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Abstract

Measurement of the CP asymmetries difference
between D™ — K~ K 7" and D™ — 7 n"n" decays
in the LHCb experiment

Danielle Martins Tostes

Advisor: Erica Ribeiro Polycarpo Macedo
Co-advisor: Alberto Corréa dos Reis (CBPF)
Abstract of the Ph.D. Thesis presented to the Graduate Program in Physics
of the Institute of Physics of the Federal University of Rio de Janeiro - UFRJ,

as part of the requirements to the obtention of the title of Doctor in Sciences
(Physics).

The violation of the combined charge conjugation and parity symmetry, or simply
CP violation, is one of the necessary conditions to explain the matter-antimatter
asymmetry observed in the Universe. In the Standard Model, CP violation arises due
to an irreducible complex phase in the Cabibbo-Kabayashi-Maskawa (CKM) matrix.
However, this mechanism is not enough to explain the observed baryogenesis. New
sources of CP violation are necessary. The Standard Model predicts very small CP
violation in the charm sector, O(1073) or less. This makes decays of D mesons an
excellent tool in the search for these new sources. With the large sample collected
at LHCDb during Run I, corresponding to 1.0 fb™! of pp collisions at /s = 7 TeV
and 2.0 fb~! at /s = 8 TeV, we can reach the upper limits of Standard Model
predictions with several decay modes. In the Standard Model, direct CP violation

in the charm sector can only occur in Cabibbo-supressed (CS) decays. In this work,
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we measure the difference between the CP asymmetries Acp of the CS decays Dt —
K K*ntand DY — 7 ntn™ (AAcp), under the assumption that instrumental and
production asymmetries cancel between the two modes.

The analysis uses as control channels, for the study of instrumental and pro-
duction asymmetries, the Cabibbo-favoured decays D — K~ K*n" and DI —
7 n T, where no CP violation is expected, and obtains the D' asymmetries in
a blind way, by randomly inserting offsets to the actual fitted values. Once the
study, which is currently under the Charm Working group review, is approved by

the collaboration, the offsets will be removed and the AAgp values will be known.

Keywords: Charm Physics, CP Violation, LHCb.
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Resumo

Medida da diferenca das assimetrias de CP dos
decaimentos D™ — K~ Ktn" e Dt - 7 77" no
experimento LHCb

Danielle Martins Tostes

Orientador: Erica Ribeiro Polycarpo Macedo
Coorientador: Alberto Corréa dos Reis (CBPF)
Resumo da Tese de Doutorado apresentada ao Programa de Pés-Graduacao
em Fisica do Instituto de Fisica da Universidade Federal do Rio de Janeiro -

UFRJ, como parte dos requisitos necessarios a obtencao do titulo de Doutor
em Ciéncias (Fisica).

A violagao da simetria combinada de conjugacao de carga e paridade, ou simples-
mente violacao de CP, é uma das condigoes necessarias para explicar a assimetria
matéria-antimatéria observada no Universo. No Modelo Padrao, a violacao de CP
surge de uma fase complexa irredutivel na matriz de Cabibbo-Kabayashi-Maskawa
(CKM). No entanto, este mecanismo nao ¢ o suficiente para explicar a bariogénese
observada. Novas fontes de violagao de CP sao necessarias. O Modelo Padrao prevé
uma violacao de CP muito pequena no setor de charme, O(1073) ou menor. Isto faz
dos decaimentos dos mésons D uma excelente ferramenta na busca por essas novas
fontes. Com a grande amostra coletada no LHCb durante o Run I, correspondendo
a 1,0 fb~! de colisoes pp a /s =7 TeV e 2,0 fb~! a /s = 8 TeV, podemos alcangar
os limites superiores das previsoes do Modelo Padrao com diversos modos de de-

caimento. No Modelo Padrao, a violacao de CP direta no setor de charme sé pode
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ocorrer em decaimentos suprimidos por Cabibbo (CS). Neste trabalho, medimos a
diferenca entre as assimetrias de CP Acp dos decaimentos CS DT — K- K*trnT e
Dt — mrtxt (AAcp), sob a suposigao de que as assimetrias instrumentais e de
producao cancelam entre os dois modos.

A anélise utiliza como canais de controle, para o estudo de assimetrias instru-
mentais e de produgao, os decaimentos favorecidos por Cabibbo Df — K- K*nt e
Df — 777", onde ndo é esperada violagao de CP, e obtém as assimetrias de D"
de modo “cego”, aleatoriamente inserindo offsets aos valores ajustados. Uma vez
que o estudo, que esta atualmente sob revisao no grupo de trabalho de charme, seja
aprovado pela colaboracao, os offsets serao removidos e os valores de AAcp serao

conhecidos.

Palavras-chave: Fisica de Charm, Violacao de CP, LHCb.
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Chapter 1

Introduction

CP violation (CPV) is one of the necessary conditions to explain the matter-
antimatter asymmetry in the Universe. In the primordial Universe, particles and
antiparticles would have been equally likely to be created and would have been
annihilated. However, it is observed that matter prevailed over antimatter as the
observable Universe is made of matter.

The CP symmetry is a combination of the symmetries of charge conjugation C,
where all internal quantum numbers of the particle are reversed, and parity P, which
changes the sign of spatial coordinates. The C and P symmetries are maximally
violated in the weak interactions. For a long time, the CP combined symmetry was
thought to be conserved but, in 1964, CP violation was observed in the decays of
neutral kaons [1]. In the last decades, several measurements of CP violation were
performed in decays of B mesons, where the effects are larger than in kaons [2,3].

The Standard Model (SM) is compatible with all the CP asymmetries measured
so far, but it can not account for the matter-antimatter asymmetry observed in
the Universe. The small asymmetries predicted by the Standard Model for charm
decays make them interesting tools for seeking Physics beyond the SM [4].

Searches for CP violation in charm have been performed in the past years using
the decay of the neutral meson D° into two hadrons. In 2012, evidence of CP

violation was measured in those decays [5,6]. Studies showed this effect could be



described by the Standard Model [7] and later measurements have not confirmed
this evidence [8-10].

CPV studies using decays of DT meson into three hadrons are the natural ex-
tension of the neutral meson D° decays into two hadrons. The Cabibbo supressed
(CS) decays D™ — K~ K*™nt and D™ — 777! are channels often used to search
for CP violation in charm and were chosen for the work of this thesis. They are
largely produced at the LHCb. Searches for CP violation across the 3-body phase
space were previously performed for both channels using 2010 and 2011 data taken
by LHCb [11,12].

Asymmetries measured in hadronic 3-body charmless decays of the charged B
meson [13-15] suggest that contributions from final state rescattering (KK <> mm)
may be relevant. Such contributions would have a larger impact in the smaller phase
space of DT decays. Since they introduce asymmetries with the same sign across
the phase space, they would lead to a global phase space integrated asymmetry.

In pp collisions, there is a production asymmetry of DT and D~ of order 1-
2%. Several factors can cause a small difference in the detection asymmetry of D+
and D~. Such effects combined would be larger than an eventual CP asymmetry,
making this observation problematic. Experimentally, we measure an effective raw

asymmetry which combines production and detection effects and the CP violation,

Ay = Nonl D" 2 /) = Nl D" = /) (1.1)
Nobs(D+ — f) + Nobs(D_ — f)

If the production and detection asymmetries do not depend on the final state,
a possible solution would be to measure the difference of charge asymmetries A,.,
between the two decay modes which, under this assumption, becomes a measurement

of the pure CP asymmetries difference:

AACP = z‘lcp(DJr — K7K+7T+) — 1464}3(1)Jr —qa T +). (12)

!The charged conjugated decays D~ — Kt*K 7~ and D~ — ntn 7~ are implicitly included,
except in the definitions of asymmetries.



In this work, we measure the difference between the CP asymmetries Agp of the
CS decays D* — K- K*tnt and Dt — n 7ntnt (AAgp), under the assumption
that instrumental and production asymmetries cancel between the two modes. The
analysis uses as control channels, for the study of instrumental and production
asymmetries, the Cabibbo-favoured decays D} — K~ K*#x" and D} — 7 nfn™,
where no CP violation is expected, and obtains the D' asymmetries in a blind way,
by randomly inserting offsets to the actual fitted values. Once the study, which is
currently under the Charm Working group review, is approved by the collaboration,
the offsets will be removed and the AAgp values will be known.

This measurement is complementary to the studies of local asymmetries in the
Dalitz plot [11,12,16] and to amplitude analyses performed by other experiments [17,
18] or ongoing within our experiment.

The thesis is structured as follows. In Chapter 2, there is a brief description of the
theoretical aspects related to this measurement. In Chapter 3, the LHCb detector,
experimental apparatus which provided the data used for the experimental result,
is described. The data selection and analysis strategy are explained in Chapter
4 and Chapter 5, respectively. The results are presented in Chapter 6. Chapter 7
contains studies of potential systematic effects to the measurement. Conclusions are

discussed in Chapter 8. Complementary material can be found in the Appendices.



Chapter 2

Theoretical Aspects and Related
Measurements

The charm quark was discovered in 1974 at Brookhaven National Laboratory
and SLAC with the observation of the resonance J/1 (c¢) [19,20]. Its existence had
been discussed since 1964 [21] and was required for the GIM mechanism [22]. The
open charm mesons D° (cu) and D% (cd) were first observed in 1976 [23,24]. Since
then, charm physics has been an important research field, with many dedicated
experiments.

The decays of charm particles are important tools for the understanding of QCD
at the low energy regime, where the perturbative approach is not aplicable. CPV
studies in these decays are especially helpful in the search for New Physics (NP).
Different from what happens to kaons and B mesons, the SM predicts very small CP
asymmetries in charm transitions [4]. An observation of CP asymmetries at rates
of the order of 1% would be a clear signal for Physics beyond the Standard Model.
However, recent results from the LHCb experiment, based on very large data sets,
already reached the limits of the SM expectations [25].

In the Standard Model, CP violation is included in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [26,27], which relates the quark mass eigenstates to the
weak interaction eigenstates. Due to unitarity, this matrix has three real parameters

and a complex phase. This complex phase introduces the CP violation. If there were



only two quark generations, the quark mixing mechanism could not give rise to CP
violation. All three generations are required for CP violation to occur in a particular

process [28]. The CKM matrix is given by

Vud Vus Vub
Vekm = | Vea Ves Ve
Via Vis Va

It can be parameterized by three mixing angles and the CP violating phase. A

standard form of representation is

0

C12C13 $12C13 S13€
_ i5 i5
Verm = | —S12C23 — c12523513€ C12C23 — 512523513€ S93C13 (2.1)
) )
512823 — C12C23513€" —C12523 — $12C23513€" C23C13

where s;; = sin0,;, ¢;; = cos 0;; and 0 is the phase responsible for the CP violation in
flavor changing processes in the Standard Model [29]. Due to differences among the
mixing angles, the matrix elements of Vg, have very different magnitudes [30]. A

parametrization where this becomes evident is the one suggested by Wolfenstein [31]

1— 1N A AN (p — im + £n)?)
Vermr = —A 1= A2 —inA2\t ANY(1 +in)?) (2.2)
AN3(1 — p —in) —AN? 1

Here A = sinfo ~ 0.23 acts as expansion parameter and 7 represents the CP-
violating phase [29]. The parameter ¢ is known as Cabibbo angle, which determines
the weak coupling of quark ¢ with quarks s or d. Since the value of 6 is small
(6c ~ 0.23 rad), the decays with ¢ — d transitions are supressed by a factor tan? f¢
with respect to decays with ¢ — s transitions. This is the called Cabibbo supression
[32]. The most relevant source for CP violation in charm decays is the phase in Vg
which is ~ —nA2\ ~ —6- 1074 [4,33].

The CKM matrix elements can be most precisely determined using a global fit
to all available measurements and imposing the SM constraints. The fit results to

all nine CKM elements are [29]

0.97427 4+ 0.00014  0.22536 & 0.00061 0.00355 = 0.00015
Very = | 022522 40.00061 0.97343 4 0.00015  0.0414 + 0.0012 (2.3)
0.008861 0 00033 0.04055:50110.99914 + 0.00005



There are three types of CP violation in meson decays: CPV in the decay, in the
mixing and in the interference between decay and mixing.

The CP violation in decay (or direct) can be measured through the difference
between the partial widths of conjugated decays. It is defined by [A7/Af| # 1, i.e.,
the amplitude A; of a meson M decay into a final state f is different from the
amplitude A 7 of the conjugated decay M — f. Considering a general case with the
decay amplitudes as a sum of two terms with different weak and strong phases, we

have
Af — |a1|€i(61+¢1) + |a/2|e7;(52+¢2)7

Af = |ag|ei®1=91) 4 |gyei(02—¢2), (2.4)

where ¢; and ¢y are the weak, CP-violating phases and d; and &, are the strong,
CP-conserving phases [34].
The asymmetry between the partial decay rates is quantified by the observable
Ace -
MM — f) —T(M — f)

Ace = T(M— f)+T(M — f) (25)

Using the amplitudes defined in Eq. (2.4), the asymmetry in Eq. (2.5) becomes

2|ajas|sin(de — 61) sin(pg — ¢1)

A p—
op la1|? + |as|? + 2|aias| cos(de — d1) cos(pe — ¢1)

(2.6)

From this equation, it is possible to see that a requirement for direct CPV is the
existence of at least two different amplitudes leading to the same final state, with
different strong and weak phases [34].

The direct CPV is the only source of CP asymmetries in charged meson decays,
where mixing effects are absent [29].

Another type of CP violation arises in mixing. This is classified as indirect
CPV and manifests itself as a difference between the oscillation rate of mesons and
antimesons.

Mixing is well known and common to all neutral mesons with flavour (K% B° e

DY). Tt occurs when flavour eigenstates are different from mass eigenstates. Due to



the weak interactions, an initial state meson M° can evolve to its antiparticle MO

before decaying and vice versa. Their temporal evolution can be represented by

) -GG e

where M and I' are Hermitian matrices. The meson mass eigenstates M o, with
masses m; and my and widths I'y and I'y, can be written as a linear combination of

the flavour eigenstates:
|Mi2) = p\]\/[0> + Q|m>> ]p|2 + ’(J|2 =1 (2.8)

The mixing parameters are expressed in terms of x and y parameters, defined in
terms of the masses and decay widths differences, being x = (m; — my)/I', y =
() —Ty)/2T and T' = (T'; + T'3)/2 [35].

CP violation in mixing is defined by |¢/p| # 1 and can only occur in decays
of neutral mesons. In this case, the probability of meson M evolve to antimeson
MO is different from the probability of the reverse process occur, i.e., P(M° —
MO;t) # P(MO — MO°t). In charged-current semileptonic neutral meson decays
M, M — (*X this is the only source of CP violation [29)].

CP violation in the interference between decay and mixing occurs when a final
state is accessible for both meson and antimeson. A decay of M° — f can proceed
directly without mixing, or through mixing (M° — MO — f ). The relative phase
between these two possibilities may be different for initial states that are meson or
antimeson. Figure 2.1 illustrates these three types of CP violation.

In charm, SM CP violation, either direct or indirect, can only occur in Cabibbo-
supressed (CS) decays, where two amplitudes guided by ¢ — ddu and ¢ — s5u can
interfere and generate CP asymmetries, predicted to be of order 1072 or smaller.
Such mechanism does not exist in Cabibbo-favoured (CF) and doubly Cabibbo-
supressed (DCS) decays, where there is only one weak amplitude.

CP violation in CS decays could arise from the interference between tree-level

(Figs. 2.2a and 2.3a) and penguin (Figs. 2.2b and 2.3b) processes [36]. It is important
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Figure 2.1: Three types of CP violation: (A) direct CP violation; (B) indirect CP
violation (in the presence of M° — MY oscillations); and (C) interference when both
mechanisms are possible [33].

to notice that contributions from penguin diagrams are much smaller than the ones
from tree-level diagrams and this is one of the reasons why asymmetries generated

by this interference are so small.
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Figure 2.2: Parton-level diagrams for D* — K~ K*x" decays: (a) a tree diagram,
and (b) a penguin process [36].

A large number of CPV searches have been performed in the charm sector in the

last years. Most of the recent measurements are listed by the Heavy Flavor Averag-
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Figure 2.3: Parton-level diagrams for DT — 777t decays: (a) a tree diagram,
and (b) a penguin process.

ing Group (HFAG) in [37]. In the neutral sector, there are contributions from direct
and indirect CP asymmetries. The combination of Ar and AAgsp measurements in

the hadronic two body decays of the neutral D° meson is shown in Figure 2.4.
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Figure 2.4: This combination plot shows the measurements listed by Heavy Flavor
Averaging Group (HFAG) [38] for AAcp and Ar, where the bands represent +1o
intervals. The point of no CP violation (0,0) is shown as a filled circle, and two-
dimensional 68% CL, 95% CL, and 99.7% CL regions are plotted as ellipses with
the best fit value as a cross indicating the one-dimensional uncertainties in their
center. [39]
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A search for direct CPV in D™ decays is the subject of this thesis. In particular,
the decays into the hadronic final states K~ K*n* and 77" n" are analyzed. Both
of them are Cabibbo-supressed decays and have branching ratios of (9.54 £ 0.26) x
1073 and (3.18 £ 0.18) x 1073, respectively [29].

The first measurement of CPV in charged D meson decays was performed by the
E687 collaboration, in 1994 [40]. Using the data collected in the 1990-1991 run of
their photoproduction experiment, where a photon beam with mean energy ~ 220
GeV interacted with a beryllium target, they measured the A¢p of four charm decay
modes, including the DT — K~ K*xt. For this decay, the asymmetry measured
was Acp = (—3.1 £ 6.8)%.

In 1997, the E791 collaboration reported results of a search for CPV in CS
decays including a new measurement for DT — K~ K*7n" and the first measure-
ment for the DT — 7~ x"x" [41]. The charm sample was produced through 500
MeV /e m — N interactions in a platinum-diamond target in the 1991-1992 fixed-
target run. The asymmetries were measured to be Acp(K~ K 7nt) = (—=1.4+2.9)%
and Acp(r—ntnt) = (—1.7 £ 4.2)%.

FOCUS (E831) was a heavy-flavor photoproduction experiment of Fermilab, an
upgraded version of its predecessor E687. It collected data during the 1996-1997
fixed-target run. In 2000, with the tens of thousand D* — K~ K*7* candidates,
the collaboration reported a measurement of Acp as (+0.6 £ 1.1 +0.5)%, where the
first error is statistical and the second error is systematic [42].

The B-factories also produced a large sample of charm data. With a data sample
of 79.9 fb~! collected by the BaBar detector on and below the Y (4S) resonance at
the PEP-II asymmetric energy ete™ storage ring at SLAC, a measurement of the
Acp for the DT — K~ K*nt was reported in 2005 [36]. The measured asymmetry
was Acp = (+1.4 £ 1.0 £ 0.8)%. This measurement was updated in 2013 with a
larger sample, 476 fb~! and hundreds of thousand D* — K~ K*n* candidates, and

the new result was Acp = (+0.37 £ 0.30 £ 0.15)% [16].
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In 2014, the CLEO collaboration also measured asymmetries in their report of
hadronic branching fractions and cross section [43]. Using the full CLEO-c data
sample of 818 pb~! of eTe™ data taken at the 1(3770) resonance, which is just
above the threshold for DD production, they measured Acp = (—0.1£0.940.4)%.

The current COMBOS average provided by HFAG for CP asymmetry in DT —
K-K*ntis (+0.32 £ 0.31)%.

For three-body decays, in addition to the global asymmetry Acp used in the
measurements listed above, it is possible to search for CPV in the phase space.
Asymmetries localized in regions of the two-dimensional phase space may have op-
posite signs. When integrated over the phase space, these effects would cancel,
resulting on a very small net effect.

The CLEO collaboration published in 2008 a search for CPV in the Dalitz-plot
analysis of D* — K~ K*x* [17]. With 818 pb~! of eTe™ collision data collected at
a centre-of-mass energy of 3774 MeV, they analyzed the resonant substructure of
the decay and searched for CPV in the resonant channels. No evidence for CPV was
found and the measurement of an integrated CP asymmetry across the Dalitz plot
led to Acp = (—0.4 + 2.0t8;§i8;§) %, where the errors are statistical, experimental
systematic and decay-model systematic, respectively.

The LHCD collaboration performed a search for direct CP violation in the decay
DT — K~ K*rnt, published in 2011 [11], using the pp collision data taken in 2010,
corresponding to an integrated luminosity of 35 pb~! . The normalized Dalitz plot
distributions for D" and D~ were compared using different binning schemes sensitive
to different manifestations of CP violation. No evidence for CPV was found in this
study.

In the report where BaBar updated their Acp measurement, there were also
searches for CPV in the phase space using different strategies [16]: looking at the
CP asymmetry in four regions of the Dalitz plot, a comparison of the binned D* and

D~ Dalitz plots, a comparison of the Legendre polynomial moment distributions for
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the KK~ and K7t systems, and a comparison of the parameterized fits to the
Dalitz plots. No evidence for CPV was found.

In 2013, the LHCb collaboration reported a search for CP violation in the phase
space of the decay DT — 777t [12] using the pp collision data taken in 2011
at a centre-of-mass energy of 7 TeV, corresponding to an integrated luminosity of
1.0 b=t The Dalitz plot distributions for 3.1 x 10° D* and D~ candidates were
compared with binned and unbinned model independent techniques. No evidence
for CP violation was found in this search.

CPV studies in decays of BY — hihy hi(hi = K* 7%) at LHCb [13-15] ob-
tained surprising results: asymmetries of up to 80% were observed in regions of the
phase space. In addition, large asymmetries were observed in regions away from
resonances. In the latter case, the observed asymmetries have same sign across
the Dalitz plot, being positive or negative depending on the final state. In the
BT — KTK-K* and B™ — K7~ nt decays, the asymmetries have opposite sign
and nearly the same intensity. The same happens to the BT — KTK 7" and
BT — 7#tn~ 7t decays.

A possible interpretation for this result is based on a mechanism for CPV not
yet considered: the hadronic final state rescattering. In this case, the rescattering
KK~ « wt7~ that connects the different final states provides the strong phase
difference required for CPV to occur. The CPT symmetry imposes that the total
decay width of particle and antiparticle must be equal. For a family of final states
with same quantum numbers, this constraint implies the sum of partial widths to

be the same for particle and antiparticle,
ZF(P — fi) = ZF(P — f;) (2.9)

In other words, a negative asymmetry in one channel of the family must be
followed by a positive asymmetry in other channels of the same family. In this way,

the CPV happens in elementary processes at parton level but is spread by final
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state interactions among several channels. The intensity of the effect observed in
BT mesons indicates the importance of this mechanism.

In the charm scenario, the phase space is reduced in comparison to the one of
BT mesons. The rescattering K™K~ «» 77~ affects the full phase space of the
Dt — K-K*7n" and a large part of the D™ — 7 7tx" decay. The result is a
global, phase space integrated asymmetry.

According to these arguments, the rescattering is expected to produce global
asymmetries of opposite signs in the Dt — K~ K7t and D" — 7~ 777" decays.
Therefore, the difference between the asymmetries would be an observable of larger
sensitivity than the individual asymmetries for each channel. In addition, the dif-
ference allows the cancellation of production and detection asymmetries common to

both decay modes.
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Chapter 3

The LHCDb detector

The LHCDb (Large Hadron Collider beauty experiment) is one of the four main
experiments at the LHC (Large Hadron Collider). Its primary goal is to look for
indirect evidence of new physics in CP violation and rare decays of beauty and
charm hadrons [44]. In this chapter, the main features of the LHC accelerator and

the LHCb detector are described.

3.1 The LHC accelerator

The LHC [45] is a hadron collider built on the border between France and
Switzerland. It was built in the 27-kilometer tunnel of its predecessor LEP (Large
Electron-Positron Collider), about 100 m underground. It was designed to collide
proton beams with a center-of-mass energy (1/s) of up to 14 TeV.

Before the injection into the LHC, the protons are pre-accelerated in a succession
of machines with increasingly higher energies in the CERN accelerator complex
(Figure 3.1). The protons are taken from hydrogen atoms and injected into a linear
accelerator (Linac2), where they reach an energy of 50 MeV. They are then injected
into the PSB (Proton Synchrotron Booster), where they reach 1.4 GeV. Following
the chain, they go through the PS (Proton Synchrotron) reaching 25 GeV. In the

sequence, the protons are sent to the SPS (Super Proton Synchrotron), where they
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are accelerated to 450 GeV. Finally, they are injected into the LHC to reach the

maximum energy of 7 TeV. The LHC also opperates with heavy ion beams.

CMS

No;fﬂ1 Area

LHCb

ALICE

v neutrinos
CNG/S\‘\‘
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Figure 3.1: The accelerator complex at CERN [46].

The first LHC collisions happened with an energy of 450 GeV per proton beam,
in 2009. The first /s = 7 TeV collisions were recorded in 2010. The Run-1 comprises
the data taking period of 2011, with pp collisions with a center-of-mass energy of 7
TeV (3.5 for each beam), and 2012, with pp collisions with a center-of-mass energy
of 8 TeV (4 TeV for each beam).

There are seven experiments placed along the LHC perimeter: the main four,
ALICE, ATLAS, CMS and LHCb, and the three smaller, LHCf, MoEDAL and
TOTEM. An illustration of the LHC and the four main experiments is shown in
Figure 3.2.

ALICE (A Large Ion Collider Experiment) [47] is an experiment dedicated to
Heavy Ion Physics. It is designed to address the physics of strongly interacting mat-
ter and the quark-gluon plasma at extreme values of energy density and temperature

in nucleus-nucleus collisions.
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Figure 3.2: Hlustration of the LHC and its main experiments.

ATLAS (A large Toroidal LHC ApparatuS) [48] and CMS (The Compact Muon
Solenoid) [49] are the two general purpose experiments. Designed to cover a wide
range of physics in the LHC, from the search to the Higgs Boson to supersymmetry
(SUSY) and extra dimensions, they have different design and different technical
solutions.

LHCb (Large Hadron Collider beauty experiment) [44] is an experiment dedi-
cated to heavy flavour physics focused on the study of CP violation and rare decays
of b and c-hadrons, as mentioned in the beginning of this chapter. It will be de-
scribed in the following section.

LHCf (Large Hadron Collider forward) [50] is an experiment dedicated to the
measurement, of neutral particles emitted in the very forward regions of LHC col-
lisions. The physics goal is to provide data for calibrating the hadron interaction
models that are used in the study of Extremely High-Energy Cosmic-Rays. It is
located near the ATLAS detector.

MoEDAL (Monopole and Exotics Detector at the LHC) [51] has as prime motiva-

tion direct searches for the Magnetic Monopole and other highly ionizing Stable (or
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pseudo-stable) Massive Particles (SMPs) at the LHC. It is located near the LHCb

detector.
TOTEM (TOTal Elastic and diffractive cross section Measurement) [52] will
measure the total pp cross-section with a luminosity-independent method and study

elastic and diffractive scattering at the LHC. It is located near the CMS detector.

