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Abstract

This thesis presents the search for CP violation in four-body fully-charged charmless weak
decays of A) and =) baryons. The events are gathered and reconstructed using the LHCb
spectrometer installed at the Large Hadron Collider (LHC) of CERN at Geneva, Switzer-
land. Although the assumed aim of this study is to unravel new sources of CP violation,
the first necessary step consists in observing CP violation in baryon decays, which has not
yet been observed by previous experiments. A total of seven charmless decay modes were
looked at for the search, particularly the A (=2)— ph~h/Th"~ decay modes, where h, I/
and h” can either be a 7 or a K. Since these decay modes are also not yet observed prior to
this thesis, we conducted a search on the same seven final decay modes of A) and =. This
thesis presents also the calibration and ageing study on the Pre-shower (PS) sub-detector of
LHCb. Minimum ionizing particles were used to accomplish the task. Presented as well in
this thesis is the branching fraction limit calculation of B? — KKK~ using a modified
Feldman-Cousins inference.
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Résumé

Cette thése d’Université présente une recherche de brisure de la symétrie CP dans les dés-
intégrations a quatre corps électriquement chargés des baryons beaux A et ZY. L’analyse
utilise les données enregistrées par 'expérience LHCb installée auprés du grand collision-
neur de hadrons (LHC), sis au CERN a Genéve (Suisse). Le but ultime de ce travail est
de mettre a jour une nouvelle source de brisure de la symétrie CP. La premiére étape dans
cette quéte consiste toutefois & observer pour la premiére fois une brisure de symétrie dans
les désintégrations de baryon. Sept désintégrations ont été recherchées dans ce travail de
these. Six d’entre elles, explicitement A) — prtr—7n~, A) —» pK7ntn~, Z) —» pK 77",
A) - pK Ktn, Z) - pK 7"K~ et A) — pK~ K"K~ ont été observées pour la premiére
fois et leurs asymétries CP, intégrées sur 'espace des phases des désintégrations d’intérét,
ont été mesurées. Aucun signe de brisure de symétrie CP n’a été observé. Ce travail de
theése comprend également les études de calibration du détecteur PreShower de LHCb au
moyen de particules au minimum d’ionisation. Un travail portant sur le calcul de la limite
sur le rapport d’embranchement du mode de désintégration B? — KJK ™K~ au moyen d’un
inférence de Feldman-Cousins modifiée, compléte le matériel scientifique rassemblé dans ce
manuscrit de thése.

Mots clés:
LHCb, baryons beaux, brisure de la symétrie CP, Pre-shower
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Introduction

Once postulated to be an exact symmetry of nature is now an experimentally-established fact
that CP-symmetry is slightly violated in decays involving weak interaction. First observed
in the decays of neutral kaons [1], CP-violation is also observed in the B system as seen
by BaBar [2-4] and Belle [5-7] experiments, and recently by the LHCb collaboration [8,9].
The Standard Model (SM) of particle physics can explain this phenomenon as a consequence
of quark-mixing of at least three generations as explained in the Kobayashi-Maskawa (KM)
mechanism [10]. With 3 generations of quarks, the KM mechanism predicts one phase that
governs all CP-violation phenomena. With several decay modes to look at, tremendous
progress was done in the last 15 years to redundantly-constrain the KM predictions and so
far found no evidence of significant deviation from it [11,12]. This achievement is a pillar
of the SM. Search for CP-asymmetries with beauty baryons (or b-baryons) however have
received lesser attention up to now. In the SM, the weak phase governing the CP violation
in the K and B systems drives also the CP violation in b-baryons. Although the assumed
aim of the work defended in this thesis is to unravel new sources of CP violation, the very
first necessary step consists in observing a C'P-violating phenomenon in baryon decays.

Some few attempts have been done to search for direct CP asymmetries involving b-
baryons [13—15] and so far found to be consistent with no asymmetry. The LHCb experiment
operated at center-of-mass energies above the threshold for b-baryon production, and hence
has an excellent potential to further improve the understanding of b-baryons.

