and = distributions are
93% and 76% respectively.

The pollution asymmetries can be disentangle into production and detector asymmetries.
The reason for the production asymmetry is different branching ratio for production
particles and antiparticles in pp interactions what is characteristic for LHC (the pp
interactions are charge asymmetric). In addition, the production asymmetry depends on
particle momenta. The detector asymmetries are related to all plausible detector effects,
as coming from geometry, acceptance, reconstruction etc. For example, any inconsistencies
in geometry of the detector can cause large detector asymmetries which do not cancel
after mixing data with two types of magnet polarization.
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4.6.1 Fiducial cuts

During the construction of the detector, a lot of effort is made to make it as symmetrical
as possible, but any irregularities in its geometry may lead to detector asymmetry. These
asymmetries can affect the CP asymmetry. Since CP asymmetry in charm sector is
expected to be smaller than a per mille, even very small differences in the detector
geometry can cause larger effects than this expected small value. In particular, significant
detector asymmetries are expected at the edges of the detector: external and internal
close to the beam axis. To investigate that effects two-dimensional histograms are created:
distributions of the x versus the z component of each particle momentum and the raw
asymmetry A, ., is calculated using the following definition:

N, — N_

Araw = T A
N, + N

(25)
where N, and N_ are the numbers of accounted particles and antiparticles, respectively.
Calculations of A, are performed in Up and Down samples individually. In case of
no geometrical differences of the detector, alteration of the polarity should change the
sign of the A,4, only and after mixing Up and Down samples their non zero values should
cancel. However, any slight differences in the detector geometry could cause that residual
detector asymmetries not cancel totally after Up and Down samples are mixed. Such
residual detector asymmetries have to be reduced by introducing so called fiducial cuts.
Two categories of fiducial cuts are applied: the external and the internal. The former are
related to outer regions of the detector and latter to the area close to the beam pipe.

For the proton, kaon and pion measured A,,, in Down and Up 2018 samples are
presented in Figs 28, 29 and 30, respectively, for = decays and in Figs 31, 32 and 33 for
AY decays. The substantial detector asymmetries are clearly observed. For all particles
- protons, kaons, and pions - large asymmetry values (close to one) are measured in the
outer parts of the detector and medium values (about twice as small) in the vicinity of the
accelerator tube. These asymmetries change sign when the magnetic field changes (the
colours reverse). Overall the fiducial cuts are introduced for all particles reconstructed
in the final state, i.e. for protons, kaons and pions. The results show that outer areas
should be treated with |p,| > 10GeV and [p,/p.| > 0.2 cuts to get rid of those significant
detection asymmetries and rejecting events which satisfying the conditions |p,/p.| < 0.02
and |p./p.| < 0.025 is enough to remove asymmetries in the surroundings of the beam axis.
Lines representing cuts (considered and chosen) are drawn in Figs. 28-33. The chosen cuts
discarded 2% of all events.

The total A, 4, is measured in 2018 Up, Down and mixed samples after implementing
offline selection cuts and fiducial cuts. The results for = and A} decays for protons,
kaons and pions are shown in Tables 8-10 and 11-13, respectively. The individual raw
asymmetries in the Up and Down samples are different from zero, which is particularly
noticeable in the AT samples . In contrast, when Up and Down samples are mixed, these
asymmetries cancel out and the measured A,,, are consistent with zero.
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Figure 28: Measured raw asymmetry (A,q,) of protons (p) in p, — p, plane of the mass
windows of +20 MeV of = — pK~n" decays in 2018 samples: Down (top left), Up (top
right) and Down+Up (bottom). The black lines represent different considered external and
internal fiducial cuts. For the external fiducial cuts, the outer lines correspond to, in order
of outermost: |py/p.| = 0.25 and |p;/p.| = 0.2. For the internal fiducial cuts the outer line
corresponds to |p,/p.| = 0.025 and the internal line corresponds to |p,/p.| = 0.02. The horizontal

lines correspond to |pg| = 10 GeV/ec.
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Figure 29: Measured raw asymmetry A,q, of kaons (K) in p, — p, plane of the mass windows
of £20 MeV of £ — pK 7" decays in 2018 samples: Down (top left), Up (top right) and
Down+Up (bottom). The black lines represent different considered external and internal
fiducial cuts. For the external fiducial cuts, the outer lines correspond to, in order of outermost:
|pe/pz| = 0.25 and |p,/pz| = 0.2. For the internal fiducial cuts the outer line corresponds to
|pz/p2| = 0.025 and the internal line corresponds to |p,;/p.| = 0.02. The horizontal line represents
the |ps| < 10 GeV/c cut.
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Figure 30: Measured raw asymmetry A,q,, of pions (7) in p, — p. plane of the mass windows
of £20 MeV of £ — pK 7" decays in 2018 samples: Down (top left), Up (top right) and
Down+Up (bottom). The black lines represent different considered external and internal
fiducial cuts. For the external fiducial cuts, the outer lines correspond to, in order of outermost:
|pe/pz| = 0.25 and |p,/pz| = 0.2. For the internal fiducial cuts the outer line corresponds to
|pz/p2| = 0.025 and the internal line corresponds to |p,;/p.| = 0.02. The horizontal line represents
the |ps| < 10 GeV/c cut.
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Figure 31: Measured raw asymmetry A;q, of protons (p) in p, — p. plan of the mass windows
of 20 MeV of AF — pK~ 7" decays in 2018 samples: Down (top left), Up (top right) and
Down+Up (bottom). The black lines represent different considered external and internal
fiducial cuts. For the external fiducial cuts, the outer lines correspond to, in order of outermost:
|pz/pz| = 0.25 and |p,/pz| = 0.2. For the internal fiducial cuts the outer line corresponds to
|p=/p-| = 0.025 and the internal line corresponds to the cut |p;/p.| = 0.02. The horizontal line
represents the |p;| < 10 GeV/c cut.

48



20

T 2f 1 %, T . 1 %,
> C > C
& sf 08 E § sp 0.8 £
= F 0.6 = F 0.6
2 10F ? 2 10F 2‘
¥ o 0.4 N o 0.4
S5t 0.2 S°F 0.2
0 0 0 0
b -0.2 b -02
- -04 - -04
-10 -10
F -0.6 F -0.6
15¢ -08 150 08
-20C : -1 -20C L -
0 50 0 50

Kp, [GeVic]

Figure 32: Measured raw asymmetry A,q, of kaons (K) in p, — p, plan of the mass windows
of £20 MeV of A}f — pK 7+ 2decays in 2018 samples: Down (top left), Up (top right) and
Down+Up (bottom). The black lines represent different considered external and internal
fiducial cuts. For the external fiducial cuts, the outer lines correspond to, in order of outermost:
|pe/pz| = 0.25 and |p,/pz| = 0.2. For the internal fiducial cuts the outer line corresponds to
|pz/p2| = 0.025 and the internal line corresponds to |p,;/p.| = 0.02. The horizontal line represents
the |ps| < 10 GeV/c cut.
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Table 8: Measured raw asymmetries (A,q,) and the number of events in the mass windows of
+20 MeV of =F — pK 7" decays for protons after implementing offline selection cuts and
fiducial cuts in 2018 data sets.

Sample Number of events Aow
Up 1182444 —0.00286 4 0.00092
Down 1218724 0.00182 £ 0.00091
Down + Up 2401168 —0.0010 £ 0.0013

Table 9: Measured raw asymmetries (A,qy) and the number of events in the mass windows of +20
MeV of ZF — pK~ 7" decays for kaons after implementing offline selection cuts and fiducial
cuts in 2018 data sets.

Sample Number of events Arow
Up 1178412 —0.00222 4 0.00092
Down 1214680 0.00139 4 0.00091
Down + Up 2393092 —0.0008 £+ 0.0013

Table 10: Measured raw asymmetries (Ayqy) and the number of events in the mass windows
of £20 MeV of = — pK 7t decays for pions after implementing offline selection cuts and
fiducial cuts in 2018 data sets.