3.2 The LHCDb detector

LHCbD is a single-arm spectrometer with a forward angular coverage from ap-
proximately 10 mrad to 300 mrad in the horizontal plane and from approximately
10 mrad to 250 mrad in the vertical plane. The layout of the LHCb spectrometer is

shown in Figure 3.3.
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Figure 3.3: View of the LHCb detector.

The choice of the detector geometry is justified by the fact that at high energies

both the b- e b-hadrons are predominantly produced in the same forward or backward
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cone (see Figure 3.4). The right-handed coordinate system adopted has the z axis

along the proton beam and the y axis along the vertical.

5
1 B By Uadl

Figure 3.4: Polar angles of the b- and b-hadrons calculated by the PYTHIA event
generator [53].

The LHCb detector is composed of several subdetectors, as can be seen in Figure
3.3. In the remaining of this chapter, an overview of these subsystems is given, with

emphasis on aspects which are important for the analysis presented in this thesis.

3.2.1 The interface to the LHC machine

The beampipe design is particularly delicate since the LHCb experiment is frontal
and its detectors are close to the beam, where the particle density is high. The
critical aspect in the optimisation of design and choice of material is the minimization
of secondary interactions between produced particles in the primary interaction and
the beampipe. This is crucial, mainly in the regions close to the tracking stations
and RICH detectors.

The beampipe, schematically represented in Figure 3.5, includes the forward
window of the VELO, covering the full LHCb acceptance, and four main conical
sections. The three sections closer to the interaction point are made of beryllium

and the one further away are produced with stainless steel. Beryllium was chosen
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Figure 3.5: Beam pipe scheme. The 19 m long vacuum chamber inside the LHCb
experiment is divided into four main sections. The first three are made of machined
beryllium cones assembled by welding and the fourth of stainless steel. Bellows
expansion joints provide interconnect flexibility in order to compensate for thermal
expansions and mechanical tolerances [44].

as the material for 12 m out of the 19 m long beampipe for its transparency and
elasticity. However, its toxicity, fragility and cost are drawbacks which had to be
taken into account in the design, installation and operation phases. Flanges, bellows
and the VELO exit window are made of high strength aluminium alloys. The
remaining length, situated outside the critical zone in terms of transparency, is
made of stainless steel, a material widely used in vaccum chambers because of its
good mechanical and vacuum properties.

The experiment beam vacuum is isolated from the LHC vacuum with two sector
valves, installed at the cavern entrances, which allow interventions and commission-
ing independently of the machine vacuum system.

In order to cope with possible adverse LHC beam conditions, particularly with
hadronic showers caused by misaligned beams or failures of components upon par-
ticle injection into the LHC, the LHCb experiment is equipped with a Beam Con-

ditions Monitor (BCM). This system monitors the particle flux at two locations in
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the close vicinity of the vacuum chamber to protect the sensitive LHCDb tracking
devices. The BCM connects to the LHCb experiment control system and to the

beam interlock controller of the LHC. More information can be found in [44].

3.2.2 Magnet

A dipole magnet is used in the LHCb experiment to allow the measurement of
the momentum of charged particles. The magnet, shown in Figure 3.6, provides a
magnetic field in the y direction of 4 Tm integrated along 10 m. It has saddle-shaped

coils in a window-frame yoke with sloping poles.

Figure 3.6: Perspective view of the LHCb dipole magnet with its current and water
connections (units in mm). The interaction point lies behind the magnet. [44].

The magnet is operated via the Magnet Control System that controls the power
supply and monitors a number of operational parameters (e.g. temperatures, volt-
ages, water flow, mechanical movements, etc.). A second, fully independent system,
the Magnet Safety System (MSS), ensures the safe operation and acts autonomously
by enforcing a discharge of the magnet if critical parameters are outside the oper-
ating range.

To control the systematic effects of the detector, the direction of the magnetic

field is periodically changed. This is important mainly for measurements of CP
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asymmetries. In the analysis presented in this thesis, we analyze separately the data
taken with the magnet field polarity directed towards the positive y axis (MagUp)
and the data taken with magnet polarity directed towards the negative y axis (Mag-

Down). The magnetic field along the z axis is shown in Figure 3.7.
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Figure 3.7: Magnetic field along the z axis [44].

Additional information about the magnet can be found in [44] and [54].

3.2.3 VELO

The VErtex LOcator (VELO) [44, 55] provides precise measurements of track
coordinates close to the interaction region, which are used to identify displaced
secondary vertices, distinctive features of b and c-hadron decays. The VELO consists
of a series of silicon modules, each providing a measure of the r and ¢ coordinates,
arranged along the beam direction (Figure 3.8). To preserve the detector, the VELO
has a retractable system which allows it to keep each of its halves in a distance of 3
cm away from the operating position during the injection and beam acceleration, and
in a distance of 8 mm from the beam (VELO closed) when this is already collimated
and stable. The detectors are mounted in a vessel that maintains vacuum around

the sensors and is separated from the machine vacuum by a thin walled corrugated
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aluminium sheet. This is done to minimize the material traversed by a charged
particle before it crosses the sensors and the geometry is such that it allows the two

halves of the VELO to overlap when in the closed position.
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Figure 3.8: Cross section in the (x,z) plane of the VELO silicon sensors, at y = 0,
with the detector in the fully closed position. The front face of the first modules is
also illustrated in both the closed and open positions. The two pile-up veto stations
are located upstream of the VELO sensors [44].

The measurement of the coordinates is performed by two kind of sensors: the R-
sensor, which provides information on the radial distance r from the beam axis, and
the ¢-sensor, which provides information on the azimuthal coordinate ¢. The third
coordinate is provided by knowledge of the position of each sensor plane within the
experiment. Both sensors use microstrip silicon detectors and are 300 pum thick. The
R-sensor has azimuthal strips and the ¢-sensor has radial strips. The sensors are
shown in Figure 3.9. The use of cylindrical geometry (r¢ coordinates) was chosen

in order to enable fast reconstruction of tracks and vertices in the LHCb trigger!.

!The trigger will be described in Section 3.2.8
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Figure 3.9: Sketch illustrating the r¢ geometry of the VELO sensors. For clarity,
only a portion of the strips are illustrated. [44].

Located close to the interaction region, the VELO is under high radiation doses.
Protection against radiation and residual fields were designed taking into account
the transparency level neccessary to avoid additional interactions.

The VELO properties provide spacial resolution in the primary vertex recon-
struction of 40 pum in the z axis and 10 pum in the direction perpendicular to the
beam.

Two planes perpendicular to the beam-line and located upstream of the VELO
sensors form the pile-up veto system, which helps in the trigger decision. Each plane
consists of two R-sensors. The pile-up system estimates the number of primary pp

interactions in each beam crossing.

3.2.4 Tracking Stations

Together with VELO, the tracking stations, TT (Tracker Turicensis), T1, T2 and
T3, compose the LHCDb tracking system. The stations TT and T1-T3, are separated
by the magnet, as illustrated in Figure 3.3. The T1-T3 are divided in two parts:
the region close to the beampipe (Inner Tracker, IT) and the outer region (Outer

Tracker, OT). These two detector regions were built with different tecnologies. The
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IT, as the T'T, uses silicon microstrip detectors, whereas straw-tubes are employed

in the OT. An illustration of the tracking stations can be seen in Figure 3.10.
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Figure 3.10: Tracking stations, T'T, T1, T2 and T3. The IT, in purple, in the inner
region of T’s, and the OT, in blue, in the outer region [44].

The TT is a 150 cm wide and 130 cm high planar tracking station. It covers the
full acceptance of the experiment. The IT covers a 120 cm wide and 40 c¢cm high
cross shaped region in the center of the three tracking stations. Both TT and IT
have four detection layers in an (z-u-v-z) arrangement with vertical strips in the
first and last layers ans strips rotated by a stereo angle of —5° and +5° in the second
and third layers, respectively. The layout of the third TT detection layer is shown
in Figure 3.11. The TT has an active area of about 8.4 m? and the IT has an active
area of 4.0 m?.

Each of the three IT stations consists of four individual detector boxes that are
arranged around the beampipe as shown in Figure 3.12. Each detector box contains
four detection layers and each detection layer consists of seven detector modules.
The resulting layout and dimensions of one of the IT detection layers are illustrated

in Figure 3.13.



25

readout
hyhrids i

L sectors

1 [
L R R A . O A
Msectcrs—-:'l'l_"l T

- |

| I—l—'—l—ll—l—l‘_"' _I-_I_I_l_l|_'_li L §

..0_ - ~— B:_

K sectors ¥ C |I E ?‘-’
half-
module

readout -
hybrids
1458 em

1688 cm

Figure 3.11: Layout of the third T'T detection layer. Different readout sectors are
indicated by different shadings [44].
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Figure 3.12: View of the four IT detector  ;, t}e second IT station [44].

boxes arranged around the LHC beampipe
[44].

The OT is a drift-time detector designed as an array of individual, gas-tight
straw-tube modules. The modules are composed of two staggered layers of 64 drift
tubes each, as shown in Figure 3.14. The drift-tubes have an inner diameter of
4.9 mm and are filled by a mixture of Argon (70%) and CO, (30%), chosen in
order to guarantee a fast drift time (below 50 ns) and a sufficient drift-coordinate
resolution (200 pm). The total active area of a OT station is 5971 x 4850 mm?.

The trajectories of the charged particles traversing the tracking system are recon-
structed from hits in the VELO, TT, IT and OT detectors. This is very important
to identify the signatures of the decays. The average tracking efficiency is above

96% in the momentum range 5 GeV/c < p < 200 GeV/c and in the pseudorapidity
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Figure 3.14: Cross section of a straw-tubes module of OT [44].

range 2 < 1 < 5, which covers the phase space of LHCb [56].

More information about the tracking stations can be found in [44], [57] and [58].

3.2.5 RICH

Particle identification (PID) is a fundamental requirement for LHCb. To this
purpose, LHCb has two RICH (Ring Imaging CHerenkov) detectors, mainly respon-
sible for separating kaons from pions. The RICH is a detector which uses Cherenkov
radiation, emitted when a particle traverses a medium, called radiator, with speed
higher than speed of light in that medium. This radiation is emitted with a char-
acteristic angle (6.) which depends on the speed of the particle. Measuring its
momentum, it is possible to determine its mass. The radiator is chosen to provide
a good distinction between particles in a given momentum range. The LHCb has
two RICH detectors with different radiators to cover the full momentum range (see
Figure 3.15).

The RICH 1 detector is located upstream of the LHCb dipole magnet, between
the VELO and the TT. It identifies charged particles in the low momentum range
(from 1 to 60 GeV/c, approximately), using as radiators aerogel and fluorobutane
(C4Fyp) covering a wide acceptance: from + 25 mrad to £ 300 mrad, in the hori-
zontal, and from + 25 mrad to £+ 250 mrad, in the vertical direction. A scheme, a

3D model and a photo of the RICH 1 detector are shown in Figure 3.16.
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Figure 3.15: Cherenkov angle versus particle momentum for the RICH radiators [44].

Figure 3.16: (a) Side view schematic layout of the RICH 1 detector. (b) Cut-away
3D model of the RICH 1 detector, shown attached by its gas-tight seal to the VELO
tank. (c) Photo of the RICH1 gas enclosure containing the flat and spherical mirrors.
Note that in (a) and (b) the interaction point is on the left, while in (c¢) is on the
right [44].

The RICH 2 detector is located downstream of the magnet, between the last
tracking station (T3) an the first muon station (M1)2. It contains a CF, gas radiator,
providing PID in the high momentum range from approximately 15 to 100 GeV/c
and has a limited acceptance from 4+ 15 mrad to + 120 mrad, in the horizontal, and

from £+ 15 mrad to + 100 mrad, in the vertical direction, covering the region where

the high momentum particles are produced. Two schematic layouts and a picture

2The muon system will be described in Section 3.2.7.
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of the RICH 2 are shown in Figure 3.17.

Figure 3.17: (a) Top view schematic of the RICH 2 detector. (b) A schematic layout
of the RICH 2 detector. (¢) A photograph of RICH 2 with the entrance window
removed [44].

In both RICH detectors the focusing of the Cherenkov light is accomplished
using a combination of spherical and flat mirrors to reflect the image out of the
spectrometer acceptance. Hybrid Photon Detectors (HPD) are used to detect the
Cherenkov photons in the wavelenght range 200-600 nm. The pixel-HPD is shown

in Figure 3.18.
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Figure 3.18: A schematic (left) and a photograph (right) of the pixel-HPD [44].

The Cherenkov angle information must be combined with the momentum mea-

sured by the tracking system to determine the particle species for each track [59].
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An overall event log-likelihood algorithm is employed, where all tracks in the event
and in both RICH detectors are considered simultaneously. At the starting point,
all particles are assumed to be pions, since they are the most abundant particles
in pp collisions. Then, for each track in turn, the mass hypothesis is changed to
electron, muon, kaon and proton. The one which gives the largest increase in the
event likelihood is set as preferred value of the mass hypothesis for that track. The
differences in the log-likelihood values Alog £ are the final results of the particle
identification. They give for each track the change in overall event log-likelihood
when that track is changed from pion hypothesis to each of the electron, muon,
kaon and proton hypotheses. These values are then used to identify particle types.
In the decays of this analysis, there are kaons and pions in the final state then the
difference between kaons and pions A log L(K —) is used in the selection. The kaon
efficiency (kaons identified as kaons) and pion misidentification (pions identified as
kaons), as a function of particle momentum, obtained from imposing two different

requirements on this distribution, are shown in Figure 3.19.
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Figure 3.19: Kaon identification efficiency and pion misidentification rate measured
on data as a function of track momentum. Two different Alog L(K — 7) require-
ments have been imposed on the samples, resulting in the open and filled marker
distributions, respectively [59].

In this analysis, the ProbNN variables are also used. They combine the PID
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information obtained separately from the muon, RICH and calorimeter systems®. It
takes into account correlations between the detector systems. This is carried out
using multivariate techniques, combining PID information from each sub-system
into a single probability value for each particle hypothesis [56]. We use the variable
related to the kaon hypothesis, the ProbNNk.

More information about the RICH detectors can be found in [44] and [60], and

about their performance in [56] and [59].

3.2.6 Calorimeters

The calorimeter system [44,61] has as main purposes to provide values of trans-
verse energy? (F;) for the first trigger level® (LO), and identify electrons, photons
and hadrons, measuring their energy and position. This system is composed by
an electromagnetic (ECAL) and a hadronic (HCAL) calorimeter, a Scintilator Pad
Detector (SPD) and a PreShower (PS). The latter two components were included in
the system to help the electron trigger in the rejection of background due to neutral
and charged pions. PS/SPD, ECAL and HCAL adopt a variable lateral segmenta-
tion, shown in Figure 3.20, since the hit density varies over the calorimeter surface.
ECAL and PS/SPD are divided in three different regions and the HCAL is divided
in two regions. All calorimeters follow the same basic principle: scintillation light is
transmitted to a Photo-Multiplier (PMT) by wavelength-shifting (WLS) fibers.

The SPD and the PS are placed before the ECAL and are separated by a 15 mm
lead converter 2.5 X, thick and have a sensitive area 7.6 m wide and 6.2 m high.
The lead thickness is enough to generate electromagnetic showers but not hadronic
showers. The three regions of the PS and SPD have 3072 cells in the inner sec-
tion, 3584 cells in the middle section and 5376 cells in the outer section, with cell

dimensions 4 x 4, 6 x 6 and 12 x 12 cm?, approximately.

3The muon and calorimeter systems will be described in the following sections.

4The transverse energy corresponds to the energy of the particle multiplied by the sine of the
angle between the velocity of the particle and the beam direction.

5The LHCb trigger will be described in Section 3.2.8.
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Figure 3.20: Lateral segmentation of the SPD/PS and ECAL (left) and the HCAL
(right). Ome quarter of the detector front face is shown. In the left figure the cell
dimensions are given for the ECAL [44].

The ECAL is built from alternating 2 mm thick lead and 4 mm thick scintillator
tiles. It is used in the identification of electrons and photons. The energy resolution
of ECAL is given by: op/E = 10%/VE & 1%, with E in GeV.

The HCAL is a sampling device made of iron and scintillating tiles as absorber
and active material, respectively. The scintillation tiles orientation runs parallel to
the beam axis and, in the lateral direction, the tiles are interspersed with 1 ¢m iron.
It measures the energy and helps in the identification of hadrons. The HCAL has
an energy resolution given by: o5 /E = 69%/vVE @® 9%, with E in GeV.

3.2.7 Muon System

The selection and identification of muons are fundamental requirements of the
LHCb experiment. Muons are present in the final states of many CP-sensitive B
decays and of rare B and D decays that have the potential to reveal new physics.
They also help in the tag of the initial state flavour of the accompanying neutral B
mesons in CP asymmetry and oscillation measurements.

The LHCb muon system is composed of five stations (M1-M5), shown in Figure
3.21. The first station M1 is placed in front of the calorimeters and is used to improve
the pr measurement in the trigger. Stations M2 to M5 are placed downstream the

calorimeters and are interleaved with iron absorbers 80 cm thick to select penetrating
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muons. The muon stations are the last detectors of LHCb and ideally should be

only traversed by muons®.
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Figure 3.21: Side view of the muon system [44].

Each muon station is divided into four regions, R1 to R4, as shown in Figure
3.22. Multi Wire Proportional Chambers (MWPC) are used for all regions except
the inner region of station M1 where the expected particle rate exceeds safety limits
for ageing. In this regions, triple-GEM (Gas Electron Multiplier) detectors are used.

The MWPC are filled with a gas mixture of Ar (40%), CO5 (55%) and CF4 (5%)
in layers 5 mm thick with a wire plane of gold-plated tungsten 30 pm diameter,
with 2 mm spacing between them. The triple GEM detectors consist of three gas
electron multiplier (GEM) foils sandwiched between anode and cathode planes and
are filled with a gas mixture of Ar (45%), COy (15%) and CF, (40%).

The first step in the muon identification strategy is a binary selection of can-
didates based on the penetration of the tracks through the calorimeters and iron

filters, called isMuon. This selection is defined according to the number of stations

6Neutrinos are also passing by but they are not detected.
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Figure 3.22: Front view of a quadrant of a muon station. Each rectangle represents
one chamber. Each station contains 276 chambers [44].

where a hit is found within a field of interest defined along the track extrapolation.
The number of stations required to have a muon signal is a function of the track
momentum (p), as shown in Table 3.1 [62]. This selection is used in the analysis pre-
sented in this work to reduce the background contribution from decays with muons
in their final state. For particles with pr above 1.7 GeV/c, the efficiency is above

97% in the whole momentum range, from 3 GeV/c to 100 GeV/e. The pion and

kaon misidentification probabilities are within 0.2-5.6% and 0.6-4.5%, respectively.

Table 3.1: Muon stations required to trigger the isMuon decision as a function of
momentum range [62].

Momentum range Muon stations
3 GeV/e <p< 6 GeV/e M2 and M3
6 GeV/e <p <10 GeV/e M2 and M3 and (M4 or M5)
p> 10 GeV/e M2 and M3 and M4 and M5

More information about the muon system can be found in [44] and [63], and

about the performance of muon identification in [62].
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3.2.8 Trigger

A large amount of data is generated by the pp collisions at the LHC and it is
not possible to store all the generated data. The role of the trigger is to enrich
the sample we are able to store with events which are interesting for the physics
analyses. With a luminosity of 2 x 1032 ecm™2s7!, the frequency of beam crossing
with visible interactions” in the LHCb is about 10 MHz. This rate must be reduced
to appoximately 2 kHz, rate at which the data are stored to be analyzed.

The trigger [44,64] is the system responsible for the selection of interesting events.
The LHCb trigger is divided in two levels: L0 (Level 0 Trigger) and HLT (High Level
Trigger), the latter subdivided in two stages: HLT1 and HLT2. The first level trigger
is implemented in hardware and, the second, in software.

The L0 must reduce the data flow from 40 MHz® to 1 MHz by selecting hadrons,
electrons and photons with high F; in the calorimeters and muons with high p, in
the muon system, characteristic of the decay products of b- or c-hadrons due to their
large mass. The L0 also uses information from the pile-up system. The information
from different subdetectors are collected by the LO Decision Unit (LODU) where the
event is accepted or not.

The HLT must reduce the data flow from 1 MHz to about 2 kHz. It consists of a
C++ application which runs on every CPU of the Event Filter Farm (EFF). It has
access to all data in one event. The HLT1 performs a partial reconstruction of the
physical properties of the particles using, besides the information from calorimeters
and muon system, the information from the VELO and the tracking system, and
confirms the LO decision reducing the data flow to approximately 30 kHz. The
HLT?2 performs a full reconstruction of the event and executes a number of selection
algorithms (called lines) which are sets of selection criteria used to identify exclusive

or inclusive decays or signatures, reducing the data flow to about 2 kHz. The events

7 An interaction is defined to be visible if it produces at least two charged particles with sufficient
hits in the VELO and T1-T3 to allow them to be reconstructible.
8Corresponding to the beam crossing rate at the LHC.
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selected by any of the lines are stored and it is possible to know if the candidate
was selected by a certain line (TOS — Trigger On Signal), i.e., if it fulfilled the
requirements of that line, or independent of it (TIS — Trigger Independent of the
Signal), i.e., accepted by other lines or by being in the same event as a selected
candidate. There are some dedicated lines used for this analysis. Details about the
track reconstruction and requirements applied in the High Level Trigger are given
in [65].
A scheme of the LHCD trigger is shown in Figure 3.23.
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Figure 3.23: Scheme of the LHCb trigger [44].

3.2.9 Dataflow and Software

The events selected by the trigger are recorded as RAW data. The simulated
data are recorded in a similar format containing, besides the hit information, extra
“truth” information. The RAW data are reconstructed to provide physical quantities
from the detector information. The event reconstruction results in the generation
of new data, the Data Summary “Tape” (DST). Calibration and alignment data
are used in the reconstruction. In the reconstructed data a set of pre-selection

algorithms is applied, designed to select particular channels of interest. This is
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called Stripping, and is a first step in the analysis process [66]. The output data
are grouped by physical related processes in the so called streams. For this work,
the CHARM stream is used as the starting point for the candidate selection. A

schematic of the logical dataflow” can be seen in Figure 3.24.
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Figure 3.24: The LHCb computing logical dataflow model [67].

The LHCD collaboration has several applications used in the different steps of
data processing and simulation. These applications are based on the Gaudi software
framework.

The Gauss application [68] is used for the generation of simulated data, including
the simulation of pp collisions, the decay of the particles and interaction with detec-
tors. It uses some external packages. For the simulation of the pp colisions, it uses
PYTHIA [69,70] and, for the description of the decays of the particles generated in
the collision, EVTGEN [71] is used. The simulation of the physics processes in the
interaction of the generated particles with the LHCb detector uses the GEANT4
toolkit [72,73].

9A Level-1(L1) trigger was included in the original project of the LHCb trigger but is not
included in its current version.
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Boole is the digitization application, the final stage of the LHCb detector simu-
lation [66]. It applies the detector response to the hits generated by Gauss.

The Moore application is the software of the LHCb trigger, used for the imple-
mentation of the HLT algorithms.

Brunel is the reconstruction application. It uses the information from the LHCb
subdetectors to reconstruct the event, including tracking and particle identification.

The DaVinci application is the analysis framework. It allows vertex reconstruc-
tion and selection of events from the reconstructed data. The selected events with
their related parameters of interest can be recorded for further analysis.

These applications and dataflow are illustrated in Figure 3.25.

Event model / Physics event model

Description Database

Simulation Digitization
Gauss Boole

MC truth

Reconstructiol
Brunel

Analysis
Objects

Figure 3.25: The LHCb data processing applications and data flow. Underlying all
of the applications is the Gaudi framework and the event model describes the data
expected. The arrows represent input/output data [66].
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Chapter 4

Data Sample and Selection

The first step of any high energy physics analysis is the selection of the relevant
decays among all the collected data. For the AAcp measurement presented in this
thesis, D™ — K- K*n", Dt — 7o ntnt, Df — K K*nt and D} — o ntnt
decays are selected, the latter two to be used as control modes. In this chapter, the
characteristics of the data and Monte Carlo (MC) simulated samples are given and

the selection of the decays is described.

4.1 Data and Monte Carlo samples

The analysis is performed using the data collected in pp collisions at /s = 7 TeV
and /s = 8 TeV by LHCb in 2011 and 2012, respectively, which in total corre-
spond to 3.0 fb~! of integrated luminosity. The versions of the data reconstruction
algorithm and analysis software used are Recol14 and DaVinci v34rl, respectively.
For 2012, the CHARM data set is selected by Stripping20 which corresponds to
2.0 fb~! of integrated luminosity, divided in 1.000 £ 0.012 fb=!, taken with magnet
polarity directed towards the positive y axis (MagUp), and 0.988 +0.012 fb~!, with
magnet polarity directed towards the negative y axis (MagDown). For 2011, the
CHARM data set is selected by Stripping20r1 that corresponds to an integrated
luminosity of 1.0 fb™, divided in 0.42224:0.0011 fb~! and 0.563640.0013 fb~!, with

magnet polarity directed towards the positive and negative y axis, respectively.
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The MC simulated data are used to guide the selection criteria and to validate
the mass probability density function (PDF) used in the fits to data. Fully simulated
samples, centrally generated by the LHCb production team, are used. Events are
generated with a flat distribution over the phase space, with Gauss v45r3, using
MC12 configuration (Recol4a, Digil3, Nu2.5-Pythia8, Trig0x409f0045) and DaVinci
v34rl. In order to generate large signal MC samples, the cuts shown in Table 4.1

are applied at generator level and a trigger filter (explained in section 4.2.1) is used.

Table 4.1: Cuts applied at generator level.

variable cut
D(t) p> 14.0 GeV/e
D, pr > 2.1 GeV/e

cach daughter p > 2.0 GeV/e
each daughter pr > 0.25 GeV/c

4.2 Selection

The DT and D mesons have lifetimes of (1.040+0.007) ps and (0.50040.007) ps
[29], respectively, and travel a distance of the order of a centimeter in average,
before decaying. Thus, the D(*;) are not directly detected in the experiment and
it is necessary to reconstruct them from the kaons and pions produced in their
decay. The kaons and pions are identified using the PID variables defined in Section
3.2.5. To select the D(J;),

are combined three by three and the candidates are selected exploiting the specific

the trajectories of all reconstructed particles in the event

features of the decays of interest which discriminate them from the background.
We are looking for a decay into three charged particles whose trajectories form

a secondary vertex (the D(J;) decay vertex) away from the primary vertex (PV), or

collision point. Two variables help to recognize this pattern: the impact parameter

(IP) and the flight distance (FD). The impact parameter is the smallest distance
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between the projected trajectory of the particle and the primary vertex, as illustrated
in Figure 4.1(a). The flight distance is the distance traveled by the particle before
decaying (distance between the primary and secondary vertices). Their chi squares
(X}, X%p) can have even higher discriminating power. They are defined as the
difference in the IP (FD) with respect to the PV reconstructed with and without
this particle. Good quality tracks are required by cutting on the x?/DOF of the track
fit. The reconstructed mass of the D(t) meson and the momenta of the particles also
play an important role in the selection. Among the variables used for the selection,
we also rely on the Distance of Closest Approach (DOCA) between two tracks and
the cosine of the angle 6 between the reconstructed D(J;) momentum and the vector

connecting the PV to the reconstructed D(t) decay vertex (DIRA). This angle is

typically low and its cosine close to 1 (see Figure 4.1(b)) [74].