In this thesis, CP-asymmetries are searched for in the charmless fully-charged four-body
weak decays of two neutral b-flavoured baryons, namely A? and =7, using the Run I data of
LHCD experiment corresponding to an integrated luminousity of 3.0 fb™'. Few promising
modes to observe direct CP violation in b-baryons are in the charmless decays to multibody,
where the decays can proceed simultaneously through b — w tree transition or Flavour
Changing Neutral Current penguin loop transitions b — s and b — d. It is also worth
noting that the seven decay modes studied in this analysis are yet unobserved and hence,
the establishment of these decays is implicit in the analysis. The interference pattern of
four-body decays is expected to be rich of structures, in particular in the low two-body
baryon resonances (A*(1520), N*°(1520), A series). Difference in strong phases between
two competing amplitudes might enhance the weak-induced asymmetries.

In Chapter 1, the basic theory describing the Standard Model of particle physics is
discussed, which includes how the KM mechanism explains the CP-violation phenomena.
Chapter 2 is dedicated to the LHCb detector, with an emphasis on the tracking detectors of
utmost importance for the physics analyses discussed here. Chapter 3 discusses the details
of the Pre-shower subdetector. My work on the ageing and calibration of the Pre-shower is
also included in this Chapter.

Prior to this analysis, I was involved in the search and measurement of Bgs — KOnth'~
(h,h’=n,K) relative branching fractions at LHCb [16], particularly in the search for B? —
K?KTK~ decay mode. In Chapter 4, I will present my contribution on this analysis and
specifically a discussion on the setting of the limit of the relative branching fraction of
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B - K!KTK~.

The main topic of this thesis, which is the search for CP-asymmetries in charmless decays
of beautiful neutral baryons, is discussed in Chapters 5 and 6. This covers from data selection
up to the summary of the results. The CP-asymmetry observables are measured in 3 different
phase space cuts, namely (1) integrated throughout the full phase space of the decay, (2)
in the low-invariant mass region of the quasi-resonant decay, particularly with an excited
baryon mass less than 2 GeV/c?, and (3) within the phase space region of the quasi-2-body
decays involving an excited baryon resonance less than 2 GeV/c? and an associated mesonic
resonance of typical mass below 1.6 GeV/c?. A section is also dedicated on establishing the
signal decays. Chapter 7 summarizes the results of the whole thesis and discusses potential
for further studies.

An exploratory work was also conducted to assess the possibility of reconstructing the
invariant mass of parent particle without explicitly reconstructing one of its final daughter
particles — a technique dubbed “partial reconstruction”. In LHCb, this is possible in some
decays due to the excellent vertexing of the production and decay vertices. A discussion on
this work is presented in Appendix B.
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Theoretical context
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1.1 Introduction

The Standard Model (SM) of particle physics has been very successful in explaining the
interactions of fundamental particles. This provides a very elegant theoretical framework in
describing experimental results with high precision. In this Chapter, the theoretical under-
pinning of the SM is introduced and how the SM describes the interactions of fundamental
particles is given.

Section 1.2 introduces the list of fundamental particles of the SM and how this gauge
theory describes the interactions. Since one of the main focuses of the LHCb experiment and
the main topic of this thesis is on the CP-violation in the quark sector, a discussion on the
quark mixing and CKM matrix is written in Section 1.5. This is followed by a section (Section
1.6) about the CP-violation and the classification of its three possible manifestations. Finally,
dedicated section is assigned for the discussion on the review of b-baryons and on the decay
channels studied in this thesis.

1.2 The Standard Model

The Standard Model (SM) of particle physics is a renormalizable quantum field theory con-
structed under the principle of local gauge invariance. It describes the interactions based
on the symmetry group SU(3)¢ ® SU(2), ® U(1)y, where the strong interaction is gov-
erned by symmetry group of color rotations SU(3)¢ and the electroweak interaction by the
SU(2), ® U(1)y symmetry group. In this model, the dynamics of the particles and their in-
teractions is described using a Lagrangian Lgy;. Being a gauge theory, the SM Lagrangian is



2 Theoretical context

invariant under continuous local transformations. The discussion in this Section starts with
the fundamental particles and fundamental forces of the SM, and ends with a discussion on
the Lagrangian of the SM and how the spinor fields are represented.