Sample Number of events Arow
Up 1173381 —0.00306 4+ 0.00092
Down 1209572 0.00209 £ 0.00091
Down + Up 2382953 —0.0010 £ 0.0013

Table 11: Measured raw asymmetries (A,qy) and the number of events in the mass windows of
+20MeV/c? of A — pK~m" decays for protons after implementing all offline selection cuts
and fiducial cuts in 2018 data sets.

2018 Number of events Araw
Up 8537057 —0.00384 4 0.00034
Down 8781389 0.00469 =+ 0.00034
Down + Up 17318 446 0.00086 =4 0.00048
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Table 12: Measured raw asymmetries (A;q,) and the number of events in the mass windows of
+20MeV /c? of AF — pK 7t decays for kaons after implementing all offline selection cuts and
fiducial cuts in 2018 data sets.

2018 Number of events Aow
Up 8509 581 —0.00366 4 0.00034
Down 8752972 0.00439 £ 0.00034
Down + Up 17262553 0.00073 £ 0.00048

Table 13: Measured raw asymmetries (Ayqy) and the number of events in the mass windows of
+20MeV/c? of AT — pK 7t decays for pions after implementing all offline selection cuts and
fiducial cuts in 2018 data sets.

2018 Number of events Araw
Up 8480 884 —0.00410 4+ 0.00034
Down 8722938 0.00481 + 0.00034
Down + Up 17203 822 0.00071 + 0.00048

4.6.2 Reconstruction effects

Due to different cross section for interacting with the material of the detector, the
particles and antiparticles can be reconstructed disparately which leads to reconstruction
asymmetries. These asymmetries could be bigger than potential CP asymmetry and
therefore bias the possible signal of CPV'. Since cross section depends on momentum of
interacting particle, to probe the magnitude of these effects, the reconstruction asymmetries
between Down and Up samples are calculated as a function of the particle momentum.
This asymmetry is defined as follows:

~ Ny —Np

_ vz 26
N, I N, (26)

where Ny is the number of events in Up sample and Np is the number of events in Down
sample. The asymmetries are calculated separately for all particles and antiparticles
reconstructed in the final state, i.e. for protons, kaons and pions. Figs 34-36 show the
measured A as a function of momenta for protons and antiprotons, kaons and antikaons,
pions and antipions, respectively, in AT — pK 7" 2018 samples, while Figs 37 -39 show the
results obtained in = — pK 7t 2018 samples. The differences in reconstruction particles
and antiparticles are clearly seen. The largest differences are observed for protons in the
smallest values of measured momenta. It is apparent that differences in reconstruction of
protons and antiprotons emerge for the smallest and largest momenta. To remedy this
issue, additional cuts are introduced for proton and antiproton momenta to choose region
where their reconstructions are the same. The protons and antiprotons with p > 25 GeV /¢
and p < 80GeV/c are chosen for further analysis. For kaons and antikaons, pions and
antipions the chosen region is with p > 15GeV /c. These additional requirements induced
on momentum combined with fiducial cuts, discussed in previous section 4.6.1 successfully
remove disparities between particles and antiparticles. The final samples contain events,
which passed through all introduced cuts: offline, fiducial and 80 GeV /¢ > p(p) > 25 GeV /¢,
p(K) > 15GeV/c, p(m) > 15 GeV/c. The fiducial cuts and cuts on momenta are throwing
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away about 75% of background and signal events. This is the cost for getting rid of
detector effects, as they cannot be separated in any other way and subtracted from the
final CP asymmetry.
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Figure 34: Reconstruction asymmetry as a function of momentum for proton (blue markers) and
antiproton (green markers) measured in A} 2018 samples.
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Figure 35: Reconstruction asymmetry as a function of momentum for kaon (blue markers) and
antikaon (green markers) measured in A 2018 samples.
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Figure 36: Reconstruction asymmetry as a function of momentum for pion (blue markers) and
antipion (green markers) measured in A} 2018 samples.
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Figure 37: Reconstruction asymmetry as a function of momentum for proton (blue markers) and
antiproton (green markers) measured in = 2018 samples.
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Figure 38: Reconstruction asymmetry as a function of momentum for kaon (blue markers) and
antikaon (green markers) measured in =} 2018 samples.
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Figure 39: Reconstruction asymmetry as a function of momentum for pion (blue markers) and
antipion (green markers) measured in = 2018 samples.
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4.7 Final statistics

After implementig all cuts, the reconstructed masses in whole Run 2 are presented in Figs
40 and 41 for AF and =, respectively. To data the model described in section 4.2 is
fitted. The measured numbers of AT and = candidates obtained from the fit are shown
in Table 14. Finaly, there are 10800 4 16 thousand of AT candidates and 945 + 2 thousand
of = candidates in whole Run 2. The measured masses are 2287.5609 + 0.0021 MeV /¢?
and 2468.281 4 0.010 MeV /c? for A7 and ZF, respectively. These values are in agreement
with the PDG values, which are 2286.46 + 0.14 MeV /c¢? for AT and 2467.71 4 0.23 MeV /¢?
for =F. Noteworthy is the fact that the accuracy of mass measurement is better than
known in the PDG. The mass distributions with fitted models for each year of data taking
are in Appendix 9.

Since it is not achievable to completely separate signal and background events (only
statistical separation is possible using the sPlot technique), the test of CP asymmetry will
be performed for the candidates reconstructed in the mass window defined as +20 MeV
around the expected mass of AT and ZF. It corresponds to around 2.5¢ and 3o (for single
Gaussian function o is taken directly from fitted model and for double Gaussian function
with different widths oy and o9, o is calculated as \/0? + o3) for AT and =, respectively.
Finally, there are 12029 640 A' decays (signal plus background) and 1670068 =
decays (signal plus background). The individual numbers of selected events with AT and
ZT in each year are shown Table 15. The purities of the final =} and Af samples are

Cc C

75% and 96%, respectively.

Table 14: Final reconstructed numbers of A7 and = candidates obtained from the fit to the

mass distribution in Down and Up samples in 2016, 2017 and 2018. Likewise, the total yield is
received from the fit to the mass spectra of mixture of Down and Up data sets.

AF 2016 2017 2018
Down | 1679400 & 7400 | 1863600 £ 5000 | 2008400 £ 6400
Up | 1536000=£3700 | 1795900+ 5500 | 1947100 £ 5100
Total | 3212000 £ 8700 | 3659200 £ 8900 | 3954 800 £ 7800
= 2016 2017 2018
Down | 146680 £ 880 162470 £ 840 172030 £ 880
Up 141760 £ 840 153780 +£ 820 168 480 £ 880
Total | 288400£1200 | 31370041300 | 336700+ 1300
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Figure 40: The reconstructed mass of pKr after all implemented cuts for AT candidates in
whole Run 2 data set. The fitted mass model is overlaid (blue line). It is composed of double
Gaussian function (red dashed line), with common mean p and different widths o7 and o9, for
signal and Chebychev polynomial g(x) = po + p1 - « (green dotted line) to describe background,
where z is the mass of the pKm. The nsig and nbkg are the numbers of signal and background
events obtained from the fit, respectively. The shown pull distribution is a difference between
data and fitted model.
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Figure 41: The reconstructed mass of pKr after all implemented cuts for = candidates
in whole Run 2 data set. The fitted mass model is overlaid (blue line). It is composed of
single Gaussian function (red dashed line), with mean p and width o, for signal and Chebychev
polynomial g(x) = pg + p1 - = (red dotted line) to describe background, where z is the mass of
the pKm. The nsig and nbkg are the numbers of signal and background events obtained from the

fit, respectively. The shown pull distribution is a difference between data and fitted model.
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Table 15: Final numbers of AT and =} events (signal candidates including background events)
reconstructed in the mass windows defined as 420 MeV /c? around the expected mass of AT or
EF, respectively. Results are given for Down and Up samples in 2016, 2017 and 2018 data sets

and whole Run 2.