Beam

Beam

(a) (b)

Figure 4.1: Tllustration of some variables used in selection: (a) Impact Parameter
(IP) representation (of the K ~); (b) Representation of the 6 angle, used to calculate
DIRA, shown in red [74].

4.2.1 Trigger Selection

Both Dt and D} candidates are required to trigger the dedicated H1t1TrackA11LO
and H1t2CharmHadD2HHH lines (HLT1 and HLT2 TOS). The biggest part of our data

was taken with the requirements summarized in this section.
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The single displaced-track line H1t1TrackA11LO0 starts with a fast reconstruction
of pp primary interaction vertices (PVs) and charged particle tracks. It is a simple se-
lection based on the properties of one of these reconstructed tracks. H1t1TrackA11L0
accepts events selected by any L0 line with at least one track that satisfies a number
of track quality criteria, that is displaced from every reconstructed PV in the event
and has a relatively large estimated pr [75]. The cuts of H1t1TrackA11LO line are
summarized in Table 4.2.

Table 4.2: Track requirements and global event cuts used in the H1t1TrackA11LO line.
The numbers in brackets correspond to 2012 cuts, when they are different from the ones
used in 2011.

Number of VELO hits/Track >9
Number of missed VELO hits/Track <3
Track IP > 0.1 mm
Number of OT + IT x hits/track > 16
Track x?/ndf <25
Track momentum P > 10GeV/c
Track transverse momentum py > 1.7 (> 1.6) GeV/c
Track xip > 16
Number of IT hits < 3000
Number of OT hits < 15000
Number of VELO hits < 3000(6000)

LO_ Decision_Physics

The H1t2CharmHadD2HHH line selects 3-body decays of D™ and D} mesons. In
2011, the standard reconstruction of tracks in HLT2 required any track to have pr >
500 MeV/c and p > 5000 MeV/c?. The efficiency of these criteria varies a factor of ~7
over the 3-body phase space, in particular in the edges of the kinematic limits of the
Dalitz plot (DP). In order to avoid that, the algorithm of the H1t2CharmHadD2HHH
line was processed in two steps. The central idea was to form a 2-body object from
the list of standard HLT?2 tracks, apply certain requirements on it and then, when
afforded by the lower rate, form the 3-body candidate by adding a third track. This

track could come from the standard HLT?2 track list but also from a list of low-pr
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tracks, that were reconstructed in a “second-loop” step to recover lost tracks in
HLT2. By doing that, the efficiency variation across the DP is reduced to a factor
~2. The requirements on both stages are shown in Table 4.3. In 2012, it was already
possible to reconstruct tracks with lower pr and this trigger stage could be defined
in one step with the selection criteria presented in Table 4.4.

Concerning the hardware trigger, our samples consist of candidates selected
either by a D_LOHadron_TOS decision or by a combination of specific TIS deci-
sions (D_LOHadron TIS||[D_LOMuon TIS||D_LOElectron TIS||D_-LOPhoton TIS, hence-
forth called LOTIS), which account for the great majority of the data stored. Af-
ter the HLT1, HLT2 and stripping requirements, about 30% of our candidates are
LOHadron TO0S, with a small variation among the four signal samples. The remain-
ing candidates are selected through the LOTIS requirement. The LOHadron trigger
requires at least one Ep deposit in a 2x2 set of cells in the calorimeter with a min-
imum energy of 3.5 GeV in 2011 (3.62 GeV in 2012) and a total number of SPD
hits smaller than 600 [76]. By adding the TIS candidates to the sample, the statis-
tical significance is improved for all the signal and control modes by about 50% in

average.

4.2.2 Stripping Selection

Data events are selected using the exclusive stripping lines D2hhh PPPLine and

D2hhh KKPLine, with the Stripping20(r1) definitions listed in Table 4.5%.

Since standard DJ; particles are used as input to the stripping, some cuts in this table are
actually applied at the level of the standard particle selection.



43

Table 4.3: Selection criteria for HLT2CharmHadD2HHH on 2-body (first stage) and 3-body

(second stage) combinations (2011 data).

Cuts 2Body 3Body
GEC Newarre < 110 -
pr (MeV/c) > 500 250
p (MeV/e) > 5000 2000
Spr (MeV/e) > 2000 2500
Py2> 10 5
track x? < 3 3
FD (mm) > 3 -
FD x? > 40 150
min DOCA (mm) < 0.1 0.08
Vertex x? < — 20
Dy < 15
MCor (MeV/c?) < 3500 3500
Invariant mass (MeV /c?) — 1800-2040

TOS in H1t1A11LO0Track or Hl1t1TrackMuon

Table 4.4: Selection criteria for HLT2CharmHadD2HHH in 2012.

Cuts

Value

GEC NFwdT'rk <

pr (MeV/e) >
p (MeV/c
> pr (MeV/e
IP x
track X
D (mm
FD x
min DOCA (mm
Vertex X

D XIP

) >
:
")
")

Invariant mass (MeV/c

>
>
<
>
>
<
<
<

?)

180
300
3000
2800
6
3
3
175
0.08
20
12
1800-2040

TOS in any H1t1Track Line




Table 4.5: Stripping20 definition of the exclusive lines.

Daughter cuts

Track x?/DOF <5
Transverse momentum (p;) > 250 MeV/c
Momentum > 2000 MeV/c
x? of Impact Parameter wrt PV > 4
Alog L(K — ) for kaons > 7
Alog L(K — ) for pions <3
Combination cuts
S > 2800
x* of Impact Parameter > 10 (at least two tracks)
Mother cuts
Track vertex y?/DOF <10
Transverse momentum (p;) > 1000
Invariant mass 1800 MeV /c¢® < mp < 2040 MeV /c?
x? of Flight Distance > 125
x? of Impact Parameter < 12

DIRA > 0.98

44
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4.2.3 Offline Selection

The Dz;) candidates used in this analysis must satisfy the trigger and stripping
requirements described in the previous section. The invariant mass distributions
of the candidates selected by the stripping and trigger stages in 2012 and 2011 are
shown in Figures 4.2 and 4.3, respectively. The black dashed line shows the candi-
dates passing any trigger line while the blue and red solid lines show the candidates
passing the LOTOS || LOTIS and the LOTIS requirements, respectively, as defined
in the previous section. For these two latter distributions, the candidates are also
required to trigger the dedicated H1t1TrackA11LO and H1t2CharmHadD2HHH lines.
Purities are of the order of 77% (40%), for candidates passing any trigger line,
and of the order of 88% (60%), for candidates passing LOTIS requirements, for the
D{y — K K*r* (D, — n n*r") sample. Due to the differences between the
behaviour of the individual raw asymmetries in the control and signal samples (see
Appendix A), it was decided to use only the LOTIS sample for this analysis. With
this requirement, the statistical precision of the combined MagUp+MagDown AAcp
result increases by 16%, but we expect to have a better control of the systematic
uncertainties. From this point on, all the plots, numbers and results are shown for
the LOTIS selected samples.

An additional set of offline selection criteria is defined in order to reduce the
contribution of specific backgrounds to each channel. In addition, some kinematic
cuts are defined to remove candidates which populate regions of the phase space with
high asymmetry induced by instrumental sources. Whenever possible, equivalent
cuts are applied to the K K7 and mw candidates, in both signal and control samples,
in order to ensure an optimal cancellation of instrumental asymmetries and a good

control of them.
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Figure 4.2: Invariant mass distributions for candidates from Stripping20 (2012 data).
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Figure 4.3: Invariant mass distributions for candidates from Stripping20rl (2011
Data).

4.2.3.1 Fiducial cuts

Low momentum tracks may be driven away from or to the detector acceptance
by the magnetic field, depending on their electric charge, what may induce a charge
asymmetry. The control channels are used to study this effect. More specifically, the
distribution of the raw asymmetry in the p, X p, plane is plotted for each daughter
and a cut is defined to exclude regions with high asymmetry. Candidates with any
of the daughters (p,, p.) in the regions defined by these cuts are then rejected from
our samples.

The distributions of the raw asymmetry in the daughters p, X p, planes for

Df - K-K*nt (D} — n ntn™) are shown in Figure 4.4 (4.5). The left most
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plots show the raw asymmetry as a function of the K~ (77) (p,, p.), the middle plots,
as a function of the K (7") (p., p.), and the ones on the right, of the bachelor pion
(ps, p.). The plots on the top are obtained with the MagUp sample, while the ones
in the bottom correspond to the MagDown sample.

To eliminate the regions with high asymmetry, the cut illustrated by the black
line (p, > 3.3 * |p,| + 2500) is applied. Studies comparing how the AAcp changes
when these fiducial cuts are applied are presented in Appendix E.

10°
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Figure 4.4: Asymmetries for D} — K~ K*znt (MagUp — top plots — and Mag-
Down — bottom plots) with respect to the distribution of p, X p, for the daughters.
The black line indicates the cut chosen: p, > 3.3 * [p,| + 2500.

It is also known that the presence of the beam pipe causes a left-right asymmetry
for low momentum tracks. Rightward-moving tracks are swept back to the left and
reach the beam pipe instead of a T-station. This affects tracks with p,/p. close to
zero. To handle this effect we include the cut used in the LHCb measurement of the
AAcp of D° — K~ KT n~nt analysis [77], given by p1 — Bip. < |pz| < p2 + Bop-,
where p; = 418 MeV/c, py = 497 MeV/c, 1 = 0.01397, 5> = 0.01605 and p, and
p. are the r and z momentum components of the bachelor pion. This cut is only
applied to candidates with |p,/p.| < 0.02 and is illustrated in the asymmetries of the
control channels with respect to the distributions of p,(7") X p,(7") of the bachelor

pions, shown in Figure 4.6.
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Figure 4.5: Asymmetries for DY — 7~ 77t (MagUp — top plots — and MagDown
— bottom plots) with respect to the distribution of p, x p, for the daughters. The
black line indicates the cut chosen: p, > 3.3 x |p,| + 2500.
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Figure 4.6: Asymmetries for control channels with respect to p,(71) x p,(7) distri-
bution for bachelor pions with |p,/p.| < 0.02. The black lines show the cut applied
to remove the asymmetry due to tracks traversing the beam pipe.
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Figure 4.7 shows the number of candidates for the control channels with respect
to pu (") X p.(n") distribution for bachelor pions with |p,/p.| < 0.02. It can be

seen that this is a region of low statistics and this cut has high efficiency.

KKr T

e ik X
90 100 80 90 100
p3_PZ(MeV/c) p3_PZ(MeVic)

0 90 100 0 90 100
p3_PZ(MeV/c) p3_PZ(MeVic)

Figure 4.7: Number of candidates for the control channels with respect to p,(7n1) x
p.(m) distribution for bachelor pions with [p,/p.| < 0.02. The black lines show the
cut applied to remove the asymmetry due to tracks traversing the beam pipe.

4.2.3.2 Removal of specific background contributions

One of the purposes of the offline selection is to reduce some specific contributions
of the background to a negligible level. To suppress the contribution from D(’;) can-
didates originating from b-hadron decays, a D™ x% < 8 cut is applied. Semileptonic
decays (DT — wtm~pTv, for instance) are rejected by a muon veto? (isMuon=0)

for all daughters. Backgrounds from fully or partially reconstructed D** decays are

reduced by requiring the 7 of lowest pr to satisfy x% > 30. The effect of this cut

2The isMuon variable is defined according to the number of hits a particle leaves when trasvers-
ing the muon stations (M1-M5), as explained in Section 3.2.7.
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is illustrated with D** — D%(— 77~ )7 " decays reconstructed as D* — = r 7,
as shown in Figure 4.8. In this plot, the difference m r — Mmrr — m, is shown for
D(t,) — 7w 7wtnt candidates passing the stripping and trigger cuts (with m,., in
the interval [1800,2040] MeV/c?). A clear peak close to zero shows the contribution

from the D** — D°(— 7Tn~)r" background, which is almost fully removed after

the x% cut.

8 o000 R
% 8000 ;— — beforeipchi2 cut —z
& /000 — afteripchizcut 3
© 6000 E
5000 3
4000F- 3
3000F 3
2000F 3
1000F- =
0 E m

0 0.01 0.02 0.03
My My M(GEV/C)

Figure 4.8: Distribution of the mass difference mr — M r — m, for candidates
passing stripping and trigger requirements in the D™ — 7~ 77" data sample. A
clear peak due to D* — DY(— 7m)7 decays is observed (blue line) and removed by
a x%p >30 (for 7T of lowest pr) cut (red line).

An important background is the DT — K~ 7ntn™ feedthrough, a contamination

+

that arises due to the misidentification of only one daughter (a 7% misidentified as

a kaon for Dz;) — K~K*trnt or a K~ misidentified as a 7~ in Dz;

Tight PID cuts are chosen to handle this background in both D(t) — K~ K*nt and

D(J;) — 7Tt samples. For the D(J;) — K~ K*7t, the same PID cut is applied to

y =)

both kaons, in order to avoid asymmetries arising from different PID cuts, ensuring
a cancellation between the D(J;) and D(_s) candidates.

The performance of the two available PID variables in rejecting the DT —
K~7nt7" contamination was checked for both decays. ProbNNk is more efficient
in the high momentum range, whereas Alog L(K — m) has better efficiency at

low momentum. We found that the Alog £(K — ) variable is more efficient for
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the D(J;) — K~ K*7n", where the kaons have typically low momentum. For the
D(J;) — w7t ProbNNk is more efficient, since most of the K — 7 misID occurs
at higher momentum.

The performance of the two PID variables for the D(J;) — K~ K*rt is illustrated
in Figure 4.9. In the left panel, the pion mass is assigned to the K daughter from
the Dz;) — K~ K7t candidates, whose mgg, distribution is shown in the right
plot. In black, all candidates passing stripping and trigger cuts are shown, while
in red (blue), only candidates satisfying Alog L(K — 7) > 15 (ProbNNk > 0.7)
are shown. It is important to note that, for all kaon candidates, a stripping cut
Alog L(K — m) > 7 is already applied. It is clear that the Alog L(K — 7) >15 is
more efficient, while providing a quite similar Dt — K~ 7tx rejection power.

Similar plots are shown in Fig. 4.10, for the Dz;) — w7 xtrt. On the left
plot, the kaon mass is assigned to the 7~ daughter of D(t,) — -t candidates.
The 7~ 7n"xt invariant mass distribution is shown in the right side. The green
and red lines show the distributions for Alog L(K — 7) < —2 and ProbNNk <
0.08, respectively (there is a Alog L(K — w) < 3 stripping cut already applied to
all daughters). The pions from D} — n~7nt7nt are, therefore, required to satisfy
a ProbNNk < 0.08 cut, which reduces the DT — K-wtnt contamination to a
negligible level. Since the bachelor pion for this final state is randomly chosen,
the same PID cut is applied for all three daughters. In order to ensure that any
asymmetry arising from this requirement is canceled between the Dz;) — K K*rt
and D(t) — Tt samples, the same cut on the pion ID is applied to the pion
from the Dz;) — K~ K*7" candidates. By using the same PID cuts for daughters
from the D} and D% decays, we are confident that the D decays provide a good
control of the instrumental asymmetries in the Dt channel.

Due to a proton to kaon misidentification, the A} — K~ prt decay appears as

a contamination to the K~ K*7* sample. To deal with this contribution, a mass



52

3 — no PID cuts
: e : L = o e T
. i . — PIDK>15
80000: —— no PID cuts 3 E
= E 600 —— ProbNNk>0.7
70000 —— PIDK>15 3 F rObRINK
= —_— >| | C |
60000F ProbNNk>0.7 3 500 =
50000~ E 2001 =
40000 3 £ 3]
= 3 300— -
30000 - E E
= 3 200— —
20000 = E 3]
10000 3 100~ E
= I IR I P B e 3 E S, I N —
D8h 185 186 187 186 189 19 Lol 102 193 194 1300 1820 1840 1860 1880 1900 1920 1040 1960 1980 2000 2020 2040
mym(Gevic?) My (MeVic?)

Figure 4.9: Comparison between the performance of ProbNNk and Alog L(K — )
for the rejection of Dt — K~ 7ntxt decays in the D?;) — K~ K*xt sample. The
mass distribution shown in the left (right) side is plotted for Df — K- K*n™
candidates, assigning the pion (kaon) mass to the Kt daughter. The red and blue
lines are used to show the mass distributions with A log £(K —m) > 15 and ProbNNk
> (.7 cuts applied to both kaon candidates, respectively.
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Figure 4.10: Comparison between ProbNNk and Alog £L(K — m) performances for
the rejection of DT — K~ 7tx™ decays in the D(J;) — 7wt data sample. The
invariant mass mg,, is built by assigning the kaon mass to the 7~ candidates (left).
The distribution of the m,,, for the same candidates is shown in the right plot.

In green and red, the same distributions are shown for candidates passing the cuts
Alog LK — 7) <—2 and ProbNNK < 0.08, respectively.

veto was found to be more efficient than a PID cut. This invariant mass veto
(|mxpr — 2288.5 MeV/c?| > 12 MeV/c?) is illustrated in Figure 4.11.
In the 7~ 77" sample, there is also a DT — K37" contamination, where the

K? decays to 7~7". PID cuts here are of no help. To remove this contribution, a
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Figure 4.11: Distribution of mg,, (assigning the proton mass to the K+ daugh-
ter), for Dé) — K~ K*7n" candidates. The cut applied to reject the A, — Kpm
contribution is illustrated in red.

cut is applied to the 7#~7" invariant mass of lowest value between the two possible
7~ " combinations, as shown in Figure 4.12. For each candidate in the signal D" —
n-r Tt region, (M., within the interval [1850, 1890] MeV/c?), the 7~ is combined
with the two 77 and the invariant mass m -+ of lowest value is plotted, showing
a peak on the K mass. Since this distribution also contains random K? combined
with an extra 7", it is subtracted from the same distribution for candidates in the
signal sidebands (.., within the interval [1820, 1840] or [1900, 1920] MeV/c?). The

veto is defined as |m -+ (low) — 0.497 GeV/c?| > 0.012 GeV/c>.
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Figure 4.12: Distribution of minimum m,- .+, for candidates with invariant mass
Mo in the signal range, subtracted from the background in the sidebands. The
red line shows the cut applied to reject the Kg contribution.
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After all the above cuts, there is still a small background contribution from the
combination of a D° — =7t or a D — K~ KT with a 7" to the D(t,) — ottt
and D(J;) — K~ K*xt samples, respectively. The invariant mass distributions of the
7-nt and K~ K™* are shown in Fig. 4.13, in the region close to the D° mass. For
D(*;) — -t rt candidates the 7~ is combined with the two 7. The combination
with the higher invariant mass is plotted. A cut on the 2-body invariant mass
(mKx, Mar less than 1.85 GeV/c?), removes completely this background keeping

essentially 100% of the signal candidates.
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Figure 4.13: Two-body invariant masses mq—r+ (D — 7 7"7" sample) on the

left and mpg— g+ (D(t,) — K~ K*7t sample) on the right.

Specific background contributions remaining in the samples after the selection
criteria presented above, in particular partially or fully reconstructed charm decays
that could require the inclusion of a specific model in the mass PDF, are studied
using full LHCb MC samples. Examples of such decays besides those already men-
tioned in the previous section are D} — n/zn™ with ' — 777~ v, Df — ¢nt7® with
¢ — K Kt , DY - K-ntnt7°% etc. The expected yield for each studied chan-
nel was estimated using the ratio of efficiencies, branching ratios and cross-sections
with respect to the signal decay and the PID variables from the MC. The most
important contributions are shown together with the final 2012 data distributions

in Figures 4.14 and 4.15. As can be seen from these figures, after applying cuts for
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removing feedthrough from other charm decays, the remaining background is essen-
tially due to combinatorics. The D} — n'm decay is the most important specific
contribution to the 7~7 "7t spectrum, in particular in the D™ mass range, while
Dt — K~ 7ntxt is the most important contamination to the K~ K7™ spectrum.
They represent, however, a small fraction of the signal yields for 7~7n 7t (K~ K7 ™)
in the fit range with a smooth shape that can be safely incorporated to the combi-
natorial background. The DF — n/m decay corresponds to about 8% of the signal
in the DT — 777" and less than 1% of the signal in the D} — 7~ 7t7*. The
DT — K~ nn" decay corresponds to about 1.4% of the signal in D} — K~ K*n™.
The sum of all these remaining specific contributions to the background shown
in Figures 4.14 and 4.15 account for approximatelly 0.5%, 1.4%, 9.6% and 1.1%
of the signal yields of D¥ — K-K*nt, Df - K-K*n*, Dt — 7-n"x" and
Df — 777", respectively.

Further improvements in the statistical significance of the D™ — 7~ 777 yield,
which dominates the statistical uncertainty of the AAcp measurement, are at-
tempted using both a multivariate analysis and linear cuts on the usual track/vertex
quality, pointing and detachment variables, but no significant improvement is found.
The full set of cuts applied in the offline selection is listed in Table 4.6 with the rela-
tive efficiencies with respect to the previous cut. The final signal yields are approxi-
mately 5.2x10¢ DT — 7=nt7rT, 5.1x10% Df — 7= nt, 11x10° DT — K- K*tn*
and 13x10° Df — K~ K*7" for 2012. For the 2011 data set, approximately 1.5x10°
Dt — n7rtat, 1.5x10° D} — 7= nnt, 3.5x10° D* — K~ KTnt and 4.2x10°

Df — K~ K*n" are observed.
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Figure 4.14: D™ — 777" (top) and D — 7~ 7tnt (bottom) mass distributions
for the 2012 data sample, with signal and background MC distributions superim-
posed, in linear (left) and logarithmic (right) scales after all the selection criteria.

Table 4.6: Summary of cuts applied in the offline selection. The total efficiency is
given with respect to the stripping selection, for the candidates selected by LOTIS,
H1t1TrackA11LO and H1t2CharmHadD2HHH criteria.

Selection

Dt - K- K*tr*t

Efficiencies
Dt - o ntpt

Specific Background Contributions

isMuon = 0 (all daughters in both decays) 94% 94%
ProbNNk < 0.08 (all pions in both decays) 61% 79%
Alog L(K — ) > 15 (kaons of K K) ¢ ¢
D* X% <8 94% 94%
™ X > 30 (for 7" of lowest pr) 95% 91%
[mgcpr — 2288.5 MeV/c?| > 12 MeV/c?* (for KK) 93% -
[Mg—r+ (low) — 0.497 GeV/c?| > 0.012 GeV /c? (for 37) - 95%
M-+ < 1.85 GeV/c? (for KK) 100% -
My -+ (high) < 1.85 GeV/c? (for 3r) . 100%
Fiducial
p: > 3.3 % |py| + 2500 (all tracks)
1.5 <np <5.0and 3 < p <100 GeV/c (all tracks) 93% 89%
Beam pipe veto
Total efficiency 45% 53%
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Figure 4.15: DT — K- K*n" (top) and D} — K~ K*nt (bottom) mass distri-
butions for the 2012 data sample, with signal and background MC distributions
superimposed, in linear (left) and logarithmic (right) scales after all the selection
criteria.
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Chapter 5

Analysis Strategy

After selecting the decays, it is necessary to define the strategy to extract the
asymmetries from data. This strategy is described in this chapter.

In the first section, the formalism relating the observed asymmetry to the physi-
cal one is presented. Control channels where no CPV is expected are used to perform
further tests, as shown in Section 5.2. To not bias the A Acp measurement, this anal-
ysis is performed in a blind way and the actual values of the D' asymmetries are
only known in the final stage of analysis, as explained in Section 5.3. The sample is
divided in kinematic bins and in each of them the observed asymmetry is obtained
from a simultaneous fit to the invariant mass distributions using the model described

in Section 5.4. The kinematic binning is described in Section 5.5.

5.1 Formalism

The charge asymmetry for the decays DT — h~hth'T is defined as

Nt — N~
A= ——— 5.1
N+ + N— (5:1)
where N and N~ are the number of Dt and D~ decays observed.
Equation 5.1 can be rewritten as
Nt 1+ A
S (5.2)

N- 1—-A
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If the asymmetry is small (O(1%)) we can expand it in Taylor series,

2
! 1! x
f(z) = fla)+ fl(a)x + f (a)? + ... (5.3)
Considering z = A and a = 0, we obtain
%:1+2A+2A2+... (5.4)

The number of observed decays is given by
N* = B(D* — h¥h*h'*)eL N5 (5.5)

where B(D* — hFTh*h'®) is the decay branching fraction, 4 is the detection effi-

ciency and le is the number of D* produced in the experiment. Therefore

N*  B(D* = h"hth*)e, N}

_ -* 5.6
N-  B(D- = hth h~)e_ Np (5.6)
and, defining the decay rate asymmetry Ag = gggi:;:ZiZ:R:gEg::ZIZ:Z:; and the

detection and production asymmetries A. and Ap, in analog ways, we have:

1+A  (1+Ag) (1+A) (1+A4p (5.7)
1—-A \1—-Ag/\1-A.) \1- Ap ’

Replacing Eq. 5.7 in Eq. 5.4 and considering only terms up to second order:

1+ 244 2A% ~ (14 2Ap + 24%) (1 + 2A, +2A2)(1 + 2Ap + 243) (5.8)

CP violation leads to a difference in the decay rate between particle and antipar-

ticle therefore we associate Az = Acp. To first order approximation,
Araw >~ AC’P + Aa + AP (59)

The term A. includes the asymmetry induced by any instrumental effect which
leads to a difference in the probability to observe a D — h~h™h/t compared to a
D~ — hth™h'~ decay: selection, trigger, reconstruction, differences in the detection

performance, differences between 7, K+ and 7—, K~ interaction cross sections, etc.
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Assuming that the production asymmetry does not depend on the decay mode
and that the net detection asymmetry is entirely due to the bachelor pion and for

this reason is the same for DT — K~ K*7n" and D™ — 7~ 7" xt, the observable

Ay (D) = AL (KK7) — Apaw () = Acp(KK7) — Acp(mrm) (5.10)

is equivalent to the CP asymmetry difference between the two decay modes AAgp (D).

The major part of the analysis is dedicated to verify that:

e the terms A. and Ap do cancel between the two decay modes;

e second-order effects in the expansion are negligible;

e the background does not produce any residual asymmetry.