1.2.1 The fundamental particles

The fundamental particles of the SM are believed to have no further internal structure and
serves as the building blocks of other composite particles. There are two distinct types of
particles in the SM, namely fermions and bosons. Fermionic-type particles, which have half-
integer spins, obey Fermi-Dirac statistics, while bosonic-type particles, having integer spins,
obey Bose-Einstein statistics.

There are 12 fermions, composed of six quarks and six leptons, considered as fundamental
particles in the SM. The quarks are further classified according their third weak isospin
projection T3 into up-type quarks (u, ¢, t), down-type quarks (d, s, b), while the leptons
are classified as charged-leptons (e, p, 7) and the neutrinos (v, v,, v;). The fermions can
be arranged as three generations, as shown in Table 1.1, where each generation has the
same quantum number as the other generations except that they have different masses. The
generations are arranged with increasing masses of the fermions, that is the third and second
generations have fermion masses higher that the second and first generations, respectively.

Although not shown in Table 1.1, each quark can actually have three possible distinct
color quantum number, conventionally dubbed “red”, “green” and “blue”. Also not shown in
the Table is that each quark has an anti-particle, having the same fundamental properties
as the quark except that the quantum charges are opposite and can take for instance three
possible color charges “anti-red”, “anti-green” or “anti-blue”.

Table 1.1: The fundamental fermions of the Standard Model written as doublets and arranged by
generation.

Charge I II 111

)T 1)) e
() () () () v

Mediating the interaction of the fermions are the gauge bosons of the SM. The four
types of gauge bosons of the SM are the photon (v), the gluons (g), the W* and the Z°.
Table 1.2 lists the fundamental bosons of the SM. The photon mediates the electromagnetic
interaction, while the gluon is the mediating boson of the strong force. Weak force is mediated
via massive charged bosons W* and massive neutral boson Z°. The photon couples only to
charged particles and hence does not couple to neutrinos, neither on the other neutral gauge
bosons including itself. The quarks, carrying a colour charge, can also interact via their
couplings to the gluons, while the leptons, which has no colour charge, do not interact via
strong force. Lastly, the weak force interacts to all fermions and hence the only interaction
that the neutrinos participate. The gravitational force, negligible at the energies we are
interested in this thesis, does not belong so far to this quantum field theory framework and
will not be discussed further.
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Table 1.2: The fundamental bosons of the Standard Model. Shown as well are their respective
electric charges, masses, spins, and interactions being mediated. Note that the properties are as the
SM predicted, except for the masses where the experimental value is quoted when the SM prediction
is nongzero.

Boson Electric Mass (in GeV/c?) Spin  Interaction mediated
charge

0 0 massless 1 Electromagnetic

W +1 80.385+0.015 [17] 1 Weak charged current

A 0 91.1876+£0.0021 [17] 1 Weak neutral current

g 0 massless 1 Strong

H° 0 125.09 £+ 0.21(stat) £ 0.11(syst) [18] 0 [19,20] Mass generation

Also shown in Table 1.2 is the Higgs boson particle [21-26]. A narrow bosonic state has
been recently discovered by ATLAS [27] and CMS [28] experiments and is so far consistent
with the fundamental scalar of the SM. Unlike the other fundamental bosons of the SM, the
Higgs boson is a scalar boson (spin 0) and is not a mediator of any of the fundamental forces.
It undergoes however elementary interactions with both fermions and bosons as discussed
later in this chapter.

1.2.2 The fundamental forces in the SM

As mentioned in the previous subsection, the fermions interact with each other via different
types of forces, namely electromagnetic interaction, weak interaction and strong interac-
tion. The electromagnetic interaction, described by the theory of Quantum Electrodynam-
ics (QED), occurs only among charged particles via the exchange of photon, implying that
neutrinos (as well as Z° bosons) does not interact with other particles via electromagnetic
force. Since a photon does not carry an electric charge, it does not couple to other photons,
in contrast to gluons which can couple to other gluons as well.