AT 2016 2017 2018 Run 2
Down | 1866997 | 2061910 | 2233518 | 6162425
Up | 1710738 | 1986452 | 2170025 | 5867215
Total | 3577735 | 4048362 | 4403543 | 12029640
= 2016 2017 2018 Run 2
Down | 268751 | 278955 | 306871 854577
Up 248817 | 267304 | 299388 815509
Total | 517568 | 546259 | 606259 | 1670086
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5 Methods

The analysis is based on Dalitz plots representing three-body decays. This phase space is
described by the squares of the invariant masses of two pairs of the decay products. This
approach has several advantages. First, the investigated process’s dynamics are illustrated
by any observed structure since the phase space density of the Dalitz plot is uniform.
Secondly, strong resonances can be easily spotted in certain mass areas, where events
population is intensified, and interference between them is marked as mass band distortion.

In the absence of a CPV signal, it is crucial to first confirm this phenomenon. The
search can be conducted in a model-dependent and model-independent manner. The latter
is much preferred, as search for CP asymmetry is more open-ended and exploratory in
nature and model-independent approach helps to exploit unknown territories beyond the
SM, where new sources of CP asymmetry could potentially be found. There are binned
and unbinned variants of this approach. The former is based on dividing the Dalitz plot
into bins, while the latter version has no such constraints. In this section the methods
used to search for CP violation are described . The first one is the known and commonly
applied binned Scp method [12], the second is unbinned Energy Test method [13-17] and
the third is the unbinned Kernel Density Estimation (KDE) technique. The last one has
never been used in this type of analysis.

5.1 Binned Scp method

The binned Scp (also called Miranda) method is based on dividing the whole phase space
(the Dalitz plot) into a given number of bins. For each " bin, the significance of the
difference between particles (N!) and antiparticles (N”) is calculated using the following

expression: ' '
, N’ —aN!
Stp =~ (27)
Va(NL+ N

where « is a normalization factor defined as

_ M
N

a (28)
and is introduced in the Eq. 27 to reduce global effects such as production asymmetry
which can lead to false signal of CPV.

The production asymmetry results in a difference between the total numbers of produced
particles and antiparticles. The reason for that is that the LHC is the charge asymmetric
pp collider. The production asymmetry is a global effect leading to an overall charge
asymmetry, which should be constant throughout the Dalitz plot. When computing the
Scp value, this effect is taken into account by introducing the constant o as a normalization
factor.

After calculating the Scp value in each bin, all measured values of Scp are presented in
a plot and used to calculate the corresponding p-value in the x? test (x> = >_(Scp)?). To
avoid statistical fluctuations, only those bins with a minimum occupancy of 10 events for
both particles and antiparticles are taken into consideration. The p-value is the probability
of obtaining, for a given number of degrees of freedom, the value of the test statistic at
least as extreme as the one calculated using the data sample, assuming that the null
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hypothesis (CP is conserved) is correct. It measures the degree to which we are confident
that the differences between particles and antiparticles in the Dalitz plots are driven only
by statistical fluctuations. Large (> 0.01) p-values make the null hypothesis look good,
and small (< 1077) suggests rejection.

If CPV is observed, the p-value could be converted into significance for a signal using
Gaussian statistics. Without local asymmetries, the Scp distribution is reproduced by the
Gauss one with mean 4 = 0 and sigma ¢ = 1. However, in the scenario that no CPV is
found, there is no model-independent mechanism for setting limits on CPV in the Dalitz
plot.

5.2 Unbinned KDE technique

Kernel Density Estimation (KDE) [67] is a non-parametric way to estimate the probability
density function f of a random variable. KDE is a fundamental data smoothing technique
where inferences about population are made based on the finite data sample:

n

flo) = =3 el — 2 h) (29)

where:
Wt ) = %K (%) (30)

Is weighting function. K is a kernel, which determines the shape of the weighting function,
and h is a smoothing parameter, often called kernel bandwidth. In general, function K
has to meet the following conditions:
+o00o
K(x)dx =1 (31)

— 00

+o0
/ K (x)der =0 (32)

/+OO 2? K (x)dx > 0 (33)

Essentially, K function needs to be normalized (Eq. 31), its first and second moment
are equal to 0 (Eq. 32) and greater than 0 respectively (Eq. 33).
In this analysis, two Triangle kernel function was used, which can be described as

follows:
wit,h) = %(1 —|t|/h) for [t| < h (34)
’ 0 otherwise

A critical issue related to the kernel method is the optimal selection of the bandwidth
parameter. It has a significant impact on the estimation results. For invariant functions, one
can use globally determined bandwidth, often called fixed bandwidth, which is described
by the formula:

h=kSN™s (35)
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where S is the sample standard deviation, N is its size and x is so called correction
parameter. It controls the degree of smoothing of the final estimate. It takes a value from
1.06 to 1.44. However, for a more complicated shape, a fixed bandwidth may lead to a
large drop in the sensitivity to the estimated distribution. It should depend on the local
features of the data. Hence, the adaptive bandwidth parameter A" " is estimated using the
analysed data’s properties. For instance, one can use an approach known as square root
law [18]:

L (36)
f (i)

It is evaluated for each point z; individually. For the first iteration, one uses globally
defined h to determine p.d.f f(x;) and then optimises the bandwidth parameter. This
procedure can be repeated several times till the best value of the smoothing parameter is
reached. Since we use a kernel with finite support, supplementary boundary correction is
required to maintain proper probability normalisation on the respective edges of the data
range.

5.3 Energy Test

The statistical method called the Energy Test [13-17]| was developed recently (in 2004)
to address one of the main problem in the data science. That problem is to determine
whether two samples, measured in a multi-dimensional space, are drawn from the same
underlying population. In the Energy Test the test statistics is defined as on analogue of
the potential energy in the field of charges characterised by density functions. It correlates
the difference between the X — abc and its CP-conjugate p.d.f.s denoted by f(Z) and
f(&), in the multivariate space:

1 L
75 [[ @) - @@ - f@)els - 7
- % / / F@ (@) + F@)F@) - 2f (@) F(@)]e(|T - 7|)dTdT

where ¢(|Z — 7'|) is a weighting function usually taken as a Gaussian of Euclidean squared
distance d? between two points in phase space:

(37)

Y(ATy) = e AT/ (38)

The distance function v drops fast with distance, which increases sensitivity to local
asymmetries. The area in which that asymmetry is measured is determined by the
adjustable parameter o.

One can estimate the test statistics 7 without any knowledge about f or f:

1 n 1 n 1 n,n
T=——— AT;) + ———— AZ;) — — AT 39
T D VAR = SO (AR~ LS UAR)  (39)
3,7>1 1,5>1 %]
The energy test essentially calculates the mean distance of events within the n events of
the first sample and the 7 events of the second sample, respectively (first two terms). The
third term corresponds to the weighted average distance of events in one flavour sample to
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events of the opposite flavour sample. The fact that the same events are used many times
is considered. In the standard test the two samples are those of different flavours, namely
particles and anti-particles.

In the case of the null hypothesis, when two samples come from the same population,
the expected value of T equals 0. We denote such statistics as Tj. Significant, positive
values of T indicate a difference between the samples. However, the distribution of Tj
is unknown and therefore needs to be estimated to measure p-value and interpret the
results correctly. The most common way to find the distribution of T-values is to perform
a permutation test. It involves preparing data samples by randomly labeling them as
particle or antiparticle decays. For each such pair of samples, a T-value is determined.
The process is repeated n times and finally a set of permuted T-values {17, 75, ..., Typerm }
is obtained. Then the p-value is computed as the fraction of the elements in the set that
are larger than nominal 7' calculated for the original samples.

The Energy Test was used several times for CP violation studies in LHCb experiment,
but only in mesons decays [68-70].
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6 Optimization of the KDE technique

As mentioned in the previous Sec. 5.2, the value of the bandwidth parameter h has the
greatest impact on the performance of the KDE method. It is therefore crucial to properly
optimise this parameter, especially at the edges of the distribution under consideration.
This section presents the optimisation process of the smoothing parameter h, which is
carried out on a toy sample with statistics from Run 1.