5.2 Control channels

The Cabibbo favoured decays DY — K~ K™n" and D} — 7~ 7t are chosen
as control channels for this analysis, since they have the same final states as the
signal modes, with similar topology. In the Standard Model these decays are not
expected to present CP violation (AAcp(DF) =0). If the production and detection
asymmetries cancel between the two final states, the AA,,, (D) = AL (Df —
K Ktr1") — Apaw(DY — 7 77") is null. Although the DY has a higher mass
than the DT and a lifetime which is two times smaller, the measurement of a null
AA,.w (D) provides a good control of the elimination of production and instrumen-
tal asymmetries from the difference AA,.(D") measured with the signal modes.
Since D} and D% samples are of similar size, it can be anticipated that the raw
asymmetries will have comparable statistical uncertainties and sensitivities to in-

strumental effects.
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5.3 Blind analysis

At this stage the analysis is blind, meaning that we do not look at the actual
values of asymmetries for the signal channels in order not to bias the measurement.
Asymmetries are measured either from mass fits to the D} control samples or in-
cluding random unknown offsets to the A,., parameters of the fits to the mass
distributions of the signal DT samples. The RooFit class RooUnblindUniform is
used to insert the offsets, with AcpDB1indKKP as blind string for DT — K~ Knt
and AcpDB1indPPP as blind string for D™ — 7~ 77", These offsets are different for
each mode, but they are common to the MagUp and MagDown data or to any kind
of split samples, so that systematic uncertainties can already be studied without
unblinding the actual value of the asymmetries or of the AAcp. Once the analysis is
approved by the LHCDb collaboration, the fits to the signal samples will be performed

without the offsets.

5.4 Fit model

To obtain the raw asymmetries, a simultaneous maximum likelihood fit to the
binned D(t) and D(_s) reconstructed invariant mass distributions is performed, using

the following probability density function (PDF):

1
t(m) = 1+ A )Nyio P 1+ Apro) Nowo P2 5.11
P (m) 2<N;§g + Nbikg) [( ) gpszg<m> +( bkg) bkgpbkg(m)]7 ( )
where Pjg and 7?5,2 g are the signal and background PDFs, N, and Ny, are the total

numbers of signal and background candidates and A,,, and Ay, are their respective
charge asymmetries.

The nominal signal PDF for D(*;) and D(_S) candidates is defined as a sum of a
Gaussian (G) and a Crystal Ball (CB) function [78] with common most probable

values p + Ap. Their widths are ¢ and o * R,, respectively, where the R, is the
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ratio between the Crystal Ball and Gaussian widths:
Pﬂ:

sig

(m) = faG(m,p £ Ap,0) + (1 — fo)CB(m,u+ Ap,0 % Ryya,n).  (5.12)

The Gaussian is defined as

Gm. -+ A7) = = exp{—m — (£ AP} (513
The Crystal Ball function is given by
OB — N -exp (——[m;(f,‘f;f{??) for —m;(f;f“) > —Oé5 14)
N () ep (Z9) - (B — o) - 2ot ) " gor oA o

where N is a normalization factor given by
1
n 1 |Oé|2 ™ o]
ox* R, [E C =7 - exp <_T) + \/g(l + erf <%)>}

The shift parameter Ay is included to allow differences between the most prob-

N =

able values of the D(J;) and D(_S)

this model, the values of o, R,, n and a are shared between the D' and D~ PDFs

masses. The CB tail parameters are n and «. In

and the signal yields for the D(’;) and D(_s) samples are given by:

N:t o Nsig<1 :l: Araw)

sig 9

. (5.15)

The background PDF, P;,ig, is an exponential function with a shared decay

constant between the candidates reconstructed as D(J;) or D(_S ):
Pig(m) = exp(Tm) (5.16)

The background yields are defined in a way similar to the signal yields:

Nyeg(1£ A
Ni, = b’“"(Q bka) (5.17)
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5.4.1 Fit procedure

The raw asymmetries are obtained from a simultaneous log likelihood fit to the
D(J;) and D(;) binned mass distributions using the PDFs described above. For the
baseline results, the fits to the data are performed with all the PDF parameters
floating. As cross-checks, we also obtain the raw asymmetries fixing some of the
shape parameters of the PDF': fixing R,, fg, a and n, or fixing fs, o and n, or just
« and n to their values obtained from simulation. The 2011 and 2012 data samples
are analyzed independently and these data sets are further subdivided by magnet
polarity (MagUp and MagDown) and according to the kinematic binning, which is

described in the following section. The value of AA,,,, is obtained independently in

these subsamples.

5.4.2 Model validation with MC

To validate the signal PDF, we fit the MC distributions of the four decay
channels (signal and control) candidates which satisfy all the selection criteria and
are matched to the true decay.

The parameters obtained from the mass fit of the MC samples are given in
Table 5.1 and the mass distributions with the PDF fits are shown in Fig. 5.1 and
Fig. 5.2. The signal PDF is fit to the whole sample of MC data available split
by magnet polarity, MagUp and MagDown, with a simultaneous fit to the Dé)
and D(_s) candidate mass distributions. Results are similar for both polarities and
the parameters from the MagDown fit were used in the fit to data, when fixing

parameters.



Table 5.1: Parameters obtained from the mass fit of the MC samples.

Df - - ntwt

Parameter MagUp MagDown
I (1969.400 + 0.033) MeV/c?  (1969.500 + 0.033) MeV/c?
Ap (0.010 £ 0.033) MeV/c? (0.039 £ 0.033) MeV/c?
o (14.03 £ 0.33) MeV/c? (13.83 £ 0.27) MeV/c?
R, 0.5348 £ 0.0091 0.5349 £ 0.0078
fa 0.183 £ 0.016 0.199 + 0.014
o 3.51 £ 0.11 3.521 + 0.036
n 0.011 + 0.082 0.0000 £ 0.0011
Dt - a—ntnt
Parameter MagUp MagDown
I (1870.300 4 0.027) MeV/c?  (1870.300 =4 0.027) MeV/c?
Ap (—0.004 + 0.027) MeV/c? (—0.017 4 0.027) MeV/c?
o (14.06 + 0.30) MeV/c? (13.28 4+ 0.28) MeV/c?
R, 0.5217 £ 0.0086 0.5420 £ 0.0086
fa 0.151 £+ 0.011 0.181 + 0.014
o 3.520 £ 0.080 3.270 £ 0.037
n 0.009 + 0.081 0.221 £ 0.046
Df - K- K*tnt
Parameter MagUp MagDown
0 (1969.300 4 0.027) MeV/c*  (1969.300 + 0.027) MeV/c?
Ap (0.010 £ 0.027) MeV/c? (—0.013 £ 0.027) MeV/c?
o (10.89 £ 0.27) MeV/c? (11.12 + 0.28) MeV/c?
R, 0.4999 £ 0.0098 0.491 + 0.010
fc 0.129 £+ 0.011 0.121 + 0.011
o 3.846 + 0.045 3.887 + 0.055
n 0.000180 £ 0.000015 0.00 £ 0.41
DT - K- K™nt
Parameter MagUp MagDown
0 (1870.200 + 0.021) MeV/c*  (1870.200 £ 0.021) MeV/c?
Ap (—0.003 + 0.021) MeV/c? (—0.009 + 0.021) MeV/c?
o (10.89 £ 0.24) MeV/c? (10.76 £ 0.23) MeV/c?
R, 0.4796 £ 0.0087 0.4836 £ 0.0082
fa 0.1107 £ 0.0085 0.11868 £ 0.00863
o 3.98 + 0.21 3.895 + 0.040

n 0.00 £ 0.10 0.0000785 £ 0.0000062
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Figure 5.1: Fits to the MC mass distributions of Dt — 7~ 7t7t (left) and D} —
7ntnt (right).
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Figure 5.2: Fits to the MC mass distribution of D* — K~ K*n" (left) and D —
K~ Kzt (right).
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5.5 Kinematic Binning

The cancellation of production and detection asymmetries is assumed to hold
to first order when computing AAcp. These asymmetries, however, may vary as a
function of kinematic variables. Due to differences between kinematic distributions
of the bachelor pion in the K K7 and nw7m final states, second order effects may
remain. Cancellation of these effects may be reinforced by dividing the samples
in different kinematic regions and computing AAcp in each region. Two binning
schemes are considered for this study and described in this section. Both are based
on our smallest samples, the D(t,) — - ntrt samples, one being based on the D}
control channel, whereas the other is based on the D™ signal. The latter one, based
on the signal channel, is considered our baseline choice for the determination of the
asymmetries in both the signal and control modes.

For both Dt and D} decays to 7~ 7t 7, the bachelor pion is defined randomly
between the 2 pions of same charge. This choice is made once at the beginning
of the analysis, just after stripping selection, and then everything onwards is done
respecting this choice. We see that, by defining this way the bachelor pions for both
DT and D/, we have a better agreement between the global distributions of p and
pr for the 7= and the 7 in the Dz;) — 7 Tt decays and also for the bachelor
pions when comparing 7~ 777" and K~ K7 modes (see Figure 5.3).

As can be seen from these plots, there are remaining differences between the
distributions. Therefore, for our baseline result, the asymmetries and AAgp are
obtained separately in bins of the bachelor momentum and pseudorapidity and then
combined in one single result. The combined measurement M (A, or AAgp) and

its error o are given by

/R BTE) e

where M; and o; are the asymmetries and their respective errors measured in each

bin.
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Figure 5.3: Comparison of momentum distributions of daughters with different
choices of the bachelor pion 7t (p3) for the D* — 7 7tnt decay. In the left
plots, the bachelor pion is the 7 with lowest pr. In the right plot, the bachelor is
randomly chosen between the two 7. The top plots are the comparison between the
distributions of the pair of opposite charge (77t - p1p2) and the bottom plots are
the comparison between the bachelor pions of D¥ — - ntn™ and DT — K~ K+n™.

5.5.1 D" — 7 77" driven binning

This binning scheme is defined aiming at an approximately uniform bin population
of DT — 7~ ntxt candidates from 2012 data. This is done in two steps. First, the
Dt — 77t sample is divided into three bins of n(7™). For each n(7™) bin four
bins of 77 momentum are defined, yielding a total of twelve bins. The bin division
is illustrated in Figure 5.4 and the intervals of n and P for each bin are listed in
Table 5.2.

Since the kinematics of the bachelor pion are different in the two final states,

the bin population of D — K~ K*x" candidates is not uniform. The asymmetry
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Figure 5.4: Illustration of the D" binning.

Table 5.2: Bin limits in the D™ — 7~ 777" driven binning.

Bin index  n(7™)

P(r™)

[an}

1.50-2.87
2.87-3.31
3.31-5.00
1.50-2.87
2.87-3.31
3.31-5.00
1.50-2.87
2.87-3.31
3.31-5.00
1.50-2.87
2.87-3.31
3.31-5.00

© 00 O T i W N~

[ —
)

3000-8470 MeV
3000-11400 MeV
3000-16900 MeV
8470-13400 MeV
11400-19600 MeV
16900-28800 MeV
13400-19400 MeV
19600-28800 MeV
28800-42400 MeV
19400-100000 MeV

28800-100000 MeV
42400-100000 MeV
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defined by Eq. 5.19 is used to compare the number of candidates of each final state

in each bin.

Nptsn—ntat — NptSx—Ktnt

Apin =

ND+—>7T_7T+7T+ + ]\/’D“’—>K—K“'7r+

(5.19)

The values of Ay;,, computed for each bin, are shown in Figure 5.5. The asym-

metries vary between 20 and 50% but are not significantly different from the global

asymmetry between the two samples, ~ 37%, illustrated by the solid lines in the

plot.
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Figure 5.5: Asymmetry between the number of D¥ — K~ K7t and DT — 7 nfnt
candidates in each kinematic bin, for the binning scheme based on the DT —
7 ntnt decay. The blue and red solid lines represent the global asymmetry (no
binning) for MagUp and MagDown, respectively.

The invariant mass distributions for both final states and magnet polarities, in
each of the twelve bins are shown in Figures 5.6 and 5.7. In each n(7x™) bin the

invariant mass distributions for the four pion momentum bins are superimposed.
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Figure 5.6: Distribution of K~ K™z invariant mass in bins of n(7") for MagUp
(top) and MagDown (bottom) data (Dt — #~7t7nt driven binning). The mass
distributions for the four momentum bins of each n(7™) bin are superimposed.
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Figure 5.7: Distribution of 7~ 77" invariant mass in bins of n(x™) for MagUp
(top) and MagDown (bottom) data (Dt — 7 77" driven binning). The mass
distributions for the four momentum bins of each n(7™) bin are superimposed.

5.5.2 D — 7 7n"x" driven binning

Using a procedure similar to the one used for the previous bin division, the
goal now is to have a scheme in which the number of D} — 7~ 7"7" candidates
from 2012 data is approximately the same in each bin. Again, this is done in two
steps: first, the sample is divided into three bins of n(7 ™) and for each of these, four
bins of 7+ momentum are defined. The binning is illustrated in Figure 5.8 and the

intervals of n(7*) and pion momentum of each bin are listed in Table 5.3.
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Figure 5.8: Illustration of the binning scheme based on D} — 7~ 777" candidates.
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Table 5.3: Bin limits in the D — 7~7"7" driven binning.

Bin index  n(7™)

P(r™)

[an}

1.50-2.84
2.84-3.28
3.28-5.00
1.50-2.84
2.84-3.28
3.28-5.00
1.50-2.84
2.84-3.28
3.28-5.00
1.50-2.84
2.84-3.28
3.28-5.00

© 00 O T i W N~

[ —
= O

3000-8900 MeV
3000-11800 MeV
3000-17500 MeV
8900-13400 MeV
11800-19100 MeV
17500-28300 MeV
13400-19200 MeV
19100-27500 MeV
28300-41000 MeV
19200-100000 MeV

27500-100000 MeV
41000-100000 MeV

As before, the asymmetry defined by eq. 5.20,

Np

A _ +tr—atat
bin =—

- NDS*HK*Kﬁﬁ (5 20)

]\/vD;r—Mr*TrﬂLﬂ'7L + NDQL—>K*K+W+

is shown in Figure 5.9. The asymmetries between the different channels for the signal

modes, defined in 5.5, are also shown for this binning scheme. The asymmetries vary

between 30 and 60%, for D} decays, and between 20 and 50%, for D decays, but

they are not significantly different from the global asymmetries, illustrated by the

solid lines in the plot, which are about 45% and 37%, for D and D" decays,

respectively.

The invariant mass distributions for both final states and magnet polarities, in

each of the twelve bins are shown in Figures 5.10 and 5.11. In each n(7™) bin, the

invariant mass distributions for the four pion momentum bins are superimposed.
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Figure 5.11: Distribution of #~7"7" invariant mass in bins of n(7™) for MagUp
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Chapter 6

Results

The measurement is performed using the data sample and strategy described
in the previous chapters. To obtain the AAgsp for control and signal modes, the
raw asymmetries are extracted from the fits to the invariant mass distributions of
Df - K-K™n", Df - nntnt, DT - K- K™n" and DT — 7 7nt7nt decays
using the model described in Section 5.4. In these fits, all the PDF parameters
are floated. The samples are split by magnet polarity (MagUp and MagDown)
and by data taking year (2011 and 2012). Each of these subsamples is further
divided according to the kinematic binning defined in Section 5.5.1 to account for

the differences in the 71 kinematic distributions.

6.1 Results for control modes

6.1.1 Asymmetries for the 2012 data

Using the Dt — 77" x" driven kinematic binning, the mass fits are performed
for each bin in the D} — K- K*zn" and D} — # #n"x" 2012 samples, split by
magnet polarity. The raw asymmetries are extracted from these fits. The fits,
superimposed to the mass distributions, are shown for each bin for the MagUp and

MagDown polarities in Figures 6.1 and 6.2.
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Figure 6.1: Invariant mass distributions for Dy — K~ K*n" decays and fits for

the DT — 7~ 7"t driven binning using 2012 data (MagUp, in first two columns;
MagDown in the last two ones).
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Figure 6.2: Invariant mass distributions for D} — 7 77" decays and fits for

the DT — 7~ 7"t driven binning using 2012 data (MagUp, in first two columns;
MagDown in the last two ones).
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The asymmetries as a function of the kinematic bin are shown in Figure 6.3 and
are also given in Table 6.1. Clearly the MagUp/MagDown individual asymmetries
are larger in absolute value for the bins of low 7+ momentum, but the combination
of MagUp+MagDown presents a much more stable behavior. A similar pattern is
observed in both final states.

The raw asymmetries are not expected to be null because there are contributions
from the instrumental and production asymmetries. The DJ — D; production
asymmetry in pp collisions at /s = 7 TeV is measured to be Ap = (—0.33 +0.22 +
0.10)% [79].

= 250 — T3 = 256 ———————— 3
S B —e— MagUp 3 S ,E —e— MagUp E
< 15; —e— MagDown E < 152 —e— MagDown E
E —e— MagUp+MagDown 3 E —e— MagUp+MagDown 3
kS E o] E
05;‘} ¢ : = 0.5§+ I 3
E * b= E 1 b=
0?'77'7777'77'7% 77777777777 Y 77777777777777777 ? 777777777777 ; 77777777777 + ] Oj 7777777777777777777777 T 77777777777777777777777777777777777777777 |
Eoos f EI) I E t é l {;
»0.5;§ 4 ¢ ¢ o ¢ * ; ¢ *E -0.5;% % * * 3
T 3 = ] 3

E § | E % |
15 = -1.5F -
& E 2| % E

2 E 2 E
2 s 8 0 255 Z S TR
bin bin

Figure 6.3: Raw asymmetries for DY — K~ K7t (left) and D} — 777t (right)
with 2012 data using the D™ — 7~ 777" driven binning.
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Table 6.1: Asymmetries of control channels for the Dt — 7~ 7" 7" driven binning
with 2012 data.

Bin Araw(DF — K- K*7t) (%) Araw(DF = 7omtn ™) (%)
MagUp MagDown Up+Down MagUp MagDown Up+Down

0 | -1.68£0.15 0.60+0.15 —053+0.11|—-1.78+0.27 0.70+0.27 —0.53 £+ 0.19
1 | -126+0.16 0.56 +£0.16 —0.33 £0.11 | —=1.58 £0.29 0.76 £ 0.29 —0.40 + 0.20
2 | =116 £0.18 —0.08 £0.18 —0.61 £ 0.13 | —0.94 £ 0.31 —0.00 + 0.30 —0.46 £ 0.21
3 | -1.06+0.14 0324013 —-0.36+0.10 | —1.20 +0.24 —0.20 £ 0.24 —0.69 £+ 0.17
4 | —-0.86 +£0.15 —0.02+£0.15 —-043 £0.10 | —1.23 £0.25 —0.04 £0.25 —-0.63 + 0.18
5 | —0.96 £0.16 —0.50 £ 0.16 —0.73 +£0.12 | —0.33 £ 0.27 —0.58 & 0.27 —0.46 £+ 0.19
6 | —099 +£0.12 —-0.29 +0.12 —0.63 £ 0.09 | —0.54 +0.25 —0.31 £ 0.25 —0.42 £ 0.18
7 | —-0.65£0.13 0.06+£013 —-0.29+0.09|—-0.30=+026 —0.20=4+0.26 —0.25 £ 0.18
8 | =064 +£0.15 —-0.45+0.14 —-0.54 +£0.10 | —0.36 = 0.28 —0.18 £ 0.27 —0.27 £ 0.20
9 | =075 +0.12 —-0.16 +0.12 —0.45+ 0.08 | —0.97 +0.25 —0.42 + 0.25 —0.69 £+ 0.18
10 | —0.40 £0.13 —-0.39 £0.13 —-0.40 £ 0.09 | —0.17 £ 0.27 —0.39 &+ 0.27 —0.28 £+ 0.19
1 | -0.71 £0.15 —-0.05 + 0.15 —0.37 £0.11 | —0.44 + 0.30 —0.44 £ 0.29 —-0.44 4+ 0.21
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6.1.2 Asymmetries for the 2011 data

Using the D™ — 7~ 7" x" driven kinematic binning, the mass fit is performed for
each bin in the D} — K~ K*nt and D — 7~ ntnt 2011 sample, split by magnet
polarity. The raw asymmetries are extracted from these fits. The fits superimposed
to the mass distributions are shown for each bin for the MagUp and MagDown
polarities in Figures 6.4 and 6.5.

The asymmetries as a function of the kinematic bin are shown in Figure 6.6 and

are also given in Table 6.2.

Table 6.2: Asymmetries of control channels for D* — 7~ 77" driven binning with
2011 data.

Bin A (DT = KK 7% (%) Ao (DT = 7ot 7t) (%)
MagUp MagDown Up+Down MagUp MagDown Up+Down

0 | —198+0.34 045 £028 —0.53£0.22 | —-1.60=+0.62 1.16 £ 0.52 0.02 £ 0.40
1 —1.14 +£ 031 099 £ 0.26 0.11 +£0.20 | —1.28£0.58 0.53 £0.49 —-0.22 £ 0.37
2 | —042+£035 018+029 —-0.07+022|-179+059 0.76+ 049 —0.29 4+ 0.38
3 | —1.21+0.28 —-0.59 +£0.23 —-0.84 £0.18 | —1.19 £ 0.52 —0.81 £0.43 —0.96 £ 0.33
4 | =078 £028 0284+0.24 —-0.16=+0.18|—-1.84 £049 -1.16=+ 041 —-1.44+0.31
5 | =050 £0.31 —-0.38+£0.26 —0.43+0.20 | —0.72+0.51 —0.22 +0.43 —0.43 4+ 0.33
6 | —0.57£024 —-017+020 —-0.33+0.15| —-0.98+0.50 —0.95+0.41 —0.96 £+ 0.31
7 | —-1.09£024 004+£020 —-043+£0.16| —0.99 +£049 —-0.30 £ 0.41 —-0.58 £ 0.31
8 | -1.07£026 001+£022 —-044=+0.17|—-048+£0.51 0.21+043 —0.08 £ 0.33
9 | =073 +£0.22 —0.244+0.19 —-0.44 +0.14 | —1.48 +0.49 —0.17 £ 0.40 —0.70 & 0.31
10 | —1.04 £0.24 0.15£0.20 —0.34 £0.15| —0.66 £ 0.50 —0.87 &+ 0.42 —0.79 £ 0.32
11 | —=0.70 £ 0.26 —0.01 = 0.22 —-0.30 £ 0.17 | —0.82 £ 0.52 0.17 £0.44 —0.24 +0.34

6.1.3 AAcp for the control channels

Using the raw asymmetries extracted from the fits and shown in previous
sections, the difference AAgp is obtained for each bin and further combined in one
final AAcp value, according to Equation 5.18. The dependence of the AAgsp with
kinematic binning is shown in Figure 6.7.

By combining the 2011 and 2012 results, we have AAcp(D7) = (0.055+0.054)%,
which is compatible with zero within about one standard deviation. A constant

fitted to the MagUp+MagDown distribution of AAgp values in Figure 6.7 leads to
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Figure 6.4: Invariant mass distribution for D} — K~ K7t with fitted PDF super-
imposed for D — 777t 7™ driven binning using 2011 data.
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imposed for DT — 7w 7" driven binning using 2011 data (MagUp, in first two

columns; MagDown in the last two ones).

81



82

= 250 ——— 3 = 250 ——— 3
S LB —e— MagUp 3 S LB —e— MagUp 3
< 15i —e— MagDown E < 15é —e— MagDown E
E % —e— MagUp+MagDown 3 E l —e— MagUp+MagDown 3
1= - 1= —
0,5§+ | E 050 j E
e e o
0554 f $ ot i t $§ -05E } E
A % f I, _- A N } =
-15F = -L5E =
2 3 2 E
e e e e B e

=
S
=2
=
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p-value of 13%.

the same result. The x?/dof of the fit is 1.3 with a p-value for the consistency to

the hypothesis of a common constant value of 13%.
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The asymmetries of the background, assumed to be essentially combinatorial, are
also obtained from the fits and, after combining the results for different polarities,
the individual bins and combining 201142012, we have AAXE = (—0.05 & 0.12)%,

compatible with zero within one standard deviation.

6.2 Results for signal modes

6.2.1 Asymmetries obtained with 2012 data

The raw asymmetries are also computed for the Dt decays as a function of
the kinematic bins defined in Section 5.5.1. However, at the present stage of the
analysis, the central values are kept blinded with the addition of random offsets to
the asymmetry values obtained for the D™ — 7~ 77" and the D — K- K*xn*
decays (different offsets for each final state so that AAcp(D™) is also blind). Here
again the raw asymmetries are extracted from the mass fits split by magnet polarity
in each kinematic bin. The fits, superimposed to the mass distributions, are shown
for each bin for the MagUp and MagDown polarities in Figures 6.8 and 6.9.

The asymmetries as a function of the kinematic bin are shown in Figure 6.10 and
are also given in Table 6.3. The individual asymmetries behave in a similar manner
as the control channels, being larger in absolute value for bins of low pion momen-
tum and tending to zero at higher momentum. The combined MagUp+MagDown
asymmetries are also more independent of the kinematics of the pion momentum

than are the individual MagUp and MagDown values.

6.2.2 Asymmetries obtained with 2011 data

The raw asymmetries are also extracted from the 2011 data. The mass distri-
butions superimposed with the fitted function for each of the subsamples defined
according to the D™ — 7~ 77t driven binning for the MagUp and MagDown signal

are shown in Figures 6.11 and 6.12.
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Figure 6.8: Invariant mass distribution for D™ — K~ K*7 " with fitted PDF su-

perimposed for DT — 7~ 777" driven binning using 2012 data (MagUp on the left,
MagDown on the right).
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Figure 6.9: Invariant mass distribution for D* — 777" with fitted PDF super-

imposed for D — 7w 7" driven binning using 2012 data (MagUp on the left,
MagDown on the right).
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Figure 6.10: Raw asymmetries for Dt — K- K*nt (left) and D — 7 ntx™

(right) with 2012 data using the D* — 7~ 7" 7" driven binning.

Table 6.3: Blind asymmetries of the signal channels for D — 7~ 7t7" driven
binning with 2012 MagDown data.