The weak force is mediated by either the massive charged boson W= or the massive
neutral boson Z°. The theory describing the weak interaction is combined together with the
electromagnetic interaction, to become the electroweak theory (EWT). The EWT was first
proposed by S. Glashow [29], S. Weinberg [30] and A. Salam [31] based on the SU(2),®U(1)y
symmetry group. Fermions can change their flavour by emitting a charged W* boson. In
the SM, this is the only tree level transition that changes the flavour, and in particular
the generation of quarks. Hence, there is no Flavour Changing Neutral Current (FCNC)
in tree-level transitions in the SM. Neither the neutral current Z° can change the flavour
of fermions in tree-level transitions as explained by the Glashow-Iliopoulos-Maiani (GIM)
mechanism [32]. Since neutrinos has no electric charge and colour charge, they do not interact
via electromagnetic force nor via strong force, leaving only the weak interaction. Moreover,
since only left-handed leptons, represented as doublets in the SU(2)y, are involved in the
weak interaction, the right-handed neutrinos then become sterile, should they actually exist.

The strong interaction, which is responsible, in a residual way, of the binding (and con-
finement) of quarks to form hadrons, is mediated by gluons. The theory involved in the
strong interaction is called Quantum ChromoDynamics (QCD), based on the SU(3)¢ sym-
metry group. There are actually eight different gluons, corresponding to the eight generators
of the SU(3)¢ symmetry group. The quarks come as a colour triplet, while the leptons are
singlets of SU(3)c. In analogy to QED, quarks carry “colour” charges. However, unlike
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in QED, the gluons can interact also with other gluons. Quark confinement, i.e. the fact
that quarks can not be isolated singularly, can be explained by the colour interaction. As
a quark-antiquark pair separate, the gluon field strength between them does not diminish,
regardless of their distance. At some point of the separation, it becomes more energetically
favourable to spontaneously pop-in a new quark-antiquark pair from the vacuum than to
extend the separation.

1.2.3 Standard Model Lagrangian

The SM of particle physics describes the laws of Nature based on Quantum Field Theory
(QFT). In QFT, this leads to formulating the Lagrangian of Nature. The most compact full
Lagrangian Lgy; of the SM consists of four parts, as written in Equation 1.1,

ESM = EGauge + ﬁKinetic + EHiggs + »CYukawaa (11)

where Lgauge 1 the kinetic term of the gauge fields, Lxinetic is the kinetic term describing the
dynamics of the spinor Dirac v, Lyiges describes the Higgs scalar field and its potential, and
Lyukawa describes the interaction between the Higgs field and the fermions (so called Yukawa
couplings). The kinetic term of the fermion fields is given by,

‘CKinetic = ILE(DMVM)@ZJ (12)
where the spinor fields v (E = T9% 49 as one of the Dirac gamma matrices in chiral basis)
contains the three fermion generations, consisting of the following five representations :

Q1.(3,2,+1/3), uh;(3,1,44/3), d&;(3,1,—2/3), L1.(1,2,—1), 15(1,1,-2). (1.3)

This notation tells that quarks are triplets in the SU(3)¢ color rotation, while the leptons
are singlets in SU(3)¢. The left-hand component of the spinor ¢ is a doublet in the SU(2),
rotation, while the right-hand component is a singlet. The last quantum number inside the
parentheses specifies its weak hypercharge Y of the U(1)y, which is equal to 2(Q- T53), where
@ is the electric charge and T3 is third component of the weak isospin. In example, the
notation Qf.(3,2,+1/3) means that this is a triplet in SU(3)¢, a left-handed doublet in
SU(2);, and with a hypercharge Y = 1/3. The subscript i stands for the three generations,
while the superscript I signifies that this is written in the interaction basis. Hence, the
explicit forms of the representations in Equation 1.3 are,

15t generation 2nd generation 3rd generatlon
! ul, ul, ul ! ck el el tl tI tI
I . 7 g’ b Y g b
Qr:(3,2,+1/3) = (1.4)
Li\*» <> d] dI dl ) SI SI SI ’ ’ :
) » Y% )L ry 2g» °b /[,

I I
Lii(1>2v _1) = ( V? ) ) ( Vl? ) ’ (
L H L

up(3,1,4+4/3) = (ul, uly ), (chchcl)ps (¢l ¢l tI)R . (1.6)
di(3,1,-2/3) = (df, uf, d) . (sh b st) g, (of, th b)), . (L7
léz(L 17 _2) = ( €I)R7 ( MI)Ry ( T )R s (18)

where the subscripts r, g, and b are the three color quantum numbers; u, ¢ and t are the
up-type quarks; and d, s and b are the down-type quarks.