6.1 1D scenario

This thesis presents the results of the KDE method applied to one-dimensional samples.
This includes both sensitivity tests and calculations on control Af samples. The one-
dimensionality of the data is based on the fact that the two-dimensional Dalitz spaces
were divided into 4 kinematic regions, each about 0.49 m?%_ wide, and projected onto the
x-axis, where the mf,  values are distributed. The Dalitz plots for 0% toy sample with the
four regions marked with a red line are shown in Fig. 42.

2.5""I""I""I"_ 700

(1.86, 2.35_§ 1600

(1.38, 1.86) 1200

e [GeV3/cd

1400
~300
200
100

4 5
g, [Gev/c]

Figure 42: The Dalitz plot for 0% toy sample split into four kinematic regions.

In the next step, estimation and optimization of probability density functions for
particles and antiparticles were performed on the one-dimensional data samples prepared
in this way.
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6.2 Bandwidth optimisation

As it was mentioned in the Sec. 5.2, the choice of the bandwidth parameter has a significant
impact on the KDE performance. Therefore before any sensitivity tests can be run for this
unbinned technique, the smoothing parameter h must be correctly determined for each
entry in each data sample. This procedure has been executed in several steps. First one
was to set h as the global value, using Eq. 35. Then adaptive bandwidth parameter 7,
was introduced by applying Eq. 36. The estimated functions f (x), where z denotes the
square of invariant mass m?(pK), at this stage of optimization, along with the original
distributions of z for the 0%, 5% and 20% CP toy samples, are shown in the Figs. 43-45
respectively.

For further optimization, only those parts of the estimated function f (x), that differed
from the distribution of x by a value greater than the so-called threshold value were selected.
The value of the threshold was set as 0.04. The suboptimisation for the intervals selected in
this manner was as follows. Three points (except for the edges) were chosen for each such
section. The first, called x,,.,, was chosen at the point of the largest difference between
the estimated function and the previously mentioned histogram. The other two points are
located to the left and right of the first point at the places where the discrepancy between
the pdf and the histogram is the smallest and are named z'°/! and 279" respectively.
Then the h,y values from the interval determined by the two minima were replaced by
values from quadratic functions interpolated on that interval whose common point and the
parabolas’ vertex is the z,,,, point. The value of h,, at the vertex was reduced by 90%
for the edges and by 80% for the other points relative to the value of h,y. Only two points
were selected on the edges: Tmqe and 279" and Zpq, and 2" for the left and right edges,

respectively. The newly created set of hps(z) values is finally used to determine the new

function fpew(z). The new density estimates for toy data samples with 0%, 5%, 20% CP
are presented on the Figs. 46, 47, 48 respectively along with the distribution of the square
of the invariant mass m?(pK).

6.3 The Master KDE

After optimizing the bandwidth parameter and obtaining the new probability density
estimate fnew(l'), the next step was to determine the distribution fmaster(a:), referred to, in
this work, as the Master KDE. Firstly, 100 subsamples were drawn from toy samples, each
containing 20000 entries. Then, the KDE technique was applied to every subsample. As a
result, a set of 100 estimated probability density distributions was obtained for each point
in each sample. The sets of estimated pdfs for 10th, 30th and 50th bins are displayed in
the Fig. 49. All distributions are in the shape of the normal distribution, which is the
expected result and proves that values of probability density functions estimated for the
each bin are consistent for each subsample. Hence, standard deviations extracted from
mentioned sets of 100 estimated probability density functions can serve as uncertainty for
each bin of the Master KDE.

Finally, the fmaster(m) is determined as the average of the previously estimated values
of the probability density function. The Master KDE for 0%, 5% and 20% toy samples are
presented in the Figs. 50-55 respectively. For each bin, the formerly calculated uncertainty
is marked.
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Figure 43: First density estimate f(x) for particles (blue line) and antiparticles (green line) for
0% toy sample for four regions overlaid on the normalized distribution of square of invariant mass

2
m*(pK).
mZ., 0(0.4,0.89) [GeVZcd]
g T T
2
o 0.8 = -
8
a 07 = -
S 06 % I
2 398
S %) 9555
2 ok W KAL)
2 5% X505,
I 03 g 555 555 =
DS % SRR
RRR55% SIS TS RIS
02 B KX AR, A
RREKK5% P et e S S SIS IS
0.1 B PS8R A5
DS eSe S S S SIS I I IIIIIIIIIIIIIIIIIII IS
o B A QOO
3 4 5
nf, [GevA/c]
m2, 0(1.38, 1.86) [GeV¥/cq]
% L]
< 08 -
8
E 0.7 -
5 o6 =
B
c 05 o2 -
E‘ 50 bt 95
= 04 -
; RLHLILALS, XK,
2 EREILHALILIAALS, KXEN)
B B e SN [
0.2 B3I EIAL L ILILRSCIIAXILHILHLHL E
I ISR LI IL ISR AL LK
B R RIS E
02 3 4
R, [Gev?/ct]

mz,. 0(0.89, 1.38) [GeV¥/ ¢1]

T
o 07 =
3
S o
T F
g5 F XK
2 E KHLL
2 o4 LS54
> X% KKK,
£ E FXXxK LHHLK,
2 o3 UK KHKAAL,
g b PR LRI ALALAL AL
E XKLL LRI L AIL LSS
0.2 [ BEXHHHLAHNL LRI L XL L AL
E HHALHHL AL AL LAILL,
E HHAHHAL AL AL L HIL L AL
0.1 PRSI HIL LKL AAIL LS,
E KSR AHIL LRI A AILAAILL,
o EREECLEEEEREEGEGALGEL,
2 3 4 5
, [Gev¥ct]
m2,, 0(1.86, 2.35) [GeV¥/cd]
5 n T T
3\" 12 =
3
¢ .
5 E P
g 08 PO
< [ XX
= [ S35 5
> os N5 bo505s
% R o%ese%s RIS
5 F (K5 S
B 4 | KXXXXKX OIS
nl 5% % IHLLLLL
[ (00050500505 AL
[ [(50000505050505050505% HHLLLLL
0.2 [ P e A A LA SILLSLL S,
b LKL,
R A R s
0
2 25 3
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Figure 45: First density estimate f(x) for particles (blue line) and antiparticles (green line) for
20% toy sample for four regions overlaid on the normalized distribution of square of invariant
mass m?(pK).
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Figure 46: Optimised density estimate f(z) for particles (blue line) and antiparticles (green line)
for 0% toy sample for four regions overlaid on the normalized distribution of square of invariant
mass m?(pK).
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Figure 47: Optimised density estimate f(z) for particles (blue line) and antiparticles (green line)
for 5% toy sample for four regions overlaid on the normalized distribution of square of invariant
mass m?(pK).
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Figure 48: Optimised density estimate f(x) for particles (blue line) and antiparticles (green line)
for 20% toy sample for four regions overlaid on the normalized distribution of square of invariant
mass m?(pK).
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Figure 51: The Master KDE fmaster (x) density function for antiparticles for 0% toy sample.
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Figure 52: The Master KDE fmastﬂ (z) density function for particles for 5% toy sample.
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Figure 53: The Master KDE fmaster (x) density function for antiparticles for 5% toy sample.
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Figure 54: The Master KDE fmaster(x) density function for particles for 20% toy sample.
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Figure 55: The Master KDE fmaster(:r) density function for antiparticles for 20% toy sample.

The determined Master KDE functions agree with the corresponding distributions
determined directly from the data and presented as histograms. It is the last step of the

optimization process. Very similar procedure is then applied to real data samples and it is
described in the Subsec. 8.3.
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7 Method sensitivities

In the absence of observations of CP violation in charm baryons, it is essential to carry out
so-called sensitivity studies to determine which values of CP asymmetry are detectable by
the methods used for a given data statistics.