Bin Araw (DT — K~KT77) (%) Araw (DT = 777t 7) (%)
MagUp MagDown  Up+Down MagUp MagDown Up+Down

0 |-1.04+015 144+£0.15 0.224+0.11| —-0.78 £0.28 1.17+0.27  0.20 £ 0.19
1 | —-0.67+0.16 1.50=£0.16 0.43 £0.11 | —0.91 £0.28 0.97 £ 0.28  0.04 = 0.20
2 | -0.23+£0.17 0.60 +0.16 0.19 £0.12 | —0.93 £ 0.28 —0.22 £ 0.28 —0.57 £ 0.20
3 | -035+£0.14 0.86+0.14 0.26 £0.10 | —=0.58 £ 0.27 0.19 £ 0.27 —0.19 £ 0.19
4 | —-0.224+0.15 0.56+0.15 0.18 £ 0.11 | —0.68 + 0.28 0.20 + 0.27 —0.23 £+ 0.19
5 0.08£0.17 0.22£0.16 0.15+0.12 | —0.08 £ 0.28 —0.55 +0.28 —0.32 £ 0.20
6 | —0.18£0.14 0.73 +£0.14 0.28 £0.10 | —0.19 £ 0.27 —-0.07 £ 0.27 —0.13 £ 0.19
7 0.24 £0.15 0.52=£0.15 0.38+£0.10 | —0.10 £ 0.28 0.16 £ 0.27  0.03 £ 0.19
8 | —-0.11£0.16 0.28 +0.16 0.09 £0.11 | —0.12 £ 0.28 —0.16 £ 0.27 —0.14 £ 0.20
9 | -0.14 £0.15 0.27+0.14 0.07 £0.10 | —0.16 £ 0.26 —0.09 +0.26 —0.13 £ 0.18
10 | 043 +£0.16 0.33+0.16 038+0.11 | 0.45+0.27 —043+0.27 0.00 £ 0.19
11 | 0.16 £0.18 0.19 +£0.17 0.17 £0.12 | —0.60 £ 0.28 —0.33 £ 0.27 —0.46 £ 0.20

The asymmetries as a function of the kinematic bin for 2011 data are shown in

Figure 6.13 and are also given in Table 6.4.
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Figure 6.11: Invariant mass distribution for D™ — K~ K*7nt with fitted PDF su-

perimposed for DT — 7~ 777" driven binning using 2011 data (MagUp on the left,
MagDown on the right).
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Figure 6.12: Invariant mass distribution for D¥ — 7~ 77" with fitted PDF super-

imposed for D — 7w 7" driven binning using 2011 data (MagUp on the left,
MagDown on the right
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Figure 6.13: Raw asymmetries for Dt — K~ K*tn* (left) and Dt — 7 ntn"
(right) with 2011 data using the D* — 7~ 77" driven binning,.

Table 6.4: Blind asymmetries of signal channels for D* — 77" 7" driven binning
with 2011 MagDown data.

A (DT = K KT77) (%) Araw (DY = 77t 7") (%)

Bin MagUp MagDown Up+Down MagUp MagDown Up+Down
0 | —059+034 1104+£029 041+022 | -122+£061 0.86=+051 —0.01=£0.39
1 0.08+ 032 1.184+0.27 0.72+021 | —-148+056 0.78+047 —0.16 £ 0.36
2 | —0.79 £0.32 0.90 4+ 0.27 0.20+0.21 | —1.53 £0.55 1.17 + 0.46 0.04 + 0.35
3 | —0.60£0.30 0.37+£025 —-0.02+£019|-2114+056 0.17 £ 047 —0.77 £0.36
4 | —-0.82+0.29 091 +0.25 0.20+£0.19 0.15+ 054 —0.81+045 —-0414+0.34
5 021 £031 0.724+026 0504020 | —0.76 £ 0.53 0.05 £ 0.45 —0.29 £ 0.34
6 027 +£0.28 0284023 028+0.18 | —1.08+0.54 —0.51 +0.45 —-0.74 £0.35
7 | —0.44 £0.27 086 +£0.23 0.32+0.18 | —0.40 £ 0.52 —0.22 +0.44 —-0.30 £ 0.34
8 | —0.26 £0.29 0.69 £0.25 029+0.19 | —1.28+0.52 —0.66 +0.44 —0.92 £ 0.34
9 | —0.28+0.28 1.004+0.24 048+ 0.18 | —0.65 £+ 0.51 0.21 £042 —0.14 £0.33
10 | 064 £0.29 090+0.24 0.80+0.19 | —0.95+050 —-0.32+ 043 —0.59 + 0.32
11 | =057+ 0.30 0.70 £0.26 0.16 £0.20 | —1.05+0.49 0.32+£ 042 —0.26 £ 0.32




90
6.2.3 AAcp for signal channels

Using the raw asymmetries extracted from the fits and shown in previous
sections, the difference AAgp is obtained for each bin and further combined in one
final AAgp value. The AAgp results for the signal modes are still blind, but it is
already possible to see their behaviour as a function of the bachelor 7+ kinematics.

The dependence of the AAgp with kinematic binning is shown in Figure 6.14.

§| Zi T T T T | T T T T T : T T T T T T :
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bins

Figure 6.14: AAcp(D") with 2012 and 2011 data using D™ — 7 7nt7n™ driven
binning. The solid black line shows the value of a constant fit to the combined
MagUp+MagDown data at (0.472 + 0.056)% with a p-value of 37%.

By combining the 2011 and 2012 results, we have AAgp(D™) = (0.47240.056)%.
The combined value has a precision of ~0.056%, of the same order of the control
channels, as already anticipated. The x?/dof of the fit of the 24 AAcp values to a
single number is 1.1, so the p-value for the consistency with the average is 37%.

The asymmetries of the background, assumed to be essentially combinatorial, are
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also obtained from the fits and, after combining the results for different polarities,
the individual bins and combining 201142012, we have AAXE = (0.22 + 0.11)%,

compatible with zero within two standard deviations.
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Chapter 7

Systematics Studies

An important step of a measurement is the estimation of systematic uncertainties.
Systematic uncertainties arise from uncertainties associated with the nature of the
measurement apparatus, assumptions made by the experimenter, or the model used
to make inferences based on the observed data [80].

Studies were performed to identify relevant sources of systematic uncertainties
and estimate their contributions. These studies are presented in this chapter: in the
first section, the impact of changing the kinematic binning used; in the second sec-
tion, the impact of the changes in the trigger configuration during the data taking;
in the third section, the effect of changing the fit model; and, in the last section, we
check the validity of the assumption that the only remaining instrumental asymme-
try is related to the bachelor pion, which can be cancelled in the difference between

the two decay modes.

7.1 Dependence on kinematic binning

The baseline result is the combination of the AAgsp values obtained in the
individual kinematic bins defined in Section 5.5.1, further combining the results for
both magnet polarities and different years (2011 and 2012). We also obtain results
with an alternative binning, the D based binning defined in Section 5.5.2, and,

in order to access the impact of the binning, for the global samples without any



93

kinematic binning. The global fits are performed to the data samples split only
by year (2011/2012) and by magnet polarity (Up/Down), as shown in Figures B.1
and B.2 of Appendix B, for the control modes.

The final AAgcp obtained with these global, unbinned, fits and with the fits per-
formed in bins with approximately equal populations of D} — 7~ 77" candidates
are shown in Table 7.1, for 2012 and 2011 data and the combined result, with the
control modes. The AAcp(D7) results as a function of the kinematic bins are shown
in Figure 7.1. The individual asymmetries as a function of the kinematic bin can
be found in Appendix B, Figures B.7 and B.8, together with the mass fits for both

polarities and 12 bins in Figures B.3, B.4, B.5 and B.6.

'o\? 2__ ' :
= - —e— MagUp : .
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q 15— ! —
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Figure 7.1: Dependence of AAcp (DY) with the 7+ kinematic bins for 2012 and 2011
data using the D — 7~ 7"t driven binning. The solid black line shows the value
of a constant fit to the combined MagUp+MagDown data at (0.054 £ 0.054)% with
a p-value of 26%.
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Table 7.1: AAcp values for the control channels obtained with the DT — 7~ 77T driven
binning (nominal), with the global fits (no binning) and with the DY — 7~ 77" driven
binning.

AAcp(%) - MagUp+MagDown
2011 Data 2012 Data 201142012
Dt — n~ 7" binning 0.236 + 0.109 -0.003 + 0.062 0.055 £ 0.054
Unbinned 0.241 £ 0.111 -0.013 £ 0.063 0.049 + 0.055
D — 777" binning 0.236 £ 0.109 -0.004 £ 0.062 0.055 £ 0.054

Equivalent results are shown for the signal modes in Table 7.2 and in Figure 7.2.
In Appendix B, it is possible to see the global fits in Figures B.9 and B.10, the
individual asymmetries as a function of kinematic bins in Figures B.11 and B.16.

The mass fits per bin are shown in Figures B.12, B.13, B.14 and B.15.
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Figure 7.2: Dependence of AAcp(D™) with the 7+ kinematic bins for 2012 and 2011
data using the D} — 7~ 7 "7 driven binning. The solid black line shows the value
of a constant fit to the combined MagUp+MagDown data at (0.474 +0.056)% with
a p-value of 18%.
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Table 7.2: AAcp values for the signal channels obtained with the D™ — 7~ 77" driven
binning (nominal), with the global fits (no binning) and with the DY — 7~ 77" driven
binning.

AAcp(%) - MagUp+MagDown
2011 Data 2012 Data 201142012
DY — 7= xtnT binning 0.749 + 0.114 0.385 £+ 0.064 0.472 £+ 0.056
Unbinned 0.743 £ 0.115 0.409 £+ 0.065 0.490 4+ 0.057
Df — m~ntnt binning 0.752 + 0.114  0.387 £ 0.064 0.474 £ 0.056

To access the impact of the binning, we look at the deviations of the unbinned
result from the baseline result which is 0.006% and 0.018% for the control and signal
modes, respectively, for the combined 201142012.

As systematic uncertainty associated to the binning, we take the deviation of the
alternative binning with respect to the nominal one, obtaining 0.00% and 0.002%

for the control and signal channels, respectively.

7.2 Dependence on trigger TCK

The Trigger Configuration Key (TCK) is a hexadecimal number which identifies
a specific trigger configuration. This configuration consists of the set of algorithms
(lines) included in the trigger selection and all the cut values they use. Changes in
any line lead to a new configuration, therefore a new TCK.

In order to check if there is a dependence of the asymmetries and AAcp with
the trigger requirements, the 2012 data sample was divided in six TCK groups and
the 2011 data sample was divided in four TCK groups, with uniform cuts applied
in the LOHadron, H1t1TrackA11L0O and H1t2CharmHadD2HHH lines, according to the
information given in Tables 7.3 and 7.4.

For this study, the global unbinned asymmetries are obtained. The individual
asymmetries and corresponding AAcp values as a function of TCK index for all the
groups defined are available in Appendix C. For the groups with data taken in both

polarities, the AAgp values as a function of TCK index for 2012 and 2011 data are
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Table 7.3: TCKs used in the 2012 run and the relevant trigger requirements. The
index given in the first column represents the trigger configuration label used in
the horizontal axis of Figures C.1 and C.2. The TCK indicated with a dagger (})
contributes with a small number of events to the total sample and is not included

in these plots.

Order of cuts in H1t1TrackA11LO: pyr >, p > [GeV/c |, Track
x?/ndof <, ValidateWithTT: ON/OFF.

Group

TCK

Fraction

MagDown

MagUp

L0 Hadron
ET GeV

H1t1TrackA1l1lLO

0

0x0094003D
0x0097003D

22.3% (K K)
21.4% (31)

24.4% (KKr)
23.6% (3)

3.62

1.7, 10., 1.5, OFF

1

0x00990042
0x00990043

19.9% (KKn)
20.3% (3m)

39.1% (K Kn)
39.6% (3m)

3.62

1.6, 3., 2.0, ON

0x00990044
0x00A30044
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3.62
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shown in Figures 7.3 and 7.4 for control and signal modes, respectively. The AAqp

plots are fitted with a constant value with p-values of 13% and 19% for the control

and signal modes, respectively, hence no systematic uncertainty is assigned due to

trigger requirements.
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Table 7.4: TCKs used in the 2011 run and the relevant trigger requirements. The
first column indicates the label used in the horizontal axis of Figures C.3 and C.4.
Order of cuts in H1t1TrackA11LO: pr > [GeV/c |, rpy > [mm |.

Group TCK MagDown Fr;‘f;;%‘; L%féi{;m H1t1TrackA11LO
0x00360032 33.1% (KKm) 38.1% (KKn) 35 1.7,0.5
0x00480032 34.3% (37)  39.0% (37) 3.5 1.7, 0.5
0x006D0032 3.5 1.7,0.5

o 0x00700034 3.5 1.7, 0.5
0x00710035 35 1.7, 0.5
0x005A0032 3.5 1.7,0.5
0x005B0032 3.5 1.7,0.5
0x00730035 3.5 1.7, 0.5

| O0x004A0033 L.1% (KKw) 10% (KKn) 2.4 17,05
0x005D0033  1.2% (37) 1.0% (37) 2.4 1.7,0.5
0x00760037 65.7% (KK7) 60.2% (KK) 35 1.7,0.3

2 0x00790037 64.5% (37)  59.4% (37) 3.5 1.7,0.3
0x00790038 3.5 1.7,0.3

3 0x00740036 - 0.6% (KK~ and 3n) 1 1.7,05

g F i -

— - —e— MagUp : 3

<O 15— —e— MagDown ]

< — —e— MagUp+MagDown ; ]

1= : —
05 § ; : %
o T % ---------- S S S i A ==
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-1 : =
Lo 2012 Data i 2011Data -
) : -
0 1 2 3 0 1 2
group

Figure 7.3: AAcp(Df) as a function of trigger configuration (2012 and 2011
data). The solid black line shows the value of a constant fit to the combined
MagUp+MagDown data at (0.057 £ 0.055)% with a p-value of 13%.
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Figure 7.4: AAcp(D*) with 2011 and 2012 data as a function of trigger config-
uration. The solid black line shows the value of a constant fit to the combined
MagUp+MagDown data at (0.488 £ 0.058)% with a p-value of 19%.
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7.3 Dependence on fit model

To study the uncertainty due to imperfect knowledge of the actual shape of the
full PDF, several changes are made to the fit model. The individual asymmetries
and AAcp are reobtained with the nominal shape for the signal (Gaussian+CB) and
background (exponential) PDF, as described in Section 5.4, with all the parameters
fit to the data and with different sets of parameters fixed to the values obtained

with a MC fit. The four different fit configurations studied are the following:

e with the nominal shape for the signal and background PDF:

1. shape parameters allowed to float;
2. R,, fa, a and n fixed from MC;
3. fa, a and n fixed from MC;

4. « and n fixed from MC.

It can be seen that fixing the shape parameters to the MC values has no signifi-
cant impact on the measurement of AAcp, both for the control modes, in Table 7.5,
and for signal decays, in Table 7.6. At this point, no systematic uncertainty is

assigned to the measurement.

Table 7.5: Results of AAcp(DY) for different fit configurations (2012 and 2011 data).
Results obtained with fit configuration 1 correspond to the baseline results of the analysis.

AAcp(%) - MagUp+MagDown
2011 Data 2012 Data 2011+2012
0.236 £ 0.109 —0.003 £ 0.062 0.055 £+ 0.054
0.234 £ 0.109 —0.006 = 0.062 0.053 £ 0.054
0.233 £ 0.109 —0.006 = 0.062 0.052 £ 0.054
0.234 £ 0.109 —0.007 &£ 0.062 0.052 £ 0.054

=W N =

The four fit configurations presented above were also used to extract the AAcp

results for control and signal modes using the samples split with the D} — 777
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Table 7.6: Blind results of AAcp(D™) for different fit configurations (2012 and 2011
data). Results obtained with fit configuration 1 correspond to the baseline results of the
analysis.

AAcp(%) - MagUp+MagDown
2011 Data 2012 Data 2011+2012
0.749 £ 0.114 0.385 £ 0.064 0.472 4 0.056
0.744 £ 0.114 0.384 £+ 0.064 0.470 4+ 0.056
0.743 £ 0.114 0.384 £+ 0.064 0.470 4+ 0.056
0.742 + 0.114 0.384 4+ 0.064 0.470 4 0.056

=W N =

driven binning and the unbinned samples. The conclusion is the same. More details
can be found in Appendix D. A more complete study of the dependence on fit model
would also require to modify the fitted shape, using alternative PDF for the signal
and background. This was already done for the unbinned samples and is shown in
Appendix D. Similar studies are intended for the binned sample and when they are

available a systematic uncertainty can be estimated.

7.4 Studies on the cancellation hypothesis

An important assumption of the AAcp measurement is that, for a decay D(t,) —

h~h*th'*, the asymmetry of the pair h~h™ is null because the contribution from the
first hadron is equal in modulus and opposite in sign to the asymmetry due to the
second hadron, which has opposite charge. Therefore, the only remaining asymmetry
due to instrumental sources is the one due to the bachelor pion. A first indication
that this assumption is indeed valid is given by the measurement performed with the
control channels, which provides a AAgp consistent with zero within one standard
deviation. However, one may argue that local asymmetries across the phase space
could contribute with different weights to the control and signal decays, due to the
different magnitudes of the intermediate states contributing to each of them. We
then investigated the sensitivity of our samples to local asymmetries across the phase

space, using the D} control channels.
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In the first test, we look for asymmetries in regions of the phase space comparing
directly the Dalitz plot distributions of D} and D; . This comparison is performed
bin-by-bin using the significance of the difference between the number of D} and
D;, S8 p, computed as [81,82]

N — an N N+
i OV gy =, (7.1)
\/aN<Ni+ - N;) N~

7 _
Sip =

where N;"(N;) is the number of D (D;) candidates in the ith bin and the N*(N ™)

(2

is the sum of N;"(N;") over all bins. The parameter a accounts for global asymme-
tries. In the absence of local asymmetries, the S¢p values follow a Gaussian distribu-
tion with zero mean and unit width. The S p distribution over the DY — K~ K7™

and D} — 7~ xtx" Dalitz plots and the corresponding one-dimensional distribu-

tions are shown in Figure 7.5.
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Figure 7.5: S.p in each bin of the Dalitz plot (left) and distribution of all S¢p
values (right) for DY — K~ K*n" (top) and D} — 7~ 777" (bottom) decays.
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The p-values for the consistency with the normal distributions are 91% and 41%,
respectively, for DY — K~ K*n" and D} — n 77" decays. Testing different
binning schemes, we always find p-values higher than 1% for the consistency with
the hypothesis of absence of local asymmetries, for both decay channels.

As a second study, we look at the momentum asymmetry of the pair of opposite
sign daughters K~ K and 7~ 7t of the decays D} — K~ K*nt and D} — nnfn™,
respectively. Denoting the daughter particle which has charge opposite to the
mother’s charge as particle 1 and the daughter of same charge as particle 2, we
can define the momentum asymmetry of the pair, «, as

PP,

= —". 7.2
“ Py + Py (7.2)

The individual asymmetries are then obtained in 10 bins of «, from -1 to 1. The
first and last bins (]-1.0,-0.8],]0.8,1.0]) have very low statistics and are not considered
here. The asymmetries for DY — K~ Ktnt and D — 77 n" as a function of «

for 2012 data are shown in Figure 7.6.

X2/ ndf 26.85/7 X2/ ndf 478217
5 Prob 0.0003552 5 Prob 0.6865
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Figure 7.6: Asymmetries for D} — K~ K™z (left) and D} — 777" (right) as
a function of a.

The combined MagUp+MagDown D — 7~ 7tnt asymmetries are fitted to a
constant with a p-value of 69%. However, for the D} — K~ K*n" decay, the

asymmetries get to larger values at the bins of large |a/.
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Although the asymmetries tend to cancel for opposite values of «, a cut in
« is considered to exclude these regions with larger asymmetries. By tightening
the cut on « for both Df — K~K*nt and Df — 7 ntn™, the central value
of AAcp is always consistent with the original value, without any cut, as can be
seen from Table 7.7. For |a| < 0.4, the asymmetries can be considered constant.
Therefore, we can evaluate a systematic uncertainty due to the limited validity of the
cancellation of the instrumental asymmetry of the pair h™h~ from the discrepancy
of the asymetries obtained for the independent samples corresponding to these two
regions of a. The combined 201142012 individual raw asymmetries for D} —
K-K*n*t and DY — m n"n" are shown in Table 7.8 together with the AAcp

results.

Table 7.7: AAcp values with different cuts on the momentum asymmetry of daugh-
ters a.

AAce (%)
MagUp+MagDown - 201142012
la] < 1.0 0.050 £ 0.055
la] < 0.8 0.048 £ 0.055
la] < 0.6 0.075 £ 0.057
la] < 0.4 0.086 £ 0.065

The x?/dof for the compatibility of the values of AAgp obtained with the two
independent samples, || < 0.4 and |«| > 0.4, is 1.73. Using the recipe from [83], a

systematic uncertainty of 0.049% is estimated.

Table 7.8: Asymmetry values with different cuts on momentum asymmetry of daugh-
ters .

MagUp+MagDown - 201142012

A (DT — K- K 1) [%]  Araw (DT — 77 nt7t)[%]  AAcp(DT) (%]

la] < 0.4 —0.435 £ 0.026 —0.523 £ 0.060 0.086 £ 0.065
la] > 0.4 —0.547 £ 0.092 —0.453 £+ 0.082 —0.098 + 0.122
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Chapter 8

Conclusion

Charm physics is a very interesting ground for CPV searches, where it is
possible to test the Standard Model limits and seek for New Physics. The subject of
this thesis was the asymmetry measurement in the Cabibbo-supressed decays D™ —
K-K*nt and Dt — 7~ 7t7x". The analysis was performed using the data collected
in pp collisions at /s = 7 TeV and /s = 8 TeV by the LHCb, corresponding to
an integrated luminosity of 3.0 fb~!. The chosen observable was the difference
between the asymmetries of the two decay modes, AAcp, allowing the cancellation
of production and detection asymmetries. A blind approach was used in order not
to bias the measurement. Therefore, the analysis strategy was developed without
looking at the actual values of the DT asymmetries. The Df — K- K*tznt and
Df — 7 ntnt decays, where no CPV is expected, were used as control channels.

The four D(J;) decays were selected among the collected data with criteria de-
signed to reduce the contribution of specific backgrounds and to exclude candidates
in phase space regions with high asymmetry induced by instrumental sources. The
data sample was divided according to the year of data taking (2012/2011), magnet
polarity (MagUp/MagDown) and the 12 kinematic bins defined. In each of these
subsamples, the raw asymmetries for K Km and nnm were extracted through a si-
multaneous fit to the invariant mass distribution and the AAcp was computed. The

values obtained from the 48 subsamples were combined to provide the main result.
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For the control channels, we measure AAcp(DF) = (0.055 + 0.054)% which is
consistent with zero within about one standard deviation, in agreement with the
hypothesis of cancellation of production and detection asymmetries. For the signal
channels, the AAcp is still blind. However, we were able to study its behavior with
respect to subsamples and know the statistical uncertainty of the measurement to
be 0.056%. This analysis is currently under the Charm Working Group review and,
once approved by the LHCD collaboration, the offsets will be removed and the AAqp
values will be known.

Some studies were performed to identify sources of systematic uncertainties. We
considered the dependence on the binning choice, trigger configuration, fit model and
estimated the uncertainty due to the limited validity of the hypothesis of cancellation
of the instrumental asymmetries related to the pair K~ KT or 7« in 0.049%. The
blind measurement is AAcp(DT) = (0.472 + 0.056 £ 0.049)%. With the present
estimative for the systematic uncertainty, the total absolute uncertainty is 0.074%,

making this the most precise charm measurement of the LHCDb to date.



106

Bibliography

1]

J. H. Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay, Fvidence for the
27 decay of the K meson, Phys. Rev. Lett. 13 (1964) 138.

BABAR Collaboration, B. Aubert et al., Observation of C'P wviolation in the
B® meson system, Phys. Rev. Lett. 87 (2001) 091801.

Belle Collaboration, K. Abe et al., Observation of large C'P wviolation in the
neutral B meson system, Phys. Rev. Lett. 87 (2001) 091802.

S. Bianco, F. L. Fabbri, D. Benson, and 1. Bigi, A cicerone for the physics of

charm, Riv. Nuovo Cim. 26N7 (2003) 1, arXiv:hep-ex/0309021.

LHCD collaboration, R. Aaij et al., Evidence for CP wviolation in time-integrated
D® — h~h™ decay rates, Phys. Rev. Lett. 108 (2012) 111602 LHCb-PAPER-
2011-023, CERN-PH-EP-2011-208, arXiv:1112.0938.

CDF Collaboration, T. Aaltonen et al., Measurement of the difference in CP-
violating asymmetries in D° — K¥ K~ and D° — ©*7~ decays at CDF, Phys.

Rev. Lett. 109 (2012) 111801.

B. Bhattacharya, M. Gronau, and J. L. Rosner, Direct C'P violation in D decays

in view of LHCb and CDF results, arXiv:1207.0761.

LHCD collaboration, R. Aaij et al., Search for direct CP violation in D° — h=h*
modes using semileptonic B decays, Phys. Lett. B723 (2013) 33 CERN-PH-EP-
2013-039, LHCb-PAPER-2013-003, arXiv:1303.2614.


http://dx.doi.org/10.1103/PhysRevLett.13.138
http://dx.doi.org/10.1103/PhysRevLett.87.091801
http://dx.doi.org/10.1103/PhysRevLett.87.091802
http://dx.doi.org/10.1393/ncr/i2003-10003-1
http://arxiv.org/abs/hep-ex/0309021
http://dx.doi.org/10.1103/PhysRevLett.108.111602
http://arxiv.org/abs/1112.0938
http://dx.doi.org/10.1103/PhysRevLett.109.111801
http://dx.doi.org/10.1103/PhysRevLett.109.111801
http://arxiv.org/abs/1207.0761
http://dx.doi.org/10.1016/j.physletb.2013.04.061
http://arxiv.org/abs/1303.2614

[9]

[10]

[11]

[12]

[13]

[14]

[15]

107

LHCb collaboration, R. Aaij et al., Measurement of CP asymmetry in D° —
K~K* and D° — 7= 7" decays, JHEP 07 (2014) 041 CERN-PH-EP-2014-082,
LHCb-PAPER-2014-013, arXiv:1405.2797.

LHCb collaboration, R. Aaij et al., Measurement of indirect CP asymmetries
in D* — K=K* and D° — 7" decays, JHEP 04 (2015) 043 LHCb-PAPER-
2014-069, CERN-PH-EP-2015-008, arXiv:1501.0677.

LHCD collaboration, R. Aaij et al., Search for CP violation in D* — K- KTzt
decays, Phys. Rev. D84 (2011) 112008 LHCb-PAPER-2011-017, CERN-PH-
EP-2011-163, arXiv:1110.3970.

LHCb collaboration, R. Aaij et al., Search for CP violation in the decay DT —
7-ntnt, Phys. Lett. B728 (2014) 585 LHCb-PAPER-2013-057, CERN-PH-
EP-2013-199, arXiv:1310.7953.

LHCb collaboration, R. Aaij et al., Measurement of CP wiolation in the
phase space of B¥ — K*¥rtn~ and B* — KTKTK~ decays, Phys. Rev.
Lett. 111 (2013) 101801 LHCb-PAPER-2013-027, CERN-PH-EP-2013-090,

arXiv:1306.1246.

LHCb collaboration, R. Aaij et al., Measurement of CP wviolation in the
phase space of B¥ — KtK-nt and B* — wtn~ 7t decays, Phys. Rev.
Lett. 112 (2014) 011801 LHCb-PAPER-2013-051, CERN-PH-EP-2013-190,

arXiv:1310.4740.