The covariant derivative D* in Equation 1.2 is a replacement of the ordinary derivative
in order to maintain the gauge invariance. This is written in four terms as,

DF = 0" +ig;GH L, + igW}'T, + ig B'Y | (1.9)
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where the first term is the ordinary derivative, L, are the generators of the SU(3)¢ group (the
3x3 Gell-Mann matrices: 3\, for triplets and 0 for singlets) and T}, are SU(2), generators
(the 2x2 Pauli matrices: %ab for doublets and 0 for singlets). G* are the eight gluons fields,
W} are the three weak interaction bosons and B* is the hypercharge boson.

The Higgs scalar field ¢ and its potential V (¢¢) is added to the Lagrangian of the SM in
order for the bosons of the weak interaction to acquire mass via the spontaneous symmetry
breaking mechanism, also known as the Brout-Englert-Higgs (BEH) mechanism [21-23].

The Lyiges term has the form,

Litiges = (D"¢)1(D"¢) + ° ¢ — AN(979)* | (1.10)

where the Higgs complex scalar field is an isodoublet,

o) = (%) (111)

The development of the covariant derivative product in the kinetic term of Equation 1.10 can
describe the coupling of the Higgs to the gauge fields. The couplings of the Higgs field to the
fermion fields on the contrary are not manifested in the Higgs Lagrangian and hence they
are added by hand. These couplings, known as Yukawa couplings, are written as follows,

— Lyukawa = Yl-jﬁqﬁz/}m + (hermitian conjugate) (1.12)
= Y QL duk, + YIQL ¢dh; + YLLE 61k, + (hermitian conjugate) (1.13)

where,
3 —0
o(x) = io90" = < ¢ _) : (1.14)
—¢
The arbitrary complex matrices Y;?, Y7 and Y;l] operate in the flavour space, with different

couplings between different generations, and hence quark mixing. Once the Higgs field
acquires a non-zero vacuum expectation value, the mass of the fermions are then generated.
More discussion on the quark mixing and mass generation will be presented in Section 1.5.

1.3 Weak interactions in the flavour sector

This thesis is closely connected to the weak interactions in the flavour sector. As such, this
particular section is dedicated to the EW'T of the SM. As already mentioned in the previous
Section, SU(2); ® U(1)y is the symmetry group describing the electroweak interaction. The
discusion will start with the discrete symmetries of the SM that are closely-related to flavour
physics.

1.3.1 Discrete symmetries of the SM

There are two discrete symmetries of the SM that are closely related to flavour physics, which
are the charge conjugation C' and space inversion (or parity operation) P. The discrete C
symmetry postulates that Nature should be the same if particles are replaced with anti-
particles, i¢.e. by changing the internal quantum numbers like the electromagnetic charge.
On the other hand, the P symmetry postulates that it should be the same if the space
coordinates are inverted, which cause the spacetime coordinate z# — x,,.
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A third discrete symmetry of interest in understanding the laws of Nature is the time
reversal T', where it states that physics laws should be the same whether going forward or
backward in time (i.e. which causes z# — —z,,). There is a strong reason for the combined
CPT operation to be a symmetry of Nature, as any Lorentz invariant local field theory
must have the combined CPT symmetry. The effect that fundamental particles and their
antiparticles have the same masses and widths can be explained as a consequence of the
CPT invariance.

It has been experimentally observed that although C', P and the combined CP are exact
symmetries of the electromagnetic and strong interactions, the weak interaction maximally
violates the C' and P operation individually and slightly violates the combined CP symmetry.

1.3.2 The SU(2), ® U(1)y theory

As discussed earlier, the EWT based on SU(2); ® U(1)y symmetry group, pioneered by
the combined efforts of S. Glashow [29], S. Weinberg [30] and A. Salam [31], is successful
in making a unified theory of weak and electromagnetic interactions. Since it was already
observed in experiments that only the left-handed fermions and right-handed antifermions
participate in charged current mediated weak decays, the chirality is directly embedded
into the theory, implying that left-handed and right-handed components of the spinor field
interact differently with the weak interaction.