In this section sensitivity tests of the binned Scp method and the Energy test method are
performed. These sensitivities are studied using Monte Carlo samples. They are generated
with different value of the CP asymmetry. The generated data without CP asymmetry are
taken into account as a reference point. Two aspects of tested methods are checked: the
method should not generate the signal of CP asymmetry if this asymmetry does not exist
and the method should confirm signal of CP asymmetry when such asymmetry exists.

7.1 Toy MC generator

To test the methods and study their sensitivity and power, a dedicated Monte Carlo toy
experiments with the =7 — pK 7t decays are generated. In this model, the Dalitz-plot

is constructed using the isobar formalism as follows:

M(Z) = ape® + 3 a,e' A (E), (40)

where ¥ represents the position in the Dalitz plot, which is described by squared of
invariant masses m?(pK) and m*(K) and ae’® accounts for complex amplitude. A small
admixture of continuum (nonresonant) event is denoted by nr. The resonant amplitudes,
denoted A, contain contributions from relativistic Breit-Wigner lineshapes, to describe the
propagators, multiplied by angular barrier terms and corrected by Blatt-Weisskopf form
factors |71] and spin factors obtained using the Zemach formalism [72,73] . For example
this model is used in [74]|. The final probability distribution function defined over the
Dalitz phase space is calculated using the formula:

| M ()

f(Z) = T\M(@)Pde (41)

The toy model for =F — pKn decays is built using the resonances which can be

spotted in real data, as: K*, K*(1410), K*(1430), A(1520), A(1600), A(1670), A(1690),
A(1710), A(1800), A(1810), A(1820), A(1830), A(1890), A(1232), A(1600), A(1620) and
A(1700). Some of the resonances are very difficult to resolve since they are very close
together, for example: K*(1410) and K*(1430) or A(1800), A(1810), A(1820) and A(1830).
Using all above resonances and the background assumed to be constant over the phase
space, several toy model is created and generated toy data sets contain number of events
comparable to real data. The spins of resonances, mother particle = and proton in the
final state are included in the creation of the model.

First three toy samples containing 200 000 events (100 000 particle and 100 000 antipar-
ticles events) are generated according to a CP-conserving model and the other with a
moderate amount of CP-violation (20%) in the vector resonance K*. Size of those toy
samples correspond to the amount of events collected in Run 1. These data are used for
KDE bandwidth optimization discussed in Sec. 6.
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The other generated toy samples contain four different magnitudes of CP asymmetry:
1%, 2%, 5%, 10% and the fifth is generated according to the CP-conserving model. There
are 1700000 events (850 000 particles and 850 000 antiparticles) in each sample and the
purity is set to 75%, which correspond to the size and purity of the samples obtained in
Run 2.

The generated Dalitz plots with 200000 and 1700000 events without differences
between particles and antiparticles are shown in Fig. 56. The main resonances seen in
data are reproduced.
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Figure 56: Generated Dalitz plots with 200000 (left) and 1700000 (right) = — pK~ 7" events.

7.2 Sensitivity of the Scp method

The sensitivity tests of the the Scp method are performed in toy samples with CP
asymmetry (1%, 2%, 5%, 10%) in the amplitude of the resonance K* and one generated
according to a CP-conserving model. Each sample contain a total of 1700000 events
(850 000 particles and 850000 antiparticles) and 75% purity which correspond to the size
and purity of the samples obtained in Run 2. The Dalitz plots are divided into 121 bins in
total (11 bins along x and y axes) leading to around 58 bins with more than 10 events. The
Dalitz plots with Scp values in bins and the Scp distributions are presented in Figs 57-61
without CP asymmetry and with 1%, 2%, 5%, 10% CP asymmetry, respectively. The
corresponding p-values are shown in Table 16. A Gaussian function is fitted to each
the Scp distribution. The results of the fits are displayed in the right upper corner of
each plot and also listed in Table 16. For toy sample without C'P asymmetry both mean
(1) and width (o), obtained from fit and calculated from data itself, agree with 0 and
1, respectively. The measured p-value corresponds to a significance smaller than 3o
agreeing with no observation of CP asymmetry. For samples with 1%, 2%, 5% ans 10%
CP asymmetry, the means agree with 0 within 3 uncertainties. For samples with 1% and
2% CP asymmetry, the widths agree with 0 within 3 uncertainties. For samples with 5%
and 10% CP asymmetry widths do not match 0. The p-value calculated for sample with
1% CP asymmetry corresponds to a significance smaller than 3c; for sample with 2% CP
asymmetry the p-value corresponds to 3¢ significance level; for samples with 5% and 10%
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the p-values are effectively equal to 0, which means it corresponds to the significances
much greater than 5o.

It can be concluded that there are no signs of false CP asymmetry in toy sample
without CP asymmetry and null hypothesis of no CP asymmetry cannot be rejected for
sample with 1% CP asymmetry. In the other samples with (5%, 10%) CP asymmetry in
the amplitude of K™* resonance is observed, whilst 2% seems to be the limit value from
which CP asymmetry may become apparent.
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Figure 57: Measured Scp values in bins of the Dalitz plot (left) and corresponding one-dimensional
Scp distribution (right) for £ — pK 7t toy sample without CP asymmetry. The Dalitz plot
is divided into 58 bins. The fitted Gaussian function in the right plot is shown by the red line.

Table 16: The mean (u) and width (o) obtained from the histograms (the first two rows) and
obtained from the fit (third and fourth rows) and corresponding p-values (last row) in toy samples
with different amount of CP asymmetry for = — pK 7" decays obtained from x? test. The
results correspond to Figs 57-61.

=F 0% 1% 2% 5% 10%

7 0.07£0.13 | 0.02£0.16 | 0.07£0.18 | 0.22+0.31 | 0.48%0.57

o | 0.988+0.092|1.18+£0.11 | 1.394+0.13 | 2.3940.22 | 4.35+0.40
p(fit) | 0.01£012 |0.05+£024 | 043+£0.26 | 0.88+0.24 | 1.81+0.31
o (fit) | 0.90+£0.12 | 1544029 | 1.524+0.37 | 1.664+0.24 | 2.13+0.26
p-value 0.481 0.018 | 1.511-107° | 1.210- 10740 | 2.786 - 10~195
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Figure 58: Measured S¢p values in bins of the Dalitz plot (left) and corresponding one-dimensional
Scp distribution (right) for = — pK 7" toy sample with 1% CP asymmetry. The Dalitz plot
is divided into 58 bins. The fitted Gaussian function in the right plot is shown by the red line.
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Figure 59: Measured Scp values in bins of the Dalitz plot (left) and corresponding one-dimensional
Scp distribution (right) for =F — pK 7" toy sample with 2% CP asymmetry. The Dalitz plot
is divided into 58 bins. The fitted Gaussian function in the right plot is shown by the red line.
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Figure 60: Measured S¢p values in bins of the Dalitz plot (left) and corresponding one-dimensional
Scp distribution (right) for = — pK 7" toy sample with 5% CP asymmetry. The Dalitz plot
is divided into 58 bins. The fitted Gaussian function in the right plot is shown by the red line.
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Figure 61: Measured Scp values in bins of the Dalitz plot (left) and corresponding one-dimensional
Scp distribution (right) for = — pK 7t toy sample with 10% CP asymmetry. The Dalitz plot
is divided into 58 bins. The fitted Gaussian function in the right plot is shown by the red line.
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7.3 Sensitivity of the Energy Test method

The sensitivity tests of the Energy Test method are performed on the same samples on
which the sensitivity of the Scp method is tested. Details about those samples are provided
in the Subsec. 7.2.

The T- values and the corresponding p-values are shown in Table 17. As it was
explained in Subsec. 5.3 the obtain p-values the sets of permuted T-values were prepared.
They contain 200 values and were produced with 10 000 permutations in case of toy sample
with 0% and 1% CPV, 2 mln for toy sample with 2% CPV and more than 10 mln for
samples with 5% and 10% CPV'.

Table 17: T values and corresponding p-values for toy samples with different amount of CP
violation in K* amplitudes.