LHCDb collaboration, R. Aaij et al., Measurement of CP wiolation in the three-
body phase space of charmless B decays, Phys. Rev. D90 (2014) 112004
CERN-PH-EP-2014-203, LHCb-PAPER-2014-044, arXiv:1408.5373.

BABAR Collaboration, J. P. Lees et al., Search for direct C'P violation in singly
Cabibbo-suppressed D*¥ — KT K~n*% decays, Phys. Rev. D 87 (2013) 052010.


http://dx.doi.org/10.1007/JHEP07(2014)041
http://arxiv.org/abs/1405.2797
http://dx.doi.org/10.1007/JHEP04(2015)043
http://arxiv.org/abs/1501.0677
http://dx.doi.org/10.1103/PhysRevD.84.112008
http://arxiv.org/abs/1110.3970
http://dx.doi.org/10.1016/j.physletb.2013.12.035
http://arxiv.org/abs/1310.7953
http://dx.doi.org/10.1103/PhysRevLett.111.101801
http://dx.doi.org/10.1103/PhysRevLett.111.101801
http://arxiv.org/abs/1306.1246
http://dx.doi.org/10.1103/PhysRevLett.112.011801
http://dx.doi.org/10.1103/PhysRevLett.112.011801
http://arxiv.org/abs/1310.4740
http://dx.doi.org/10.1103/PhysRevD.90.112004
http://arxiv.org/abs/1408.5373
http://dx.doi.org/10.1103/PhysRevD.87.052010

[17]

[18]

[19]

[20]

[23]

[24]

[25]

2]

108

CLEO Collaboration, P. Rubin et al., Search for C' P violation in the Dalitz-plot
analysis of D¥ — K+ K~7*  Phys. Rev. D 78 (2008) 072003.

FOCUS Collaboration, J. Link et al., Dalitz plot analysis of DY and D" decay
to ttn~ ™t using the K-matriz formalism, Physics Letters B 585 (2004), no. 34

200.

J. J. Aubert et al., Experimental observation of a heavy particle J, Phys. Rev.
Lett. 33 (1974) 1404.

J. E. Augustin et al., Discovery of a narrow resonance in e*e~ annihilation,

Phys. Rev. Lett. 33 (1974) 1406.

B. Bjorken and S. Glashow, Elementary particles and SU(4), Physics Letters
11 (1964), no. 3 255 .

S. L. Glashow, J. Iliopoulos, and L. Maiani, Weak interactions with lepton-
hadron symmetry, Phys. Rev. D 2 (1970) 1285.

G. Goldhaber et al., Observation in eT e~ annihilation of a narrow state at 1865

MeV/c* decaying to Km and Krnrm, Phys. Rev. Lett. 37 (1976) 255.

L. Peruzzi et al., Observation of a narrow charged state at 1876 MeV/c? secaying

to an exotic combination of Knm, Phys. Rev. Lett. 37 (1976) 569.

LHCDb collaboration, R. Aaij et al., Measurement of the difference of time-
integrated CP asymmetries in D° — K~K* and D° — 7~ 7" decays, Phys.
Rev. Lett. 116 (2016) 191601 LHCb-PAPER-2015-055, CERN-EP-2016-022,

arXiv:1602.0316.

N. Cabibbo, Unitary symmetry and leptonic decays, Phys. Rev. Lett. 10 (1963)
531.


http://dx.doi.org/10.1103/PhysRevD.78.072003
http://dx.doi.org/10.1016/j.physletb.2004.01.065
http://dx.doi.org/10.1016/j.physletb.2004.01.065
http://dx.doi.org/10.1103/PhysRevLett.33.1404
http://dx.doi.org/10.1103/PhysRevLett.33.1404
http://dx.doi.org/10.1103/PhysRevLett.33.1406
http://dx.doi.org/http://dx.doi.org/10.1016/0031-9163(64)90433-0
http://dx.doi.org/http://dx.doi.org/10.1016/0031-9163(64)90433-0
http://dx.doi.org/10.1103/PhysRevD.2.1285
http://dx.doi.org/10.1103/PhysRevLett.37.255
http://dx.doi.org/10.1103/PhysRevLett.37.569
http://dx.doi.org/10.1103/PhysRevLett.116.191601
http://dx.doi.org/10.1103/PhysRevLett.116.191601
http://arxiv.org/abs/1602.0316
http://dx.doi.org/10.1103/PhysRevLett.10.531
http://dx.doi.org/10.1103/PhysRevLett.10.531

[27]

28]

[29]

[30]

[31]

[32]

[33]

[36]

109

M. Kobayashi and T. Maskawa, CP-violation in the renormalizable theory of

weak interaction, Progress of Theoretical Physics 49 (1973), no. 2 652.

A. Pich, Flavour physics and C'P wviolation, in Proceedings, 6th CERN - Latin-
American School of High-Energy Physics (CLASHEP 2011), pp. 119-144, 2013.
arXiv:1112.4094. doi: 10.5170/CERN-2013-003.119.

Particle Data Group, K. A. Olive et al., Review of particle physics, Chin. Phys.
C38 (2014) 090001.

M. S. Sozzi, Discrete symmetries and CP violation: from experiment to theory,

Oxford Graduate Texts, Oxford Univ. Press, New York, NY, 2008.

L. Wolfenstein, Parametrization of the Kobayashi-Maskawa matriz, Phys. Rev.

Lett. 51 (1983) 1945.

H. S. Carvalho, Medida da razio de ramificacao do decaimento DT —
K-K*TK* duplamente suprimido por Cabibbo, PhD thesis, Rio de Janeiro,
CBPF, 1997.

I. I. Bigi and A. I. Sanda, CP violation, Cambridge University Press, second ed.,
2009. Cambridge Books Online.

E. Polycarpo and A. C. dos Reis, Review of recent results on charm mizing and

CP wviolation, Int. J. Mod. Phys. A29 (2014), no. 24 1430051.

BABAR Collaboration, N. Neri, Results on charm mixing and CP wviolation

from the B factories, PoS BEAUTY2009 (2009) 025.

BABAR Collaboration, B. Aubert et al., Search for CP wiolation and a mea-
surement of the relative branching fraction in DT — K~ K*tx" decays, Phys.

Rev. D 71 (2005) 091101.


http://dx.doi.org/10.1143/PTP.49.652
http://arxiv.org/abs/1112.4094
http://dx.doi.org/10.5170/CERN-2013-003.119
http://pdg.lbl.gov/
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1103/PhysRevLett.51.1945
http://dx.doi.org/10.1103/PhysRevLett.51.1945
http://dx.doi.org/10.1142/S0217751X14300518
http://dx.doi.org/10.1103/PhysRevD.71.091101
http://dx.doi.org/10.1103/PhysRevD.71.091101

110

[37] http://www.slac.stanford.edu/xorg/hfag/charm/cp_asym/charm_

[38]

[39]

[44]

[45]

[46]

[47]

asymcp_8feb15.html. HFAG - Charm - CP Asymmetries (through 8
February 2015).

http://www.slac.stanford.edu/xorg/hfag/. Heavy Flavor Averaging

Group.

http://www.slac.stanford.edu/xorg/hfag/charm/Winter16/DCPV/
direct_indirect_cpv.html. HFAG - Charm - Combination of Direct

and Indirect CP Violation (updated 17 February 2016).

E687 Collaboration, P. L. Frabetti et al., Search for CP wiolation in charm
meson decay, Phys. Rev. D 50 (1994) R2953.

E791 Collaboration, E. Aitala et al., Search for CP wviolation in charged D
meson decays, Physics Letters B 403 (1997), no. 34 377 .

FOCUS Collaboration, J. Link et al., Search for violation in D° and Dt decays,
Physics Letters B 491 (2000), no. 34 232 .

CLEO Collaboration, G. Bonvicini et al., Updated measurements of absolute D
and D° hadronic branching fractions and o(e*e™ — DD) at Ey, = 3774 MeV,
Phys. Rev. D 89 (2014) 072002.

LHCDb collaboration, A. A. Alves Jr. et al., The LHCb detector at the LHC,
JINST 3 (2008) S08005.

L. Evan and P. Bryant (editors), LHC Machine, JINST 3 (2008) S08001.

Communication Group, CERN FAQ - LHC - the guide, CERN-Brochure-2009-
003-Eng.

ALICE collaboration, K. Aamodt et al., The ALICE experiment at the CERN
Large Hadron Collider, JINST 3 (2008) S08002.


http://www.slac.stanford.edu/xorg/hfag/charm/cp_asym/charm_asymcp_8feb15.html
http://www.slac.stanford.edu/xorg/hfag/charm/cp_asym/charm_asymcp_8feb15.html
http://www.slac.stanford.edu/xorg/hfag/
http://www.slac.stanford.edu/xorg/hfag/charm/Winter16/DCPV/direct_indirect_cpv.html
http://www.slac.stanford.edu/xorg/hfag/charm/Winter16/DCPV/direct_indirect_cpv.html
http://dx.doi.org/10.1103/PhysRevD.50.R2953
http://dx.doi.org/http://dx.doi.org/10.1016/S0370-2693(97)00565-0
http://dx.doi.org/http://dx.doi.org/10.1016/S0370-2693(00)01039-X
http://dx.doi.org/10.1103/PhysRevD.89.072002
http://dx.doi.org/10.1088/1748-0221/3/08/S08005
http://dx.doi.org/10.1088/1748-0221/3/08/S08001
http://cdsweb.cern.ch/search?p=CERN-Brochure-2009-003-Eng&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p=CERN-Brochure-2009-003-Eng&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://dx.doi.org/10.1088/1748-0221/3/08/S08002

111

[48] ATLAS collaboration, G. Aad et al., The ATLAS experiment at the CERN

Large Hadron Collider, JINST 3 (2008) S08003.

[49] The CMS collaboration, S. Chatrchyan et al., The CMS experiment at the

CERN LHC, JINST 3 (2008) S08004.

[50] The LHCT collaboration, O. Adriani et al., The LHCf detector at the CERN

Large Hadron Collider, JINST 3 (2008) S08006.

[51] The MoEDAL collaboration, Technical Design Report of the MoEDAL Experi-

[52]

[53]

ment, CERN-LHCC-2009-006. MoEDAL-TDR-1.1.

The TOTEM collaboration, G. Anelli et al., The TOTEM experiment at the
CERN Large Hadron Collider, JINST 3 (2008) S08007.

LHCb collaboration, Technical Proposal: A Large Hadron Collider Beauty
Experiment for Precision Measurements of CP Violation and Rare Decays,

CERN-LHCC-98-004. LHCC/TP4.

LHCDb collaboration, LHCb magnet: Technical Design Report, CERN-LHCC-
2000-007. LHCb-TDR-001.

LHCD collaboration, LHCb VELO (VErtex LOcator): Technical Design Report,
CERN-LHCC-2001-011. LHCb-TDR-005.

LHCb collaboration, R. Aaij et al., LHCb detector performance, Int. J. Mod.
Phys. A30 (2015) 1530022, arXiv:1412.6352.

LHCDb collaboration, LHCb inner tracker: Technical Design Report, CERN-
LHCC-2002-029. LHCb-TDR-008.

LHCb collaboration, LHCb outer tracker: Technical Design Report, CERN-
LHCC-2001-024. LHCb-TDR-006.


http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://dx.doi.org/10.1088/1748-0221/3/08/S08006
http://cdsweb.cern.ch/search?p={CERN-LHCC-2009-006}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://dx.doi.org/10.1088/1748-0221/3/08/S08007
http://cdsweb.cern.ch/search?p={CERN-LHCC-98-004}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2000-007}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2000-007}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2001-011}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://dx.doi.org/10.1142/S0217751X15300227
http://dx.doi.org/10.1142/S0217751X15300227
http://arxiv.org/abs/1412.6352
http://cdsweb.cern.ch/search?p={CERN-LHCC-2002-029}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2002-029}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2001-024}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2001-024}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

112

M. Adinolfi et al., Performance of the LHCb RICH detector at the LHC, Eur.
Phys. J. C73 (2013) 2431, arXiv:1211.67509.

LHCb collaboration, LHCb RICH: Technical Design Report, CERN-LHCC-
2000-037. LHCb-TDR-003.

LHCDb collaboration, LHCb calorimeters: Technical Design Report, CERN-
LHCC-2000-036. LHCb-TDR-002.

F. Archilli et al., Performance of the muon identification at LHCbH, JINST 8
(2013) P10020, arXiv:1306.0249.

LHCDb collaboration, LHCb muon system: Technical Design Report, CERN-
LHCC-2001-010. LHCb-TDR-004.

LHCb collaboration, LHCb trigger system: Technical Design Report, CERN-
LHCC-2003-031. LHCb-TDR-010.

A. Puig, The LHCb trigger in 2011 and 2012, Tech. Rep. LHCb-PUB-2014-046.
CERN-LHCb-PUB-2014-046, CERN, Geneva, Nov, 2014.

LHCb collaboration, LHCb computing: Technical Design Report, CERN-
LHCC-2005-019. LHCb-TDR-011.

LHCb Computing Group, LHCb Computing Model, CERN-LHCC-2004-036.
LHCb-2004-119.

M. Clemencic et al., The LHCb simulation application, Gauss: Design, evolu-

tion and experience, J. Phys. Conf. Ser. 331 (2011) 032023.

T. Sjostrand, S. Mrenna, and P. Skands, PYTHIA 6.4 physics and manual,
JHEP 05 (2006) 026, arXiv:hep-ph/0603175.

T. Sjostrand, S. Mrenna, and P. Skands, A brief introduction to PYTHIA 8.1,
Comput. Phys. Commun. 178 (2008) 852, arXiv:0710.3820.


http://dx.doi.org/10.1140/epjc/s10052-013-2431-9
http://dx.doi.org/10.1140/epjc/s10052-013-2431-9
http://arxiv.org/abs/1211.6759
http://cdsweb.cern.ch/search?p={CERN-LHCC-2000-037}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2000-037}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2000-036}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2000-036}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://dx.doi.org/10.1088/1748-0221/8/10/P10020
http://dx.doi.org/10.1088/1748-0221/8/10/P10020
http://arxiv.org/abs/1306.0249
http://cdsweb.cern.ch/search?p={CERN-LHCC-2001-010}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2001-010}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2003-031}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2003-031}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2005-019}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2005-019}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://cdsweb.cern.ch/search?p={CERN-LHCC-2004-036}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://dx.doi.org/10.1088/1742-6596/331/3/032023
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820

[71]

[72]

[75]

113

D. J. Lange, The EuvtGen particle decay simulation package, Nucl. Instrum.

Meth. A462 (2001) 152.

Geant4 collaboration, S. Agostinelli et al., Geant/: a simulation toolkit, Nucl.

Instrum. Meth. A506 (2003) 250.

Geant4 collaboration, J. Allison et al., Geantj developments and applications,

IEEE Trans. Nucl. Sci. 53 (2006) 270.

D. E. Vieira, Amplitude analysis of Dt — K~K*n* decay with LHCb 2012
data and RF-foil simulations for the LHCb upgrade, PhD thesis, Universidade

Federal do Rio de Janeiro, Rio de Janeiro, 2015.

LHCDb collaboration, P. Spradlin, The LHCb prompt charm triggers, in Pro-
ceedings, 6th International Workshop on Charm Physics (Charm 2013), 2013.

arXiv:1311.7585.

R. Aaij et al., The LHCb trigger and its performance in 2011, JINST 8 (2013)

P04022, arXiv:1211.30565.

LHCD collaboration, Search for time-integrated CP violation in D* — K~ KT,

7T in the 2011 data, LHCb-ANA-2011-059. Internal Documentation.

T. Skwarnicki, A study of the radiative cascade transitions between the Upsilon-
prime and Upsilon resonances, PhD thesis, Institute of Nuclear Physics,

Krakow, 1986, DESY-F31-86-02.

LHCD collaboration, R. Aaij et al., Measurement of the Df-D; production
asymmetry in 7 TeV pp collisions, Phys. Lett. B713 (2012) 186 CERN-PH-

EP-2012-114, LHCb-PAPER-2012-009, arXiv:1205.0897.


http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1109/TNS.2006.869826
http://arxiv.org/abs/1311.7585
http://dx.doi.org/10.1088/1748-0221/8/04/P04022
http://dx.doi.org/10.1088/1748-0221/8/04/P04022
http://arxiv.org/abs/1211.3055
http://cdsweb.cern.ch/search?p={LHCb-ANA-2011-059}&f=reportnumber&action_search=Search&c=LHCb+Reports&c=LHCb+Conference+Proceedings&c=LHCb+Conference+Contributions&c=LHCb+Notes&c=LHCb+Theses&c=LHCb+Papers
http://inspirehep.net/record/230779/
http://dx.doi.org/10.1016/j.physletb.2012.06.001
http://arxiv.org/abs/1205.0897

114

[80] P. Sinervo, Definition and treatment of systematic uncertainties in High En-
ergy Physics and astrophysics, in Statistical problems in particle physics, as-
trophysics and cosmology. Proceedings, Conference, PHYSTAT 2003, Stanford,
USA, September 8-11, 2003, eConf C030908, pp. 122-129, 2003.

[81] 1. Bediaga et al., On a CP anisotropy measurement in the Dalitz plot, Phys.
Rev. D80 (2009) 096006, arXiv:0905.4233.

[82] BABAR Collaboration, B. Aubert et al., Search for CP violation in neutral D
meson Cabibbo-suppressed Three-body Decays, Phys. Rev. D78 (2008) 051102,

arXiv:0802.4035.

[83] A. H. Rosenfeld, The particle data group: growth and operations-eighteen years
of particle physics, Ann. Rev. Nucl. Part. Sci. 25 (1975) 555.


http://dx.doi.org/10.1103/PhysRevD.80.096006
http://dx.doi.org/10.1103/PhysRevD.80.096006
http://arxiv.org/abs/0905.4233
http://dx.doi.org/10.1103/PhysRevD.78.051102
http://arxiv.org/abs/0802.4035
http://dx.doi.org/10.1146/annurev.ns.25.120175.003011

115

Appendix A

LO trigger studies

In order to study how the LO trigger affects our asymmetry measurements, we
divided our data in three samples according to the L0 requirement. The criteria

considered are the following:

e LOTIS = D_L0Hadron_TIS||D_LOMuon_TIS||D_LOElectron_TIS|/D_LOPhoton_TIS
e LOTOS = D_LOHadron_TOS

e LOTIS |[LOTOS

The third one is our total sample after trigger and stripping requirements. The
first and the second are not independent samples, but we wanted to see the effect
of requiring the LO_Hadron_TOS compared to a LO_TIS. For each of them, the raw
asymmetries and AAqcp values are determined and the results are compared. Here
the simultaneous fits to the D(t,) and D(_S) samples are performed for the global
samples, without any kinematic binning. The results for the control modes are
shown in Figure A.1 and in Table A.1. The blind values obtained for the signal
channels are shown in Figure A.2 and in Table A.2. Although they are blind, they
can be used to compare the difference among the samples and magnet polarities.

As expected, there are differences among the different LO trigger configurations.

More concerning, though, are the differences between the control and signal chan-

nels when considering the behavior with respect to the trigger configuration and the
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Figure A.1: Asymmetries of control channels with respect to L0 trigger require-
ment using 2012 data. Top-left plot is A (DS — K~ K'rnT), top-right plot is
Avaw(DF — 7=t r™) and bottom plot is AAcp(DT).

differences between MagUp and MagDown. For example, the 7~ 717" raw asymme-
try of the LOTOS sample shows for the D a higher difference MagUp/MagDown
in comparison with the D, while the opposite (a smaller MagUp/MagDown differ-
ence) is seen for the K~ KTn™ signal in comparison with the control mode. These
differences result in a difference on the behaviour of the AAcsp measurement. The
difference between the A A¢cp results obtained with the MagUp and MagDown sam-
ples for the signal modes are opposite in sign for the LOTOS sample, compared to
the control modes. For these reasons, we decided to use only the LOTIS sample for

the baseline result.



Table A.1: Asymmetry values of control channels for different trigger choices using
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2012 data.
Trigger MagUp MagDown Up+Down
Avaw(DF — K- Kt7t)
LOTIS (-0.900 £ 0.041)% (-0.057 £ 0.041)% (-0.471 £ 0.029)%
LOTOS (0.233 £0.061)% (-0.213 £ 0.061)% ( 0.008 £ 0.043)%

LOTIS || LOTOS

(-0.603 + 0.036)%

(-0.095 + 0.035)%

(-0.345 + 0.025)%

Araw (D+

— T

LOTIS
LOTOS
LOTIS || LOTOS

(-0.806 + 0.079)%
(-0.004 + 0.105)%
(-0.572 + 0.066)%

(-0.123 £ 0.078)%
(-0.044 + 0.103)%
(-0.111 + 0.066)%

(-0.460 + 0.056)%
(-0.025 + 0.074)%
(-0.339 + 0.047)%

AAcp(DY)

LOTIS
LOTOS
LOTIS || LOTOS

(-0.094 £ 0.089)%
(0.237 + 0.121)%
(-0.031 + 0.075)%

(0.066 = 0.083)%
(-0.169 + 0.120)%
(0.016 + 0.075)%

(-0.013 + 0.063)%
(10.031 + 0.085)%
(-0.007 + 0.053)%

Table A.2: Blinded asymmetry values of signal channels for different trigger choices

using 2012 data.

Trigger

MagUp

MagDown

Up+Down

Araw(DT = K- K1)

LOTIS
LOTOS
LOTIS || LOTOS

(-0.186 % 0.045)%
(0.810 % 0.070)%
(10.050 % 0.040)%

(0.643 + 0.040)%
(0.646 + 0.069)%
(0.660 =+ 0.039)%

(0.235 £ 0.032)%
(0.727 + 0.049)%
(0.360 = 0.028)%

Araw (D+

— ot

LOTIS
LOTOS
LOTIS || LOTOS

(-0.418 £ 0.081)%
(10.356 + 0.113)%
(-0.233 + 0.069)%

(0.062 £ 0.080)%
(-0.252 + 0.112)%
(-0.058 =+ 0.068)%

(-0.175 £ 0.057)%
(10.048 £ 0.080)%
(-0.145 + 0.048)%

AAcp

)

LOTIS
LOTOS
LOTIS || LOTOS

(0.232 £ 0.093)%
(0.454 + 0.133)%
(0.283 4 0.080)%

(D

(0.581 % 0.091)%
(0.898 =+ 0.132)%
(0.718 + 0.078)%

(0.409 + 0.065)%
(0.678 + 0.094)%
(0.504 + 0.056)%
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Figure A.2: Blind asymmetries of signal channels with respect to L0 trigger require-
ment using 2012 data. Top-left plot is A..w(DT — K~ K'n"), top-right plot is
Araw (DT — 7wt r) and bottom plot is AAcp(DT).
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Figure A.3: Asymmetries of control channels with respect to L0 trigger require-
ment using 2011 data. Top-left plot is A (DS — K~ K*nT), top-right plot is
Avaw(DF — 7=t r™) and bottom plot is AAcp(DT).
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Table A.3: Asymmetry values of control channels for different trigger choices using

2011 data.
Trigger MagUp MagDown Up+Down
Avaw(DF — K- Kt7t)
LOTIS (-0.912 £ 0.078)% (0.013 £+ 0.066)%  (-0.367 £ 0.050)%
LOTOS (0.032 £ 0.115)% (0.355 £ 0.095)% ( 0.224 £+ 0.074)%

LOTIS || LOTOS

(-0.658 + 0.068)%

(0.069 £ 0.057)%

(-0.229 + 0.044)%

Araw (D+

— T

LOTIS
LOTOS
LOTIS || LOTOS

(-1.143 + 0.154)%

(-
(-0.920 + 0.196)% (
(-

(-0.992 + 0.128)%

0.235 + 0.128)%
0.249 + 0.163)%
0.141 + 0.107)%

(-0.608 £ 0.099)%
(-0.227 + 0.125)%
(-0.491 + 0.082)%

AAcp

)

LOTIS
LOTOS
LOTIS || LOTOS

(0.231 + 0.173)%
(0.952 + 0.227)%
(0.334 + 0.145)%

0.106 £+ 0.189)%

(D
(0.248 = 0.140)%
(
(0.210 + 0.121)%

(0241 £ 0.111)%
(0.451 £ 0.145)%
(0.261 = 0.093)%

Table A.4: Blinded asymmetry values of signal channels for different trigger choices

using 2011 data.

Trigger MagUp MagDown Up+Down
Apaw(DT = K- K*7™)
LOTIS (-0.247 £+ 0.087)% (0.787 4+ 0.073)%  (0.358 £ 0.056)%
LOTOS (0.416 £ 0.131)% (1.077 £ 0.110)%  (0.806 £ 0.084)%

LOTIS || LOTOS

(-0.063 + 0.076)%

(0.806 % 0.064)%

(0.447 + 0.049)%

Araw (D+

— ot

LOTIS
LOTOS
LOTIS || LOTOS

(-0.986 £ 0.157)%
(-0.005 + 0.211)%
(-0.656 + 0.132)%

0.042 £ 0.132)%
0.280 & 0.177)%
0.075 + 0.112)%

(-0.386 + 0.101)%
(0.162 + 0.136)%
(-0.230 + 0.085)%

LOTIS
LOTOS
LOTIS || LOTOS

(0.739 £ 0.179)%
(0.421 =+ 0.248)%
(0.593 £ 0.152)%

(

(

(
AAcp(DT)

(

(

(

0.745 £ 0.151)%
0.797 + 0.208)%
0.731 & 0.129)%

(0.743 £ 0.115)%
(0.642 + 0.160)%
(0.673 + 0.098)%
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Figure A.4: Blind asymmetries of signal channels with respect to L0 trigger require-
ment using 2011 data. Top-left plot is Au.w(DT — K~ K'n"), top-right plot is
Araw (DT — 7wt r) and bottom plot is AAcp(DT).
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Appendix B

Additional tables, mass fits and
asymmetry plots for different
binning configurations

B.1 Control Channels

Table B.1: AAcp of control channels for D™ — 7~ 77" driven binning with 2012
data.

Bin AAcp(DY) (%)
MagUp MagDown Up+Down
0 | 0.09+031 -0.104£0.31 -0.00 £ 0.22
1 ] 033+£033 -0.20+ 0.33 0.06 £ 0.23
2 1-0224+0.36 -0.08+0.35 -0.15+£0.25
3 1 013+£028 0.52+0.28 0.33 +£0.20
4 1037029 0.02+£029 0.20+£0.21
5 |-0.63£0.32 0.07+£0.31 -0.28 &£ 0.22
6 |-0454+0.28 0.02+£0.28 -0.21 £0.20
7 |1-035£029 0.26£0.29 -0.04 £0.20
8 1-0.28 +£0.32 -0.26 + 0.31 -0.27 £ 0.22
9 10224028 0.26+£0.27 0.24 £+ 0.20
10 |-0.23 £ 0.30 0.00 £ 0.30 -0.11 +£ 0.21
11 |-0.26 £ 0.34 0.39 £0.33 0.07 &£ 0.24
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Table B.2: AAqp values for the control channels obtained with the D* — 7= 7™
driven binning (2012 data).