The Dirac spinor field ¢ in Equation 1.2 can actually be decomposed into left-handed
and right-handed chiral components, that is,

Y =19+ vYr (1.15)
U=+ g (1.16)
where,
1 5 1 5
¢L=§(1—7 )¢ and ¢R=§(1+7 ¥ (1.17)
L= T5049%) and Tp=T5(1-7). (1.18)

The projection operators P, = (1 —+%) and Pr = 1(1 4 ") are constructed using the
fifth Dirac gamma matrix, v° = i7%y1+?~3. If these chirality-decomposed Dirac spinors are
inserted to the kinetic term of the SM Lagrangian in Equation 1.9, it becomes obvious that
the left-handed and right-handed spinor field components interact separately, hence it is
possible to treat left- and right-handed components as separate fields in the EWT. Since the
two components can be treated separately, they can have different couplings to the gauge
fields. The chirality-separated representations of the fermion fields in the SM is listed in
Equation 1.3, where left-handed components of the fermions are doublets of SU(2);, and the

right-handed components are singlets.
Deducing from Equation 1.9, the Lagrangian of the weak current interaction (dropping

the term involving the strong interaction for simplicity) between the fermions are written
as,
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Lt wess (@) = 1QL( + LgWioy + Lo/ B, QL (119
Lxcmeiereas( L) = 150 + LgWio, — o BYyL, (1.20
Licinetio,Weak (Uh;) = ik, (0" + gig,B”)%Uin (1.21)
EKinetic,Weak(déi) = idTRi(ﬁ“ - %g,B“)’Y/Ldéi (1.22)
Cxcinetic weak (i) = ilfy (9% — ig' B* )yl . (1.23)

where the right-handed components of the fermion fields, being singlets of SU(2), do not
couple to the weak interaction bosons W}, but can couple to the hypercharge boson B*.
The interaction gauge bosons W* and B* are not however the physical massive charged W=
and massive neutral Z° bosons. To identify the physical bosons of the weak interaction, the
product W}'oy, is expanded as,

01 0 —i 1 0
Wo, = Wi (1 0) + Wy (2 0) + W (o _1> (1.24)
WE W — Wk
H _ 3 1 2
Wyo = <W1“ Wl W > ’ (1.25)

where the physical charged weak bosons are identified as off-diagonal elements (W=* = W/} +
iWL). This will become apparent as physical bosons as they will acquire mass once the
Higgs field acquires a nonzero vacuum expectation value, which is discussed in Section 1.4.
The diagonal element W', however, is not the physical Z° boson since W4 acts only on
the left-handed components. The physical neutral boson Z° (Z*) and the photon (A*) are
identified from the mixing of the two neutral interaction bosons W4 and B*, particularly,

Z" = cos 0,WL — sin 6, B* (1.26)
A = sin 0, WL + cos 0,,B" | (1.27)
where 0, is the electroweak mixing angle known as the Weinberg angle. The Z* boson will
acquire mass once the symmetry is spontaneously broken, while the A* remains massless.
Expressing the bosons W4" and B* in terms of Z# and A* and identifying the factors in front

of A* as electromagnetic coupling constant a,,, the three coupling constants g, ¢’ and g,
can be linked as follows,

gsinf, = ¢ cos O, = aep, (1.28)

thus determining just two parameters will fix the three couplings.

1.4 Spontaneous symmetry breaking

In the SM Lagrangian, explicitly adding a mass term breaks the local gauge invariance. As
soon as mass terms for the gauge bosons are explicitly added, e.g. —%MV%/WMW“, the local
SU(2)r ® U(1)y gauge invariance is violated, which is,

1 1 1 1 1
—§MV2VWMW“ — —éva(Wu - gaua —aW,) (WH— E@“a —aWh) —§M§VWMW“
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where oo = a(z*) are the transformation parameters. The same can be said for the explicit
addition of a mass term for a fermion, i.e. —myp) = —m(Y +V ) (VL +Vr) = —m(Y YR+
VriL).