=7 0% 1% 2% 5% 10%
T —2.42804 - 107 | 9.24189 - 10~ | 5.09088 - 107° | 3.17314 - 10~° | 0.000126783
p-value 0.6325 0.0524 2.1076 0.0 0.0

It can be concluded that there are no signs of false CP asymmetry in toy sample
without CP asymmetry and null hypothesis of no CP asymmetry cannot be rejected for
sample with 1% CP asymmetry. In the sample with 2% CPV p-value corresponds to the
5o significance level and in the samples with 5% and 10% CP asymmetry p-value is equal
to 0, which means that for those three samples the CP asymmetry in the amplitude of
K* resonance the is observed. In summary, the sensitivity of the Energy Test method is
similar to the binned Scp method.
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8 Results in A’ and in sidebands of ="

The analysis is blind meaning that before applying any method in data, where CP symmetry
can be potentially violated, the calculations are performed in data, where CP asymmetry
is not expected to check the correctness the methods. Thus, the answer of methods is
tested in data with AT control decays and in sidebands of the = decays. Once all of
the test and cross-checks are completed, request for approval to perform methods in =F
decays is sent to LHCDb collaboration. In the section, the results of the binned Scp, the
KDE and the Energy Test obtained in control A} and sidebands (the regions outside the

20 MeV /c? mass peak) of the ZF decays are discussed.

8.1 Scp results

The Scp method (described in section 5.1) is performed in two scenarios. In the first
approach, the method is applied in whole samples for each year of data taking. In the
second scenario the Scp method is used in 100 subsamples shosen randomly from total
samples in each year of data taking and in whole Run 2 data sample.

In the first scenario, the Dalitz plots are divided into 121 bins in total (11 bins along x
and y axes) leading to around 60 bins with more than 10 entries, which are then used in
the Scp method. The Dalitz plots with the Scp values in bins and the Scp distributions
obtained in control A} data samples are presented in Figs 62-65 in 2016, 2017, 2018 and
whole Run 2, respectively. The corresponding p-values are shown in Table 18. A Gaussian
function is fitted to each the Scp distribution. The results of the fits are displayed in the
right upper corner of each plot and also listed in Table 18. In all cases, the both mean
(1) and width (o), obtained from fit and calculated from data itself, agree with 0 and 1,
respectively. The measured p-values correspond to a significance smaller than 3¢. It can
be concluded that there are no signs of false CP asymmetries in the AT control decays as
it is not predicted in the SM.

The other approach is performed to check the second order effects. The available A}
data are divided into 100 subsamples drawn randomly from total samples in each year
of data taking and in whole Run 2 data sample. Samples are chosen on a permutation
principle with repetitions occurring only between samples. Then, the Scp method is
performed in each subsample. The size of each subsample reflects the size of corresponding
=T data sample. There are around 518 000, 546 000, 606 000 and 1670000 events in each
subsample drawn in 2016, 2017, 2018 and whole Run 2 samples, respectively. The phase
space in every subsample is divided into about 60 bins with more than 10 events each.
The obtained p-value and significance distributions are presented in Figs 66-69 in 2016,
2017, 2018 and whole Run 2, respectively. The Gaussian function is fitted to the latter
and its marked as red line. Fit results and histograms parameters can be found in the
right upper corner of each plot and listed in Table 19. In all cases, the individual points in
the p-value distribution agree with the mean value, represented by the blue line, within
the range of the three uncertainties, which means that the p-value distributions are flat.
The significance distributions follow the normal distributions with 4 =0 and o = 1. All
these results show that there are no signs of fake CP asymmetry in the AT decays.
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Table 18: The mean (u) and width (o) obtained from the histograms (the first two rows) and
obtained from the fit (third and fourth rows) and corresponding p-values (last row) in each year

of data taking for AF — pK~ 7" decays obtained from x? test. The results correspond to Figs
62-65.

A, 2016 2017 2018 whole Run 2

L 0.02+0.14 | —0.02+0.13 | —0.04 £0.14 | —0.028 £ 0.140

o 1.05£0.10 | 0.962 £0.089 | 1.04+0.10 1.050 £ 0.097
p(fit) | 0.124+0.14 | —0.16 £0.14 | —0.02 £ 0.14 —0.10+£0.19
o (fit) | 1.054+0.12 1.01 £0.16 1.08 £ 0.12 1.21 £0.15
p-value 0.25 0.60 0.26 0.26

Table 19: The mean (u) and width (o) obtained from the histograms (the first two rows) and
from the fit (last two rows) in each year of data taking in case of dividing samples into 100
subsamples. The results correspond to Figs 66-69.

A 2016 2017 2018 whole Run 2

1 0.056 £0.096 | —0.10+£0.08 | 0.17£0.10 | 0.061 £ 0.085

o 0.963 £0.068 | 0.834+0.059 | 1.01 £0.07 0.85 + 0.06
w (fit) | —0.036 £0.110 | —0.14 +£0.11 | 0.11 +0.12 0.02+£0.11
o (fit) | 1.043£0.084 | 0.933+0.084 | 1.105 £ 0.099 | 0.990 4+ 0.083

In the case of the sidebands for =, the Dalitz plots are also divided into 121 bins
(11 bins along the x and y axes), resulting in about 60 bins with a number of events
above 10. The Dalitz plots with Scp values in bins and the S¢p distributions obtained in
Zf sidebands are presented in Figs 70-73 in 2016, 2017, 2018 and whole Run 2, respectively.
The results of the fits are displayed in the right upper corner of each plot and also listed in
Table 20. In all cases, the both mean (u) and width (o), obtained from fit and calculated
from data itself, agree with 0 and 1, respectively. The measured p-values correspond to
a significance smaller than 3o. It can be concluded that there are no signs of false CP
asymmetries in the sidebands of =F decays.

As a cross-check, the Sep is also performed in Dalitz plots divided into 144 (12 bins
along x and y axes) and 169 (13 bins along x and y axes) bins corresponding to 70 and 80
bins with more than 10 events, respectively. In all cases, the measured Scp distributions
follow the normal distributions with g = 0 and o = 1 and the obtained p-values correspond
to significances within 30 range.
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Figure 62: Measured Scp values in bins of the Dalitz plot (left) and corresponding one-dimensional
Scp distribution (right) for AY — pK 7t in 2016 data sample. The Dalitz plot is divided into
58 bins. The fitted Gaussian function in the left plot is shown by the red line.

5 Entries 58
g C T T T T $ 30T LI T
(:,E C = L Mean  -00179 + 0.126
% 45fF o . _f
(O] r 2B StdDev  0.962 +0.0893
‘gé‘ 4 :_ L X2/ ndf 2117/3
8 20
35 :_ N Constant 2045+ 4.06
E 5 Mean 01623 +0.1423
st W -
2 5 E 10 :_ Sigma 1.006 + 0.162
of 5k ]
1.5: L v vy | M ol L Ly
0.5 1 15 ) 2 -4 -2 0 2 4
e, [Gev¥cd Sep