Magnet Polarity — AAcp (%)
Up -0.099 £ 0.088
Down 0.089 £ 0.087
Up-+Down -0.003 = 0.062

Table B.3: Asymmetries of control channels for D" — 7~ 7" 7" driven binning with
2011 data.

- A cr(DF) (4)
MagUp MagDown Up+Down
0 |-0.38£0.71 -0.70 £ 0.59 -0.57 £ 0.45
1 | 014 £0.66 046+ 0.55 0.33 £ 0.42
2 1.37 £ 0.68 -0.58 & 0.57 0.23 £ 0.44
3 1-0.0240.59 0.22+049 0.12 & 0.38
4 | 1.06 £057 1.44 £0.48 1.28 £ 0.36
5 | 0.22+£0.60 -0.16 £ 0.50 -0.00 &= 0.38
6 | 041 £0.55 0.78 £046 0.63 £ 0.35
7 |-0.10£0.54 0.33 +£0.46 0.15 4+ 0.35
8 |-0.59 £ 0.57 -0.20 &£ 0.49 -0.36 £+ 0.37
9 | 0.75 £0.54 -0.07£0.44 0.26 £ 0.34
10 [ -0.38 £ 0.55 1.03 £046 0.44 £ 0.36
11 | 0.12 £ 0.58 -0.18 £0.49 -0.05 £+ 0.38

Table B.4: AAcp values for the control channels obtained with the Dt — 7= 7™
driven binning (2011 data).

Magnet Polarity AAcp (%)
Up 0.21 £ 0.17
Down 0.25 £ 0.14
Up+Down  0.24 + 0.11
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Figure B.1: Global fits to the invariant mass distributions for D — K~ K7 (left)
and Df — 7~ 7nT7x" (right), MagUp (top) and MagDown (bottom) (2012 data).
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Figure B.2: Global fits to the invariant mass distributions for D — K~ K7 (left)
and Df — 7~ 7nTx" (right), MagUp (top) and MagDown (bottom) (2011 data).



126

Samen Sapes Samen Sampes
- T T T T T oo T T T T T e - T T T T T e T T T T T
Sooonf- P T g T oonn K OTE 00 b T
& T H e g T 200 T
f b H AL.0=-00035 4000 Aep0=-00157 1 000] fooo
E; ol Acpaso = 0013 0.3} hepo =020 06l o
Feooof- H = 665406+ 1230 = 4200+1-989 o
o ForE e 200008 e 23000t gou
w00 D3 = 190907041 oo muDs = 1570200 -0 1200
ook 1oo0of= 05 = 045+1.007 o 0= 124102 000
ma_0s = 78 .01 sgma_0s = 0300

oo i oos ol sigma_satio_0s = 0524 oo .05 = 064 s ool

signan_s = 07302 sign 1105 020 4. signa_n_ s = 0344302 000
o e k0= 00020 0508 au 6q = 00028 4.0, e v kg = 00022 -0 200

ek vy ek i) ik i) ek i)

Sogie T
oo o= SO % ol i owTE
oo e 3 o ook 00
‘F2000f 5000} S2000,
H o Hoooof
H Som H
- - -
oo 50
a000f 6000} oos: 4000f
1o
5 200
01520 1940 1960 1960 2000 ﬁvzn y 1920 1940 1960 1980 2000 z‘oz«'/v OS82 1940 1960 1960 2000 o “z(vzn 1920 1940 1960 1980 2000 Kezczo
S SapeE SapieE
= T T T T T T Feo T T T T
oo e T ) o
2 PRI Frs
duom - g H
2 o Y 3
Foong N, = 519103 41 1058 = el
;um Nokg = 44105 +/-855 3 FooooE-
g o5~ 834107
1o om0 - 06311 oo? oo 1. done
o ok - 000 1 52h0s o 5k - 0008 1 oo
) = )
ok o) e ok iod)
e
oo Sy Sy
P T T T T = T T T T T T = T T T T T T P T T T T
3 P oo H bot g E v sous H
o= ooca-r oo H 0= 000tz 000 i aots et 000 H o= aa0r7 000
oo Acpao = 00ra -0} E o Gonea]
2 Ny = 72158141 1054 eool S
H Nokg = 36520 o 652 Faooof [
S v o §oon
soomf- 105+ 068 008 oo
s E Soma_aio_0s - 0654 y s E o ao_0s - 0601 locs
oz Sona1 05 - 023.7 Sona 1 1= 038102 S Di- 025 7401
2000} tau_Bkg = 0.0048 +/- 306 tau_Bkg = 0.0016 +i- 04 20004 tau_Bkg = 0.0037 +/- OBpO4. tau_Bkg = 0.0020 +i- 0.8h04
o i) o o) ki) [
Sogied S 10
Foooo = = Goooo
B e Ty E o= o0
o o soor vk a0er] E Ao 003041006 o ooomz e 00
3 epti - 005 i 0dfs Soo0n) Aepeis - 0009 -0 E
Boooof— Nokg = 51478 +4- 711 oo Nokg = 32810 +/- 695 E
H st s - 2631001 oo o bs - 281450 E E
S0ooF- o0 u_Ds = 1969633 +- 508 o
ook 1os- 073008 oo
Sgma.0s- 80
4000~ 6000} sigma_Ratio_Ds. 4000 +- foos.
1o o
X gna 1100 - 022 ox
20 : oo
R ) T T )
o i) ok o) e i) s
= =
Sompes ST Saes
oo Soooof- B e T S S e ) BT
E o H Ao o0z 1 00 S
) Gooo Repo = 0000006} N
Spomf- e o %
ok Zanng ik - 4351147 oo
8000~ 6000f 8000}
sconf- oo 0s - 0623110 oo -
- S i10s - 025302 200 P
o 5kg - 0003 1507
T T T T R )
ok o) ok o)

Figure B.3: Invariant mass distributions for DY — K~ K™z with fitted PDF
superimposed for DY — 7~ 7t driven binning using 2012 Data.
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Figure B.6: Invariant mass distributions for D} — 777" with fitted PDF super-
imposed for D} — 7~ 77" driven binning using 2011 Data.
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Figure B.7: Raw asymmetries for D} — K~ K 't (left) and DI — 777t (right)
obtained with the D} — 7~ 7" 7" driven binning (2012 data).

Table B.5: Asymmetries of control channels for D — 7~ 77" driven binning with
2012 data.

Bin A (DY — K~ K1) (%) A (DT = 7o t1 ™) (%)
MagUp MagDown Up+Down MagUp MagDown Up+Down
0 |-1.57+0.15 0.54 +£0.15 -0.50 £ 0.10 | -1.66 £ 0.26 0.61 + 0.26 -0.52 £ 0.19
1 |-1.29+0.15 0.53+0.15 -0.36 £0.11 | -1.59 £ 0.28 0.55 £ 0.27 -0.51 4+ 0.19
2 |-1.20 +£0.17 -0.04 + 0.16 -0.61 +0.12 | -1.06 + 0.28 -0.04 + 0.28 -0.54 + 0.20
3 |-1.15+0.14 030+ 0.14 -042+0.10 | -1.24 £0.26 -0.10 £0.26 -0.67 £+ 0.18
4 |-0.82+0.15 0.064+0.15 -0.37 £0.11|-1.10 £ 0.26 0.03 + 0.26 -0.53 £+ 0.18
5 1-0924+0.16 -0.41+0.16 -0.66 + 0.12 | -0.46 + 0.27 -0.46 £ 0.27 -0.46 + 0.19
6 |-1.00 £ 0.13 -0.35 £ 0.13 -0.67 £ 0.09 | -0.52 £ 0.26 -0.35 &+ 0.26 -0.43 £ 0.18
7 1-048 £0.14 -0.08 £0.13 -0.27 +0.10 | -0.38 + 0.26 -0.15 £ 0.26 -0.26 + 0.18
8 |-0.64 +£0.15 -042+0.14 -0.53 £ 0.10 | -0.57 £ 0.27 -0.12 £ 0.27 -0.34 £ 0.19
9 |-0.77+£0.12 -0.12 +£0.12 -0.44 £ 0.08 | -0.82 £ 0.26 -0.56 + 0.25 -0.68 £ 0.18
10 | -0.49 + 0.13 -0.30 £ 0.12 -0.39 £ 0.09 | -0.01 £+ 0.26 -0.34 +0.26 -0.18 £ 0.18
11 |-0.76 +£ 0.14 -0.10 + 0.14 -0.42 + 0.10 | -0.44 £ 0.28 -0.50 £ 0.28 -0.47 £+ 0.20
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Table B.6: AAcp of control channels for DY — 7~ 7"#x" driven binning with 2012
data.

Bin AAcp(DY) (%)

MagUp MagDown Up+Down

0 | 0.10 £0.30 -0.07 £ 0.30 0.01 £+ 0.21

1 0.31 £ 0.32 -0.01 £0.31 0.14 £ 0.22

2 -0.14 £0.33 -0.00 £ 0.32 -0.07 = 0.23

3 1 0.09+030 0.40+0.30 0.25+0.21

4 028 £0.30 0.04 £0.30 0.16 £ 0.21

5 1-046 £0.32 0.05 £0.31 -0.20 £ 0.22

6 |-048 £0.29 0.00+£0.29 -0.24 £0.20

7 1-0.09£0.30 0.07+£0.29 -0.01 £0.21

8 1-0.08£0.31 -0.30 =0.31 -0.19 = 0.22

9 0.04 £0.29 043 £0.28 0.24 +0.20

10 | -0.48 £ 0.29 0.05 £0.29 -0.21 4+ 0.21

11 | -0.32 £0.32 041 +£0.31 0.05 £ 0.22
2 T wees 3 ETF BARRARERAS
< 1'5; —e— MagDown E < 1.557 —e— MagDown E
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SN
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Figure B.8: Raw asymmetries for D} — K~ K*n" (left) and D} — 7~ 777" (right)
obtained with the DY — 7~ 7"z driven binning (2011 data).
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Table B.7: Asymmetries of control channels for DI — 7~ 77" driven binning with

2011 data.

Bin Avaw (DT = K- K1) (%) Avaw (DT = 77t t) (%)
MagUp MagDown Up+Down MagUp MagDown Up+Down
0 |-2.14+0.34 0.35+0.28 -0.65+0.21]|-1.57+0.60 0.72+0.51 -0.23 £ 0.39
1 1-091+£030 091+£025 0.16=+0.19 |-1.43£0.55 0.44 £0.46 -0.33 +£0.36
2 1-0524+032 0114027 -0.154+0.21|-1.544+054 0.754+0.46 -0.20 =+ 0.35
3 |-1.16 £ 0.30 -0.63+0.25 -0.84 £0.19|-1.05 £ 0.56 -0.70 & 0.46 -0.84 £ 0.36
4 1-0.71+0.30 027 +025 -0.13+£0.19|-1.91 +£0.52 -1.18 £0.43 -1.49 £ 0.33
5 1-0.58 +£0.31 -0.41 £ 0.26 -0.48 +0.20 | -0.95 + 0.52 -0.23 £ 0.43 -0.53 + 0.33
6 |-0.72+0.25 -0.25+0.20 -0.44 £ 0.16 | -0.97 £ 0.52 -0.88 & 0.43 -0.92 £ 0.33
7 1-1124+£025 024+021 -0.32+0.16 | -1.24 £ 0.50 -0.27 £ 0.42 -0.67 + 0.32
8 |-1.01 £0.26 -0.10 £ 0.22 -0.48 £ 0.17 | -0.54 + 0.50 -0.06 4+ 0.43 -0.26 £ 0.33
9 |-0.65+0.23 -0.23+0.19 -0.40+£ 0.15|-1.47 £ 0.51 -0.36 &+ 0.42 -0.81 £ 0.32
10 | -1.05 = 0.23 0.18 £ 0.19 -0.33 £ 0.15 | -0.36 = 0.49 -0.69 £ 0.41 -0.55 £ 0.31
11 |-0.68 +0.24 -0.03 £ 0.21 -0.30 £ 0.16 | -0.85 + 0.49 0.23 + 042 -0.22 £+ 0.32

Table B.8: AAcp of control channels for D} — 7~ 777" driven binning with 2011

data.

Bin AAcp(DY) (%)
MagUp MagDown Up+Down
0 |-0.57£0.69 -0.36 &£ 0.58 -0.45 + 0.44
1 1052£0.63 046+ 0.53 0.48 £ 0.40
2 1.02 £ 0.63 -0.64 = 0.53 0.05 £ 0.40
3 [-0.11 £0.63 0.07 £ 0.52 -0.00 = 0.40
4 | 1.21 £060 1.46 £ 0.50 1.36 4+ 0.38
5 | 0.37 £0.60 -0.18 £0.51 0.05 = 0.39
6 | 0.25 £0.58 0.63 £048 047 £ 0.37
7 | 012£0.56 0.51 £0.46 0.35 &£ 0.36
8 |-0.47 £ 0.57 -0.04 £ 0.48 -0.22 £+ 0.37
9 | 0.82+0.56 0.13+046 0.41 = 0.36
10 [ -0.69 £0.54 087 £045 0.23 £0.34
11 | 0.17 £0.55 -0.26 £ 0.47 -0.08 &£ 0.36
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Table B.9: AAcp values for the control channels obtained with the DT — 7= 77T driven
binning (nominal), with the global fits (no binning) and with the D — 7~ 77" driven
binning (2012 data).

. AAcp (% AAcp (% AAcp (%
Magnet Polarity Dt — 7r_7r+7r(Jr g)inning Unbinr(led) Df — 7r‘7r+7r(+ %inning
Up -0.099 + 0.088 -0.094 + 0.089 -0.104 + 0.088
Down 0.089 + 0.087 0.066 + 0.088 0.093 + 0.087
Up+Down -0.003 + 0.062 -0.013 + 0.063 -0.004 £ 0.062

Table B.10: AAcp values for the control channels obtained with the D* — 7= ntxt
driven binning (nominal), with the global fits (no binning) and with the D} — 7= 77"
driven binning (2011 data).

: AAcp (%) AAcp (%) AAcp (%)

Magnet Polarity ), — m Tt binning  Unbinned D — 7~ 77" binning
Up 0.21 £ 0.17 0.23 £ 0.17 0.21 £ 0.17
Down 0.25 £0.14 0.25 £ 0.14 0.25 £ 0.14

Up+Down 0.24 £0.11 0.24 £ 0.11 0.23 £ 0.11
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Table B.11: Blind AAcp of the signal channels for D* — 7~ 77" driven binning

with 2012 data.

Bin

AAcp(DT) (%)

MagUp

MagDown

Up+Down

O© 00 1O Ul W N~ O

—_
— O

-0.26 £ 0.32
0.24 £ 0.32
0.69 &= 0.33
0.23 £ 0.31
0.46 + 0.32
0.16 £ 0.32
0.01 = 0.31
0.34 £ 0.31
0.01 £ 0.32
0.03 £ 0.30
-0.02 £ 0.32
0.76 = 0.33

0.27 £ 0.31
0.53 &= 0.32
0.82 £ 0.32
0.67 £ 0.30
0.36 = 0.31
0.76 £ 0.32
0.80 &= 0.30
0.36 &= 0.31
0.43 £ 0.32
0.36 = 0.29
0.76 £ 0.31
0.52 £ 0.32

0.01 £ 0.22
0.39 = 0.23
0.76 £ 0.23
0.45 £ 0.22
0.41 £ 0.22
0.47 £ 0.23
0.41 £ 0.22
0.35 &= 0.22
0.22 £ 0.22
0.20 £ 0.21
0.38 £ 0.22
0.64 £ 0.23

Table B.12: AAcp values for the signal channels obtained with the DT — 7 7ntg™

driven binning (2012 data).

Magnet Polarity — AAcp (%)
Up 0.212 £ 0.091
Down 0.552 £ 0.090
Up+Down 0.385 &+ 0.064
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Table B.13: Blind AA¢cp of signal channels for DT — 7~ 777" driven binning with

2011 data.

B Aor(DY) (%)
MagUp MagDown  Up+Down
0 | 0.63+0.70 0.254+0.59 0.41 + 0.45
1 1.56 £ 0.65 0.40 £ 0.55 0.88 £ 0.42
2 | 0.744+£0.63 -0.274+0.54 0.15 %+ 0.41
3 | 1.51+£0.63 0.20+0.53 0.74 £0.41
4 1-097+061 1.72+051 0.61+0.39
5 | 097 £0.62 0.66 £0.52 0.79 £+ 0.40
6 | 1.35+0.61 0.79 +£0.51 1.02 £ 0.39
7 1-0.04 £0.59 1.09 4+ 0.50 0.62 %+ 0.38
8 | 1.03+0.59 1.34 +£0.51 1.21 £0.39
9 | 037 +£0.58 0.79 +0.49 0.62 + 0.37
10 | 1.60 £ 0.58 1.23 £049 1.38 £0.38
11 | 048 £0.58 0.37 £0.50 0.42 £ 0.38

Table B.14: AAcp values for the signal channels obtained with the DT — 7~ 7ntg™

driven binning (2011 data).

Magnet Polarity AAcp (%)
Up 0.76 4+ 0.18

Down 0.74 £ 0.15
Up+Down  0.75 + 0.11
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Figure B.11: Raw asymmetries for DT — K~ K*tznt (left) and Dt — 7 nfrn™
(right) obtained with the D) — 7~ 7*7" driven binning (2012 data).
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Table B.15: Blind asymmetries of signal channels for D} — 777" driven binning

with 2012 data.

Ava (DT = K" K*") (%)

A (DT = ot t) (%)

Bin MagUp MagDown  Up+Down MagUp MagDown Up+Down
0 |[-1.06+0.15 1.32+0.15 0.14 +0.11 | -0.64 £ 0.27 1.11 £0.27 0.24 + 0.19
1 |-0.56£0.15 1.40+ 0.15 0.44 + 0.11 | -0.98 + 0.27 0.99 + 0.27 0.02 £+ 0.19
2 1-023+£0.16 054 £0.15 0.16 £0.11 | -0.93 +£ 0.26 -0.27 £ 0.26 -0.59 £+ 0.18
3 |-0.38+£0.16 091 +0.15 0.27 +0.11 | -0.72 £ 0.29 0.16 £ 0.29 -0.28 4+ 0.20
4 1-023+0.16 0.72+0.16 0.25+£0.11|-0.43+0.29 0.18 £0.28 -0.12 £+ 0.20
5) 0.09 £0.17 0.37 +0.16 0.23 &+ 0.12 | -0.15 4+ 0.28 -0.51 £ 0.28 -0.33 4+ 0.20
6 |-0.20+0.15 0.69 +£0.15 0.25 £ 0.10 | -0.31 + 0.28 -0.04 £ 0.28 -0.18 £+ 0.20
7 1-0.00 4+ 0.15 040 4+ 0.15 0.20 £ 0.11 | -0.13 £0.28 0.13 £ 0.28 0.00 4 0.20
8 [-0.124+0.16 0.36 £0.16 0.13 £0.11 | -0.22 + 0.28 0.09 £ 0.27 -0.06 £+ 0.19
9 |-0.03+£0.15 030+ 0.15 0.14 + 0.11 | -0.09 4+ 0.27 -0.12 £ 0.27 -0.11 4+ 0.19
10 | 049+ 0.16 037+ 0.15 043 £0.11 | 0.38 £0.26 -0.47 £ 0.26 -0.05 £+ 0.19
11 | 0.22 £0.17 0.15+0.16 0.18 +0.12 | -0.37 & 0.26 -0.39 £ 0.26 -0.38 + 0.18

Table B.16: Blind AAcp of signal channels for D} — 7~ 777" driven binning with

2012 data.

Bin AAcp(DT) (%)
MagUp MagDown  Up+Down
0 |-043£0.31 0.22+£031 -0.10 £ 0.22
1 ] 042 +£0.31 0414031 0.41 £0.22
2 | 070 £0.31 0.81 £0.30 0.75 £ 0.22
3 1034+£033 0.75£032 0.54+£0.23
4 1020£033 053 £0.32 0.37 £0.23
5 | 024 £033 0.8 +0.32 0.56 £ 0.23
6 | 0.12+032 0.74+£032 043 £0.23
7 1 0124+£0.32 0.27 £0.32 0.20 £ 0.22
8§ | 0.10+0.32 0.27 £ 031 0.19 £0.22
9 | 0.06+031 042+ 030 0.24 £0.22
10 | 0.12 £ 031 0.84 £0.30 0.48 £ 0.22
11 ] 0.59 £0.31 0.54 £0.30 0.56 £ 0.22




139

oo~ AepBkq - 018 100} Booon) AepBig = 0008 410, &
3 S ek o S
H i Nokg = 54546 +/- 566 H
ot L o Libi
8000F- foooo 20000 dummyBlindState = 00900040000 8000) dummyBlindsiate = 06400000000 fooo
2000) Lo 2 signal_f1_D = 033 +/- T2
=
Faooof o Foonof-
Savaol 00070 -0 Guonof- o= 00075+
Fooool Nokg = 73207 /- 450 2000 Hoooof 70053 +- 729 H Nokg = 53851 +1- 370
H ata0 -0 oono Zoong 2524006 3 goonof- ala_0= 262--005 3
000} SummyBlindState %0 oo dummyBlindstate = 0.@000q0000 ndState = 0030000000 so00f- dummyBlindstate = 0.80000000
b 1640 1860 860 1820 1840 860 1880 AT 1640 1860 860 o) 1820 1840 860 1880 27
oo A ooy S oo o
B nepBkg = 0008 -0 Goo g
Sl N, = 404267 +1. 1650 3 . oo
3 Nbkg = 59846 +/- 1553 g i
oo afa D= 309+1-003 L. N E| oo
o000} sigma_D = 89 +-01 4000) 0= 804017 “
1820 1840 T80 860 - 1820 1640 860 T80 - - - 1620 1840 860 o0 o
ks e T Ea
Soono 0= 000800075 Sooo A 000210001 s 0=-000 - 00i2] Seoof- o= 20003+ 000
e Y K- oo S Yo owrssode
doooof oooo ate.D= 24951 Soooof- ale.D= 6.5
s000f co00f 6000E- 01D= 19404 6000F-
e - Como Takon 3 ped
2000 200) ignal_f1 0= 031 +-Tp1 2000} signal_f1.D = 0.36 +/- T2 20008~ signal_1.0= 027 +-Tp2
s
Feooo)™ = B FooooE= Foonof
s [T T ooooE- T H
Saooof- 0= 0007 - 000z Ec D= 600410002, SaoooE Jomf
oo s Sooof- e oo S
Soooof- Nk = 5699 +1. 500 | Somb Nokg = 30183 4. 725 ool oo~
H afa.D= 245 " & alfa_D = 3.30 +/-002 000 “ o
a000E= dummyBlindState = 0T 00 8000F- dummyBlindState = 0400040000 0 B0 dummyBlindState = 0TH000q0000
[CONEEEUTE TR ik S [ T T oI 0 ae Ll Sese et T T B T D Sens i
=
p B fonf : A5 oo
B3 B EN Nowa oo o Sl
fk [ fol
i S 3 SR w e E.
- wnf o -
s o ool S ofor
1820 1840 T80 860 1620 T80, 860 T80 1820 1840 TB60. oo L - 7 1620 1840 860 a0
==

Figure B.12: Invariant mass distributions for D¥ — K~ K*tx* with fitted PDF
superimposed for DY — 7~ 77" driven binning using 2012 Data.
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Figure B.13: Invariant mass distributions for D™ — 7~ 77" with fitted PDF su-
perimposed for Df — 7~ 77" driven binning using 2012 Data.
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Figure B.14: Invariant mass distributions for D¥ — K~ K*tx* with fitted PDF
superimposed for DY — 7~ 77" driven binning using 2011 Data.
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Figure B.15: Invariant mass distributions for D™ — 7~ 77" with fitted PDF su-
perimposed for Df — 7~ 77" driven binning using 2011 Data.
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Figure B.16: Raw asymmetries for DT — K~ K*tzat (left) and Dt — 7 ntx™
(right) obtained with the DY — 7~ 77t driven binning (2011 data).

Table B.17: Blind asymmetries of signal channels for D} — 777" driven binning
with 2011 data.

Bin Apaw (DT — K- Kt7%) (%) Avaw (DY — -t wt) (%)
MagUp MagDown  Up+Down MagUp MagDown Up+Down
0 |-0.60+£034 1244028 048+0.22 |-1.414+0.60 0.61+0.51 -0.23 4+ 0.39
1 [-0104+0.31 1.11£0.26 0.61 +£0.20 |-1.42+0.54 0.79 £+ 045 -0.12+0.35
2 |-0.72+£030 089 +0.25 021+£019 |-1.32+0.51 1.254+043 0.18 +0.33
3 |-0.58+0.32 0214027 -0.12+0.21]-224 +£0.60 0.30 &+ 0.50 -0.75 4+ 0.38
4 1-0.83+£0.31 0924026 0.20+0.20 | 0.02+0.56 -0.86 =+ 0.47 -0.50 £ 0.36
5 1018+ 0.32 0.68+0.27 047 +£0.20 | -0.78 £ 0.53 -0.27 £ 0.46 -0.49 + 0.35
6 | 029 £0.29 0.21 +£0.24 0.24 £0.19 | -1.09 £ 0.57 -0.34 £ 0.47 -0.65 &+ 0.36
7 1-0.35+£0.28 0.80+0.23 0.32+0.18 | -0.56 £ 0.54 -0.14 £ 0.45 -0.31 £0.34
8 |-0.21£0.29 068 +0.25 0.30+£0.19 |-1.24 £0.51 -0.28 +£0.44 -0.68 & 0.34
9 |-0.33£0.30 098 +0.24 0.44 £0.19 | -0.49 £0.53 -0.05 £ 0.44 -0.23 £+ 0.34
10 | 0.63 £0.28 1.03+0.24 0.86=+£0.18 | -0.94 +£049 -044 +0.42 -0.65 + 0.32
11 | -0.57 £0.29 0.76 £ 0.25 0.20 £0.19 | -0.91 £ 047 0.11 £ 0.40 -0.32 + 0.30
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Table B.18: Blind AAcp of signal channels for D} — 7~ 7" driven binning with

2011 data.

Bin AACP(D+) (%)
MagUp MagDown  Up+Down
0 | 0.81 £0.69 0.64 4+ 0.58 0.71 +0.44
1 1.32 £ 0.62 0.32 £ 0.52 0.74 + 0.40
2 | 059 +£0.59 -0.36 £0.50 0.04 £+ 0.38
3 | 1.66 + 0.68 -0.09 £ 0.57 0.63 4+ 0.44
4 |-08+0.64 1.794+0.54 0.70 4+ 041
5 | 0.96 +£0.62 0.95 4+ 0.53 0.95 4+ 0.40
6 | 1.38+0.64 0.54 +0.53 0.89 4+ 0.41
7 | 0.21 £0.60 0.93 £0.51 0.64 £+ 0.39
8 | 1.03 £0.59 095+ 0.50 0.99 £+ 0.38
9 | 0.16 +0.61 1.024+0.50 0.67 4+ 0.39
10 | 1.57 £0.56 1.47 +0.48 1.51 +0.36
11 | 0.34 +0.55 0.65 +0.47 0.52 4+ 0.36

Table B.19: AAcp values for the signal channels obtained with the DT — 7~ 7ntx™
driven binning (nominal), with the global fits (no binning) and with the DY — 7= 77T
driven binning (2012 data).

: AAcp (% AAcp (% AAcp (%
Magnet Polarity Dt — 7T_7T+7T(+ ]?)inning Unbim(led) Df — 7T_7T+7T(+ ]?)inning
Up 0.212 £ 0.091 0.232 £ 0.093 0.214 + 0.091
Down 0.552 £ 0.090 0.581 £ 0.091 0.554 £ 0.090
Up+Down 0.385 + 0.064 0.409 £ 0.065 0.387 £+ 0.064

Table B.20: AAcgp values for the signal channels obtained with the DT — 7 7tax™
driven binning (nominal), with the global fits (no binning) and with the D — 7= 77"
driven binning (2011 data).

: AAcp (% AAcp (% AAcp (%
Magnet Polarity  p. 7r_7r+7r(+ g)inning Unbinr(led) Df — 7T_7T+7T(+ %inning
Up 0.76 = 0.18 0.74 = 0.18 0.76 £ 0.18
Down 0.74 £ 0.15 0.74 £ 0.15 0.75 £ 0.15
Up+Down 0.75 £ 0.11 0.74 £ 0.11 0.75 £ 0.11
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Appendix C

Tables and plots of asymmetries as
a function of trigger configuration

Table C.1: Asymmetries of control channels grouped by TCK with 2012 MagUp data.

Growp Apn(DF 5 K KT77) (%) Awe(DF =7 n71t) (%) AAcp(DF) (%)

0 -0.939 £ 0.084 -0.65 £ 0.16 -0.29 £ 0.18
1 -0.844 £ 0.066 -0.78 £ 0.12 -0.06 £+ 0.14
2 -1.023 £+ 0.090 -0.87 £ 0.17 -0.15 £ 0.20
3 -0.81 £ 0.11 -1.02 £ 0.20 0.21 = 0.23

Table C.2: Blind asymmetries of signal channels grouped by TCK with 2012 MagUp
data.

Group Apw(DT = KK 7)) (%) Apw(DT = 7 7t7%) (%) AAcp(DT) (%)

0 -0.057 £ 0.093 -0.40 £ 0.17 0.34 £ 0.19
1 -0.137 £ 0.072 -0.42 £ 0.13 0.29 = 0.15
2 -0.340 £+ 0.098 -0.47 £ 0.18 0.13 = 0.20
3 -0.31 £ 0.12 -0.39 £ 0.21 0.08 £+ 0.24
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Table C.3: Asymmetries of control channels grouped by TCK with 2012 MagDown data.

Growp Ap(DF 5 K KT77) (%) Aw(DF = 7 n717) (%) AAcp(DF) (%)

0 -0.162 £ 0.086 -0.16 £ 0.17 -0.00 £ 0.19
1 0.035 £ 0.091 0.11 £ 0.17 -0.07 £ 0.20
2 -0.109 £ 0.079 -0.17 £ 0.15 0.06 £+ 0.17
3 0.003 £ 0.083 -0.34 £ 0.16 0.34 £ 0.18
4 0.02 £0.14 0.18 = 0.29 -0.17 £ 0.32

Table C.4: Blind asymmetries of signal channels grouped by TCK with 2012 MagDown
data.

Group Apw(DT = K-KT77) (%) Apw(DT = 7 7t7) (%) AAcp(DT) (%)

0 0.631 £ 0.095 0.29 £ 0.17 0.34 £ 0.20
1 0.685 &= 0.099 0.09 &+ 0.18 0.59 = 0.20
2 0.504 + 0.087 -0.12 £ 0.15 0.63 £+ 0.18
3 0.725 = 0.091 0.00 £ 0.16 0.72 £ 0.19
4 0.81 £ 0.16 0.16 £+ 0.30 0.64 + 0.34

Table C.5: Asymmetries of control channels grouped by TCK with 2011 MagUp data.

Group Apw(Df - K"K 7)) (%) Anw(Df = 7 7t7) (%) AAcp(DY) (%)

0 -0.81 £ 0.13 -1.09 £ 0.25 0.28 £ 0.28
1 -1.16 £ 0.76 -1.7+£ 1.5 0.56 £ 1.7
2 -0.96 £ 0.10 -1.16 £ 0.20 0.20 £ 0.22
3 -1.5 £ 1.0 -1.1 £ 1.8 -04 £ 2.1

Table C.6: Blind asymmetries of signal channels grouped by TCK with 2011 MagUp
data.

Growp Apn(DT 5 K KT77) (%) Awe(DF =7 nt1%) (%) AAcp(DY) (%)

0 -0.06 £ 0.14 -1.16 £ 0.25 1.09 £ 0.29
1 -0.70 £ 0.85 -1.4 £ 1.5 0.7 £ 1.7
2 -0.34 £ 0.11 -0.84 £ 0.20 0.50 £ 0.23
3 -2.0 £ 1.1 -3.5 £ 2.0 1.5 £ 23
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Table C.7: Asymmetries of control channels grouped by TCK with 2011 MagDown data.

Group Auw(Df = K- K*7%) (%) A (DF = 7n-nt7?) (%) AAcp(DY) (%)

0 0.07 £ 0.11 -0.07 £ 0.22 0.14 + 0.25
1 0.08 £ 0.60 -0.2+£1.1 03+£13
2 -0.016 £ 0.081 -0.32 £ 0.16 0.30 = 0.18

Table C.8: Blind asymmetries of signal channels grouped by TCK with 2011 MagDown
data.

Group Apw(DT = KK 7)) (%) Apw(DT = 7 7nt7%) (%) AAcp(DT) (%)

0 1.06 = 0.13 0.24 £ 0.23 0.81 £ 0.26
1 0.54 £ 0.68 -0.5 £ 1.2 1.1+£14
2 0.654 £ 0.090 -0.07 £ 0.16 0.72 £ 0.19
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Figure C.1: Asymmetries of D} control channels using 2012 Data, MagDown (left)
and MagUp (right), for different TCKs grouped by cuts according to table 7.3. Top
plots are A, (DS — K~ K*7"), middle plots are A, (Df — 7~ 77 ") and bottom
plots are AAcp(DY). The black solid line corresponds to a fit of a constant. For
AAcp(DY) plots, it has a p-value of 57%, for MagDown, and 38%, for MagUp. The
purple dashed line indicates the asymmetry value obtained from the full sample.
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Figure C.2: Asymmetries of signal channels (D) using 2012 Data, MagDown (left)
and MagUp (right), for different TCKs grouped by cuts according to table 7.3.
Top plots are A.(DT — K~ K*7t), middle plots are A.(DT — 7 7t7") and
bottom plots are AAcp(D). The black solid line corresponds to a fit of a constant.
For AAcp(D™) plots, it has a p-value of 68%, for MagDown, and 78%, for MagUp.
The purple dashed line indicates the asymmetry value obtained from the full sample.



150

X2/ ndf 0.3759/2 X2 T'ndf 1.339/3

po 0.01325 + 0.06545 po -0.9116 +0.07838

g T T T T g I T T
: F 3 : F 3
< 05 J E <05 E
of—% ‘ v . of- =
-0.5 — 0.5 —
g 3 S i
1= - -1 ¢ —]
1.5 — 1.5 —
2k = 2 =
255 = 25 =
| = I B B B B B B | = B B B S B A B
35 0.5 15 25 35 35 0.5 15 25 35
sample sample

X271 ndf 0.8363/2 X2 I'ndf 0.211373

L 0 -0.2299 +0.1283 L po -1.142 +0.1536

ER 3 : F 3
< 051 E <05 E
o = = =
= - - = = .
-0.5 t — 0.5 —
aE e A ] =
F E F I T E
-1.5— — -1.5— -
2k = 2k =
-2.5 — 2.5 —
| = B B B B B B B | = B B B B BN BN S
35 35 35 35
sample sample

X2/ ndf 0.2942/2 X2 I ndf 0.1722/3

0 0.2442 +0.1438 0 0.2307 +0.1724

= 2T e e = 2T e e
- E! S B
= m s F m
< 1.5 — < 15— -
< g | < g |
= 3 1= =
05 = 050 =
£ } E -, W E
oF ! E oF | T E
0.5 — 05 —
A 3 1= =
15 — 15 =
[ N B SRR BT BT I AT B e e L L T
%5 0 35 %5 0 35
sample sample

Figure C.3: Asymmetries of control channels (D) using 2011 Data, MagDown (left)
and MagUp (right), for different TCKs grouped by cuts according to table 7.4. Top
plots are A, (DS — K~ K*7"), middle plots are A, (Df — 7~ 77 ") and bottom

plots are AAcp(Dy).

The black solid line corresponds to a fit of a constant. For

AAcp(DY) plots, it has a p-value of 86%, for MagDown, and 98%, for MagUp. The
purple dashed line indicates the asymmetry value obtained from the full sample.
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Figure C.4: Asymmetries of signal channels (D) using 2011 Data, MagDown (left)
and MagUp (right), for different TCKs grouped by cuts according to table 7.4.
Top plots are A.w(DT — K~ K*7t), middle plots are A..(DT — 7 7t7") and
bottom plots are AAcp(D). The black solid line corresponds to a fit of a constant.
For AAcp(D™) plots, it has a p-value of 94%, for MagDown, and 44%, for MagUp.
The purple dashed line indicates the asymmetry value obtained from the full sample.
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Appendix D

Studies of the impact of the fit
model on the asymmetries

The impact of fixing parameters of the PDF according to the values obtained from

MC fits is shown also for the unbinned data fits and the per bin data fits, where now

ot

the bins are defined according to the kinematics of the 7 in the DY — 7~ 7n'rn
decay. The AAcp results are shown both for the control modes, in Tables D.1
and D.2, and for the signal samples, in Tables D.3 and D.4.

For the unbinned samples, we also show results obtained with alternative PDF
for the signal and background. These numbers provide a preliminary idea of the

impact of different shapes for the mass distribution description.

The different fit configurations used in the tables of this section are then:

1. CB+G for the signal shape and exponential for the background with shape

parameters allowed to float;

2. CB+G for the signal shape and exponential for the background with R,, fq,
a and n fixed from MC;

3. CB+G for the signal shape and exponential for the background with fg, «
and n fixed from MC,;

4. CB+G for the signal shape and exponential for the background with o and n
fixed from MC.
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5. CB+G for the signal shape and a first order polynomial for the background

(all shape parameters floating)

6. Apollonios for the signal and exponential for the background (all shape pa-

rameters floating)

7. Apollonios for the signal and a first order polynomial for the background (all

shape parameters floating)

Table D.1: Results of AAcp(D7) for different fit configurations (2012 and 2011 data)
using the unbinned fits.

Model MagUp MagDown Up+Down
2012 data
1 (-0.094 + 0.089)% (0.066 + 0.088)% (-0.013 £ 0.063)%
2 (-0.097 £ 0.089)% (0.066 £+ 0.088)% (-0.015 £ 0.063)%
3 (-0.097 £ 0.089)% (0.065 £+ 0.088)% (-0.015 £ 0.063)%
4 (-0.097 £+ 0.089)% (0.065 £+ 0.088)% (-0.015 £ 0.063)%
) (-0.093 £+ 0.089)% (0.069 + 0.088)% (-0.011 £ 0.063)%
6 (-0.093 £ 0.089)% (0.067 + 0.088)% (-0.012 £ 0.063)%
7 (-0.093 + 0.089)% (0.067 + 0.088)% (-0.012 + 0.063)%
2011 data
1 (0.23 + 0.17)% (0.25 + 0.14)% (0.24 + 0.11)%
2 (0.23 £ 0.17% (0.25 £ 0.14)% (0.24 £ 0.11)%
3 (0.23 £ 0.17)% (0.25 + 0.14)% (0.24 £ 0.11)%
4 (0.23 +£ 0.17)% (0.25 + 0.14)% (0.24 + 0.11)%
) (0.21 +£ 0.17% (0.24 + 0.14)% (0.23 + 0.11)%
6 (0.23 + 0.17% (0.25 + 0.14)% (0.24 + 0.11)%
7 (0.23 £ 0.17% (0.25 £ 0.14)% (0.24 £ 0.11)%

For the unbinned fits, the shape parameters are also shown, for comparison, in
Tables D.5 to D.8 (2012 data samples). Although in some cases these parameters are
significatively different from the MC values, the impact on the AAcp measurement

is irrelevant.
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Table D.2: Results of AAcp(DY) for different fit configurations (2012 and 2011 data)

using the D?;) — -t driven binning.

Model MagUp MagDown Up+Down

2012 data

1 (-0.104 £ 0.088)% (0.093 4+ 0.087)% (-0.004 £ 0.062)%

2 (-0.106 + 0.088)% (0.091 4+ 0.087)% (-0.006 + 0.062)%

3 (-0.107 £ 0.088)% (0.089 + 0.087)% (-0.008 £ 0.062)%

4 (-0.108 £ 0.088)% (0.089 £ 0.087)% (-0.008 £ 0.062)%
2011 data

1 (0.21 £ 0.17% (0.25 £ 0.14)% (0.23 £ 0.11)%

2 (0.21 £ 0.17)% (0.25 + 0.14)% (0.23 £ 0.11)%

3 (0.21 £ 0.17)% (0.25 + 0.14)% (0.23 £ 0.11)%

4 (0.21 +£ 0.17% (0.25 + 0.14)% (0.23 £ 0.11)%

Table D.3: Blind results of AAcp(D™) for different fit configurations (2012 and 2011
data) using the unbinned fits.

Model MagUp MagDown Up+Down
2012 data
1 (0.232 £ 0.093)% (0.581 £ 0.091)% (0.409 £ 0.065)%
2 (0.237 £ 0.093)% (0.579 £ 0.091)% (0.411 £ 0.065)%
3 (0.235 + 0.093)% (0.579 £ 0.091)% (0.410 £ 0.065)%
4 (0.235 + 0.093)% (0.579 £+ 0.091)% (0.410 £ 0.065)%
5 (0.233 + 0.093)% (0.582 + 0.091)% (0.410 £ 0.065)%
6 (0.232 + 0.093)% (0.582 + 0.091)% (0.410 £ 0.065)%
7 (0.240 £+ 0.093)% (0.583 £ 0.091)% (0.414 + 0.065)%
2011 data
1 (0.74 + 0.18)% (0.74 + 0.15)% (0.74 + 0.11)%
2 (0.75 £ 0.18)% (0.74 £ 0.15)% (0.74 £ 0.11)%
3 (0.75 + 0.18)% (0.74 + 0.15)% (0.74 £ 0.11)%
4 (0.75 + 0.18)% (0.74 + 0.15)% (0.74 £ 0.11)%
5 (0.75 + 0.18)% (0.75 + 0.15)% (0.75 + 0.12)%
6 (0.73 + 0.18)% (0.75 + 0.15)% (0.74 + 0.12)%
7 (0.74 £ 0.18)% (0.75 £ 0.15)% (0.74 £ 0.12)%
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Table D.4: Blind results of AAcp(D™) for different fit configurations (2012 and 2011
data) using the D} — 7~ 7" driven binning.

Model MagUp MagDown Up+Down

2012 data

1 (0.214 + 0.091)% (0.554 + 0.090)% (0.387 £ 0.064)%

2 (0.216 + 0.091)% (0.553 + 0.090)% (0.387 £ 0.064)%

3 (0.215 £ 0.091)% (0.552 £ 0.090)% (0.386 £ 0.064)%

4 (0.214 + 0.091)% (0.554 £ 0.090)% (0.386 £ 0.064)%
2011 data

1 (0.76 +£ 0.18)% (0.75 £ 0.15)% (0.75 £ 0.11)%

2 (0.76 + 0.18)% (0.74 + 0.15)% (0.75 £ 0.11)%

3 (0.76 + 0.18) (0.74 + 0.15)% (0.75 £ 0.11)%

4 (0.75 + 0.18)% (0.74 + 0.15)% (0.74 + 0.11)%

Table D.5: Shape parameters for the Dz;)

— K- K*trt fit (2012).

Mag Up Data

Parameter Model 1 Model 2 Model 3 Model 4
R, 0.6378 £ 0.0014 0.49 £+ 0 (fixed) 0.5105 £+ 0.0012 0.6031 £ 0.0019
fa 0.3401 £ 0.0055 0.12 £+ 0 (fixed) 0.12 4+ 0 (fixed) 0.2653 £ 0.0046
a 2.741 £ 0.011  3.89 £+ 0 (fixed) 3.89 £ 0 (fixed) 3.89 £ 0 (fixed)
n 0.806 £ 0.048 0 4+ 0 (fixed) 0 £+ 0 (fixed) 0 £+ 0 (fixed)

Mag Down Data
R, 0.6306 £ 0.0014 0.49 £+ 0 (fixed) 0.5115 4+ 0.0012 0.6011 + 0.0019
fa 0.3138 4+ 0.0049 0.12 £+ 0 (fixed) 0.12 £ 0 (fixed) 0.2549 + 0.0043
o 2.8547 4+ 0.0095 3.89 £ 0 (fixed) 3.89 £ 0 (fixed) 3.89 £ 0 (fixed)
n 0.564 £ 0.036 0 4+ 0 (fixed) 0 4+ 0 (fixed) 0 4+ 0 (fixed)
Table D.6: Shape parameters for the D(ﬁ) — - rtrt fit (2012).
Mag Up Data

Parameter Model 1 Model 2 Model 3 Model 4
R, 0.6743 £ 0.0057 0.535 + 0 (fixed)  0.5486 4+ 0.0043  0.6253 £ 0.0047
fa 0.3026 £ 0.016 0.2 + 0 (fixed) 0.2 £+ 0 (fixed) 0.345 £ 0.010
! 1.6839 + 0.0068 3.52 4+ 0 (fixed) 3.52 £ 0 (fixed)  3.52 4+ 0 (fixed)
n 12.36 + 0.52 0 4+ 0 (fixed) 0 £+ 0 (fixed) 0 4+ 0 (fixed)

Mag Down Data

R, 0.683 £ 0.010  0.535 £+ 0 (fixed) 0.54662 £ 0.00072 0.6369 + 0.0037
fa 0.370 £ 0.042 0.2 £+ 0 (fixed) 0.2 + 0 (fixed) 0.410 £ 0.010
o 1.631 +£0.026  3.52 £ 0 (fixed) 3.52 + 0 (fixed)  3.52 4+ 0 (fixed)
n 172 £ 24 0 £+ 0 (fixed) 0 £ 0 (fixed) 0 £+ 0 (fixed)
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Table D.7: Shape parameters for the Dt — K~ K7t fit (2012).

Mag Up Data
Parameter Model 1 Model 2 Model 3 Model 4
R, 0.6239 4+ 0.0013 0.484 £+ 0 (fixed) 0.5093 £ 0.00044 0.6083 £ 0.0016
fa 0.3422 4+ 0.0047 0.119 4+ 0 (fixed) 0.119 £+ 0 (fixed) 0.3049 £ 0.0049
o 2.991 + 0.011 3.9 £+ 0 (fixed) 3.9 £+ 0 (fixed) 3.9 £+ 0 (fixed)
n 0.496 £+ 0.030 0 £ 0 (fixed) 0 £ 0 (fixed) 0 £ 0 (fixed)
Mag Down Data
R, 0.6275 4+ 0.0013 0.484 4+ 0 (fixed) 0.5088 4+ 0.0013  0.6083 + 0.0015
fa 0.3580 4+ 0.0056 0.119 4+ 0 (fixed) 0.119 £ 0 (fixed) 0.3106 £ 0.0048
o 2.887 + 0.012 3.9 + 0 (fixed) 3.9 + 0 (fixed) 3.9 + 0 (fixed)
n 0.641 + 0.060 0 + 0 (fixed) 0 £ 0 (fixed) 0 + 0 (fixed)
Table D.8: Shape parameters for the Dt — 7~ 77 fit (2012).
Mag Up Data
Parameter Model 1 Model 2 Model 3 Model 4
R, 0.7105 £ 0.0045 0.542 4+ 0 (fixed) 0.5387 4+ 0.0054 0.6451 + 0.0037
fa 0.537 £ 0.034  0.18 £ 0 (fixed) 0.18 £ 0 (fixed) 0.436 £ 0.013
e 1.705 £ 0.026  3.27 £ 0 (fixed) 3.27 + 0 (fixed) 3.27 + 0 (fixed)
n 212 £ 0.54 0.22 + 0 (fixed) 0.22 + 0 (fixed) 0.22 + 0 (fixed)
Mag Down Data
R, 0.7101 4+ 0.0044 0.542 4+ 0 (fixed) 0.5444 + 0.0047 0.6521 £ 0.0034
fa 0.605 4+ 0.014  0.18 £ 0 (fixed) 0.18 £ 0 (fixed)  0.465 £ 0.015
o 1.652 +£ 0.016  3.27 + 0 (fixed) 3.27 + 0 (fixed) 3.27 + 0 (fixed)
n 1.84 + 0.17 0.22 £+ 0 (fixed) 0.22 + 0 (fixed) 0.22 £ 0 (fixed)
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Appendix E

Further studies related to fiducial
cut

A fiducial cut was defined according to the distribution of the raw asymmetry
in the p, X p, plane for Df — K- K*nt and D} — 7~ n"n", as described in
Section 4.2.3, to eliminate the regions with high asymmetry. The cut is given by
(p. > 3.3 % |p.| + 2500) and is applied to all daughters. We want to study how the
AAcp changes when these fiducial cuts are applied, also considering what happens
when the cut is applied only to the bachelor pion (77) or to the opposite charged
daughters (K~ K*, 7—n™).

Using the 2012 data split by magnet polarity, we extract the raw asymmetries

and AAcp for control and signal modes considering four configurations:

e fiducial cut (p, > 3.3 * |p.| + 2500) applied to the bachelor pion 7 (p3);

e fiducial cut (p, > 3.3 % |p,| + 2500) applied to the opposite charged daughters
K K*, 77" (pl & p2);

e fiducial cut (p, > 3.3 x |p,| + 2500) applied to all daughters (pl & p2 & p3);

e fiducial cut (p, > 3.3 x |p,| + 2500) not applied (no fiducial).

The asymmetries with respect to the fiducial cuts are shown in Figures E.1 and
E.2, for control and signal modes, respectively. The values are listed in Tables E.1

and E.2. The results of the four configurations are compatible.
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Figure E.1: Asymmetries of control channels with respect to the fiducial cut using
2012 data. Top-left plot is A,.w(Df — K~ KTnT), top-right plot is A (DF —

n- ") and bottom plot is AAcp(DY).
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Table E.1: Asymmetry values of control channels with respect to the fiducial cut

using 2012 data.

Sample MagUp MagDown Up+Down
A DF > K- K¥77)
fiducial in p3 (10.808 £ 0.041)% (-0.054 £ 0.040)% (-0.469 % 0.020)%
fiducial in pl & p2 (-0.929 £ 0.041)% (-0.081 + 0.040)% (-0.498 + 0.029)%
fiducial in all daughters (-0.900 £+ 0.041)% (-0.057 £ 0.041)% (-0.471 + 0.029)%
no fiducial (0.928 + 0.040)%  (-0.085 £ 0.040)%  (-0.499 = 0.028)%
Avaw (DY — 7wt ™)
fiducial in p3 (<0.815 £ 0.071)% (-0.127 + 0.076)% (-0.467 % 0.054)%
fiducial in pl & p2  (-0.825 £ 0.078)% (-0.136 = 0.077)%  (-0.476 + 0.055)%
fiducial in all daughters (-0.807 + 0.079)%  (-0.124 + 0.078)% (-0.461 £ 0.056)%
no fiducial (-0.835 £+ 0.076)% (-0.136 + 0.075)% (-0.481 %+ 0.053)%
AAcp(Dy)
fiducial in p3 (-0.083 £ 0.087)%  (0.073 £ 0.086)%  (-0.004 £ 0.061)%
fiducial in pl & p2  (-0.104 % 0.088)%  (0.055 + 0.087)%  (-0.023 % 0.062)%
fiducial in all daughters (-0.093 4+ 0.089)%  (0.067 £ 0.088)%  (-0.012 % 0.063)%
no fiducial (0.093 £ 0.086)%  (0.051 £ 0.085)%  (-0.020 % 0.060)%

Table E.2: Blind asymmetry values of signal channels with respect to the fiducial

cut using 2012 data.

Sample MagUp MagDown Up+Down
Apaw(DT — K- K*71 )
fiducial in p3 0.176 4+ 0.045)% (0.647 + 0.044 0.242 + 0.031

fiducial in p1 & p2
fiducial in all daughters
no fiducial

0.224 + 0.045)%

-
(-
(-0.186 £ 0.045)%
(-

0.213 + 0.044)%

(0.631 & 0.044
(0.643 £ 0.044
(0.627 =+ 0.043

)
)
)
)

%
%
%0
%0

0.235 £ 0.032
0.214 £ 0.031

o~~~

)%
0.211 4+ 0.031)%
)
)

0
0
0
0

Apaw (DT = 7t ™)

fiducial in p3
fiducial in pl & p2
fiducial in all daughters
no fiducial

0.423 + 0.078)%
0.443 + 0.080)%

(-
(-
(-0.418 £ 0.081)%
(-

0.450 + 0.077)%

(0.068 £ 0.077
(0.057 = 0.079
(0.062 = 0.080
(0.064 =+ 0.076

)
)
)
)

%
%0
%0
%

0.174 £ 0.055
0.190 £ 0.056

(- )%
(- )%
(-0.175 + 0.057)%
(- )%

0.190 £ 0.054

0
0
0
0

Adgp(DT)

fiducial in p3
fiducial in pl & p2
fiducial in all daughters
no fiducial

(
(
(
(

0.247 £ 0.090)%
0.219 + 0.092)%
0.232 + 0.093)%
0.237 £ 0.089)%

(0.579 =+ 0.089
(0.574 % 0.090
(0.581 = 0.091
(0.563 + 0.087

S— N N

%0
%
%
%

0.416 £ 0.063
0.399 + 0.064
0.409 £ 0.065
0.403 £ 0.062

P Py
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Figure E.2: Blind asymmetries of signal channels with respect to the fiducial
cut using 2012 data. Top-left plot is A.w(DT — K~ K*trnt), top-right plot is
Araw (DT — 7wt r) and bottom plot is AAcp(DT).
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