Figure 63: Measured Scp values in bins of the Dalitz plot (left) and corresponding one-dimensional
Scp distribution (right) for AT — pK 7" in 2017 data sample. The Dalitz plot is divided into
58 bins. The fitted Gaussian function in the left plot is shown by the red line.
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Figure 64: Measured Scp values in bins of the Dalitz plot (left) and corresponding one-dimensional
Scp distribution (right) for AY — pK 7t in 2018 data sample. The Dalitz plot is divided into
58 bins. The fitted Gaussian function in the left plot is shown by the red line.
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Figure 65: Measured Scp values in bins of the Dalitz plot (left) and corresponding one-dimensional
Scp distribution (right) for AF — pK~ 7t in whole Run 2 data sample. The Dalitz plot is divided
into 58 bins. The fitted Gaussian function in the left plot is shown by the red line.
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Figure 66: The p-value distribution (left) and corresponding significance distribution (right) for
AY — pK~m" decays obtained in 100 subsamples formed from 2016 data. In the left plot the
mean value of all bins is overlaid (blue line) and in the right plot Gauss is fitted (red line).
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Figure 67: The p-value distribution (left) and corresponding significance distribution (right) for
AF — pK~m" decays obtained in 100 subsamples formed from 2017 data. In the left plot the
mean value of all bins is overlaid (blue line) and in the right plot Gauss is fitted (red line).
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Figure 68: The p-value distribution (left) and corresponding significance distribution (right) for
A — pK~ 7" decays obtained in 100 subsamples formed from 2018 data.In the left plot the
mean value of all bins is overlaid (blue line) and in the right plot Gauss is fitted (red line).
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Figure 69: The p-value distribution (left) and corresponding significance distribution (right) for
A} — pK 7t decays obtained in 100 subsamples formed from the whole Run 2 data. In the left
plot mean value of all bins is overlaid (blue line) and in the right plot Gauss is fitted (red line).
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Figure 70: Measured Scp values in bins of the Dalitz plot (left) and corresponding one-dimensional
Scp distribution (right) for sidebands of =F — pK 7" in the 2016 data sample. The Dalitz plot
is divided into 54 bins. The fitted Gaussian function in the left plot is shown by the red line.
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Figure 71: Measured Scp values in bins of the Dalitz plot (left) and corresponding one-dimensional
Scp distribution (right) for sidebands of =F — pK 7" in the 2017 data sample. The Dalitz plot
is divided into 54 bins. The fitted Gaussian function in the left plot is shown by the red line.
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Figure 72: Measured Scp values in bins of the Dalitz plot (left) and corresponding one-dimensional
Scp distribution (right) for sidebands of = — pK 7" in the 2018 data sample. The Dalitz plot
is divided into 54 bins. The fitted Gaussian function in the left plot is shown by the red line.

6 Entries 54
— - T T B T T 7 T T
(;E 55 = = 20 :_ Mean 00603+ 0.153
% F o 18F
o 5 E SdDev 113+ 0108
& a5 o
SE o X2/ ndf 437914
E . 14
4 ;_ 12 :_ Constant  14.25+ 267
35 ;_ 10F Mean 004357 + 0.21587
3F F
E I 8 :_ Sigma 1277+ 0.171
25F 6F =
2k A E
15F 2F 3
1E L 0 E Ll ]
0 1 2 5 3 -4 -2 0 2 4
me _[GevZc] S

Figure 73: Measured Scp values in bins of the Dalitz plot (left) and corresponding one-dimensional
Scp distribution (right) for sidebands of = — pK 7" in the whole Run 2 data sample. The
Dalitz plot is divided into 54 bins. The fitted Gaussian function in the left plot is shown by the
red line.
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Table 20: The mean (u) and width (o) obtained from the histograms (the first two rows) and
obtained from the fit (third and fourth rows) and corresponding p-values (last row) in each year

of data taking for = — pK ~n+ sidebands obtained from x? test. The results correspond to Figs
70-73.

A, 2016 2017 2018 whole Run 2

1z 0.06 +£0.15 | =0.02£0.14 | 0.06 £0.12 0.06 £0.15

o 1.13+0.11 | 1.01 £0.10 | 0.889 £0.085 | 1.13£0.11
w (fit) | 0.07+0.15 | —0.11£0.22 | 0.10+0.14 0.04 £0.22
o (fit) | 1.034+0.14 | 1.24+0.26 0.98 £ 0.15 1.28 £ 0.17
p-value 0.07 0.41 0.84 0.07
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8.2 Energy Test results

Similarly to the Scp method the Energy Test method is firstly performed in the whole A}
samples for each year of data taking and secondly in 100 subsamples drawn randomly from
total samples in each year of data taking and in whole Run 2. The sizes of subsamples
reflect the sizes of corresponding =1 data samples.

For the first test, obtained T values and corresponding p-values are listed in Table
21. The sets of permuted T values consist of 200 values and are produced with 10000
permutations, which according to [17] is sufficient to reach p-values corresponding to
significance of the level of 50 (procedure of preparing set of permuted 7' values is described
in section 5.3). Further increasing the size and number of permuted samples would
only extend the calculation time. The obtained p-values are from 0.015 to 0.37, which
correspond to the significances within 30 range. Those results indicate that CP symmetry
is conserved in A7 decays.

Table 21: T values and corresponding p-values in A} samples for each year of data taking and
whole Run 2 data.

AT 2016 2017 2018 Run 2
T 3.61479 - 1077 | 9.24366 - 107Y | 2.2938 - 107 | 2.16578 - 10~ 7
p-value 0.077 0.37 0.10 0.015

In the next step, the Energy Test method is applied in 100 subsamples with AF decays,
the same ones previously used in the Scp method. The sets of permuted T-values for the
samples are created in the same way as for the original samples - using 10 000 permutations
consisting of 200 events. The obtained p-value distributions are shown in Fig. 74. The
various points in the p-value distribution are in agreement with the mean value, marked
with the blue line, over a range of three uncertainties, which means that p-value distribution
is uniform. It indicates that CP symmetry in tested subsamples is conserved. It is the
expected result since Energy Test method is performed in A} decays for which CPV in
the SM is negligible. No false signal of CP asymmetry has been found.
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Figure 74: The p-value distributions obtained using the Energy Test method for AT — pK 7™

100 subsamples formed from data collected in 2016, 2017, 2018 and whole Run 2. Blue lines
represent the mean value of all bins.
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8.3 KDE results in A} control sample

This section presents the results of the optimisation process of the smoothing parameter h
and distribution of the Master KDE in the Al control sample.

8.3.1 1D scenario

Data from the A} control decays were divided into four one-dimensional subsamples, as
was the case with the toy samples. The process of preparing the one-dimensional samples
is described in the Subsec. 6.1 and the phase space subsample of A. control sample,
containing 1000000 events, with the four regions, each about 0.37 m?%._ wide, marked with
a red line is shown in Fig. 75.

% 2 B I T T T T I T T T T I T T T |
N> 1.8:— _: 3000
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— 16 1 {2500
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Figure 75: The Dalitz plot of subsample of A. control sample, containing 1000000 events, splitted
into four kinematic regions.

As in the case of Monte Carlo samples, each of the four regions is projected onto the
horizontal axis resulting in four distributions for particles and antiparticles.
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8.3.2 Bandwidth optimisation

The process of optimizing h parameters in control samples starts in the same way as
the procedure carried out in toy samples and is described in Subsec. 6.2. Only the
threshold value is increased from 0.04 to 0.08. However, it became apparent that for the
control sample, additional optimisation was still needed at the edges of the distributions
themselves. Two iterations of edge correction are performed, following the same procedure
as for the entire mass range, making changes only for a few starting and ending points of
a given distribution. For the first threshold is set to 0.05 and for the second 0.025. Plots
of the optimized probability density functions for the Al control samples are shown in
Fig. 76 below. The optimized particle and antiparticle density functions agree with their
corresponding distributions shown as histograms.

8.3.3 The Master KDE

The process of obtaining the Master KDE function in control samples is the same as for
toy samples and is described in Subsec. 6.3. Subsample used in the procedure consist of
100000 events. Plots of the optimized probability density functions for the A} control
samples are shown in Fig. 76 below and the distribution of the Master KDE is presented
in the Figs. 77 and 78 for particles and antiparticles respectively. For each point of the
Master KDE distributions, an error is assigned as the standard uncertainty of the pdf
distributions determined from the KDE calculations for each subsample. The process
of obtaining those uncertainties is described in the Subsec. 6.3 and the histograms of
estimated density functions for 10th, 30th and 50th bins are displayed in the Fig. 79. All
distributions are in the shape of the normal distribution, which is the expected result.

The Master KDE with errors overlaid for both particle and antiparticle density functions
match their corresponding distributions calculated directly from data amd presented as
histograms.

The density function optimized the way presented in this work, can in the future be
used as part of the Energy Test, in its form not requiring Monte Carlo approximation. It
is also a step towards applying the KDE technique for the two-dimensional case, that is,
to the whole Dalitz space, without splitting into smaller regions and projections. This, in
turn, will make it possible to compare the sensitivity of the KDE with that of the S¢p
binned method.
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Figure 76: Optimised density estimate f(z) for particles (blue line) and antiparticles (green
line) for one subsample of control A} sample with 1000000 entries for 4 regions overlaid on the
normalized distribution of square of invariant mass m?(pK).
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Figure 77: The Master KDE fMaSter (x) density function for particles of control A} sample with

1000000 entries for 4 regions overlaid on the normalized distribution of square of invariant mass
2
m?(pK).
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Figure 78: The Master KDE fMaster (z) density function for antiparticles of control A} sample
with 1000000 entries for 4 regions overlaid on the normalized distribution of square of invariant
mass m?(pK).
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Figure 79: Distributions of values of density functions estimated for the 10th (left side), 30th
(middle) and 50th (right side) bins for each region of the Dalitz plot. Plots for region no. 1 are
in the 1st row, plots for region no. 2 are in 2nd row, plots for region no. 3 are in 3rd row and
plots for region no. 4 are in 4th row. Distributions for particles are drawn with blue lines and
distributions for antiparticles are drawn with green lines.
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9 Conclusions

The searches for CP symmetry violation in decays of charm baryons = are developed.
These kinds of analysis are a very meaningful test for the Standard Model, because if a
discrepancy is found between the measured and expected quantities, it will indicate the
existence of physics beyond the Standard Model. Therefore, this type of research is widely
recognized as an indirect search for the effects of new physics.

One of the biggest challenges in studying CP charge-space symmetry violation in decays
of charm baryons is that the expected magnitude of this effect in the Standard Model is of
the order of 107* — 1072 or less. The sensitivity of the measurements can be increased
by using a larger data sample and by employing new statistical analysis techniques. The
presented data and analysed in this thesis were collected by the LHCb detector in 2016,
2017 and 2018 years, commonly known as Run 2 period, while the first search for CP
asymmetry in =} decays was performed with data from the so-called Run 1, i.e., collected
in 2011 and 2012. Due to the improvement of the LHCb detector between these data
collection cycles, the abundance of data produced in Run 2 is several times larger than
that obtained in Run 1. Only recently, the LHCb detector underwent another upgrade
process and another data collection cycle (Run 3) was started. It is expected to generate
data samples with even higher statistics than those obtained in previous years.

In terms of the statistical tests needed to measure CP asymmetry, three model-
independent methods were used in this analysis: the binned Scp and two ubinned
methods: the Energy Test and the Kernel Density Estimation. The first technique (Scp)
is a well-known method that was also used in the first search for CP violation in =}
decays. The Eenergy Test method has not been used in analyses of baryon decays before,
and the Kernel Density Estimation technique represents a completely new approach in the
search for CP asymmetries.

It should be pointed out that the analysis is blinded, so all calculations were performed
on generated Monte Carlo samples (otherwise known as toy samples), with Run 2 data
statistics and using samples of AT control decays. The AT decays were chosen because
the CP asymmetry in them as measured in the Standard Model is negligible and the final
states of the AT and = decays are the same.

Toy samples in which CP asymmetries of different magnitudes were applied were used
to test and compare the sensitivity of the Scp and Energy Test methods. On the other
hand, calculations performed on the control sample A} allowed the validity of the methods
to be checked. This meant veryfing that, for samples with conserved CP symmetry, the
result does not indicate a false CP violation signal and that, for samples with a non-zero
CP asymmetry value, it is detected. In addition, control samples were used to measure and
remove contaminating asymmetries (production and detector) that could lead to a false
CP violation signal. The results indicated that higher sensitivity was shown by Energy
Test and the absence of CP asymmetries in the control samples, which was the expected
outcome.

In the case of the Kernel Density Estimation technique, the Monte Carlo samples made
it possible to carry out an optimisation of the so-called bandwidth parameter, on which the
result of the estimation performed with the Kernel Density Estimation technique is most
dependent. As mentioned earlier, the Kernel Density Estimation technique has not been
used in analyses such as the one presented in this work. The distributions of mass squares
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to which the probability density function was estimated were much more complicated than
those to which the Kernel Density Estimation technique is customarily applied. Therefore,
an optimisation procedure was carried out and the correct probability function was finally
determined. This can be utilised in future used as part of the Energy Test, in a form that
does not require Monte Carlo approximation. This is also a step towards the application
of the Kernel Density Estimation technique for the two-dimensional case, i.e. to the
entire Dalitz space. This, in turn, will make it possible to have a comparison between the
sensitivity of the Kernel Density Estimation and that of the Scp.

The next step in the search for CP asymmetries in charm decays is to complete the so-
called Analysis Note, which is required to obtain permission from the LHCb collaboration
to unveil = signal decays. There are also still unexplored possibilities of the Kernel
Density Estimation technique and its combinations with other methods employed in this
analysis. Moreover, as written earlier, the LHCb detector is in the middle of another data
collection cycle (Run 3), which may in the near future result in finding, for the first time,
CP asymmetries in charm baryons or even in the discovery of new physics beyond the

Standard Model.
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Appendix A

Ar and = mass distributions after offline selection and fiducial cuts
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Figure 80: Final reconstructed mass of pK7 in AT 2016 sample. The fitted mass model is overlaid
(blue line). It composed of double Gaussian function (red dashed line), with common mean p and
different widths o1 and o9 for mass peak and Chebychev polynomial function g(z) = po + p1 -«
(green dotted line) to describe background, where z is the mass of the pKm. The nsig and nbkg
are the numbers of signal and background candidates, respectively. The pull distribution is shown
as a difference between data and fitted model.
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Figure 81: Final reconstructed mass of pK7 in A} 2017 data set. The fitted mass model is
overlaid (blue line). It is composed of double Gaussian function (red dashed line), with common
mean . and different widths o1 and o9, for signal and Chebychev polynomial g(x) = po + p1 - =
(green dotted line) to describe background, where z is the mass of the pKm. The nsig and nbkg
are the number of signal and background events obtained from the fit, respectively. The pull
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distribution is shown as a difference between data and fitted model.
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Figure 82: Final reconstructed mass of pK7 in A} 2018 data set. The fitted mass model is
overlaid (blue line). It is composed of double Gaussian function (red dashed line), with common
mean . and different widths o1 and o9, for signal and Chebychev polynomial g(x) = po + p1 - =
(green dotted line) to describe background, where z is the mass of the pKm. The nsig and nbkg
are the number of signal and background events obtained from the fit, respectively. The pull
distribution is shown as a difference between data and fitted model.
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Figure 83: Final reconstructed mass of pKm in =F 2016 data set. The fitted mass model is
overlaid (blue line). It is composed of single Gaussian function (red dashed line), with mean
p and width o, for signal and Chebychev polynomial g(z) = po + p1 - = (green dotted line) to
describe background, where z is the mass of the pKw. The nsig and nbkg are the number of
signal and background events obtained from the fit, respectively. The pull distribution is shown
as a difference between data and fitted model.
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Figure 84: Final reconstructed mass of pKm in = 2017 data. The fitted mass model is overlaid
(blue line). It is composed of single Gaussian function (red dashed line), with mean p and width o,
for signal and Chebychev polynomial g(x) = po+p1 -« (green dotted line) to describe background,
where z is the mass of the pK7w. The nsig and nbkg are the number of signal and background
events obtained from the fit, respectively. The pull distribution is shown as a difference between
data and fitted model.
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Figure 85: Final reconstructed mass of pKm in =F 2018 data set. The fitted mass model is
overlaid (blue line). It is composed of single Gaussian function (red dashed line), with mean
p and width o, for signal and Chebychev polynomial g(z) = po + p1 - = (green dotted line) to
describe background, where z is the mass of the pKw. The nsig and nbkg are the number of
signal and background events obtained from the fit, respectively. The pull distribution is shown

as a difference between data and fitted model.
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