Since weak isospin symmetry transformation acts differently for left-handed and right-
handed components, the mass term will break the gauge invariance of the theory. Clearly, in
order to keep the local gauge invariance, the gauge bosons and the fermions have to remain
massless. However, it is known experimentally that the weak gauge bosons and most if not
all fermions are massive. There is a need for a mechanism that allows the generation of
masses without breaking the local gauge invariance of SU(2), ® U(1)y. This is realized via
the spontaneous symmetry breaking mechanism, a.k.a. BEH mechanism in particle physics.

The BEH mechanism keeps the Lagrangian invariant under symmetry transformations,
but not the expectation value of the vacuum. Needing to generate three masses of the weak
gauge bosons, while keeping the photon massless, the Higgs field is constructed as a complex
SU(2) doublet with four degrees of freedom,

¢* ¢1 + 192
¢= <¢°) - (¢3+z¢4) (1.29)
where ¢; are 4 real scalar fields. The Higgs potential described in Equation 1.10 has de-
generate minima at —pu?/2\ when p? < 0 (and A > 0 to bound the potential from below).
The symmetry is spontaneously broken once one of the degenerate minima is chosen. Since
the electric charge has to be conserved, i.e. preserve U(l)e, symmetry, the nonzero ex-
pectation value has to be in the neutral direction, hence the convenient choice of setting

01 = ¢ = ¢4 = 0. With this choice, the neutral component ¢35 develops a nonzero vacuum
expectation value given by,

(0]6[0) = % (S) . with v= <—“;)1/2 | (1.30)

A new scalar field H(x), with (0|H(z)|0) = 0, is introduced in order to investigate the

situation in the vicinity of the minimum of the potential. Expanding the kinetic term of the
Higgs Lagrangian term in Equation 1.10,

2,2 2
(D6)! (D) = = (WH)(W) 4+ (Wi = g B + ... (1.31)

The first term is identified as the mass term of the charged weak bosons, and the second
term is a mixture of the two neutral interaction bosons W4 and B*. The truncated terms
include couplings of the Higgs field to the weak interaction bosons. After moving to the
physical boson eigenstates Z# and A*, one identifies the mass of the Z° boson from the
term $M2Z,Z" and correctly found no mass term involving the photon (A*). Along with
the other predictions of the BEH mechanism of breaking the symmetry, it predicts that the
masses of the physical bosons W= and Z° are related via the electroweak mixing angle, as

well as the SU(2), and U(1)y gauge couplings, given by,

1
My = % and My = 51}\/92 + ¢ (1.32)
/
sinf,, = J and cos 0, = g (1.33)

/g2 + g/2 g2 + g/2

hence,

My = (1.34)
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1.5 The CKM matrix

Although the couplings of the gauge fields to the Higgs field and the mass generation of the
physical weak bosons follow from the covariant derivative in the kinetic term of the Higgs
Lagrangian, the interaction of the Higgs field and the fermions and eventually fermion mass
generation has to be added by hand. The arrangement of the complex scalar Higgs field in
Equation 1.29 as an SU(2) doublet allows the construction of an SU(2);, ® U(1)y invariant
interaction of the Higgs field with the fermions via the so-called Yukawa couplings. The
mathematical formulation of the said coupling was written in Equation 1.13 of Section 1.2.

Since this thesis is closely connected to the CP violation involving the mixing of quarks,
the Yukawa couplings of the quark fields with the Higgs are explicitly spelled out for clarity
purposes as,

VLot ~ v (5 ) i, (1.3)
Vala dl (¢Z) Via(a D] (‘fi) Via(u )] (¢Z)

= | Yai(cs)] ((g) YQQW(%) Yas(c 5)] (f;) . }?‘ . (1.36)
Vleo; (G) veltnf (%) vewnr (%))

Once the symmetry is spontaneously broken as described in Section 1.4, the quarks
(fermions in general, except neutrinos in the "standard" SM) acquire a term that is identi-
fiable as the mass term, e.g.,

_ondgr Yo uw, 7 Y .
— Lyvulawa (Quarks) = Yijdi_de Y uLlEuRJ (h.c.) + (interaction terms)  (1.37)
= Md},dy,; M“uLzuRj + (h.c.) 4 (interaction terms) , (1.38)

where the truncated interaction terms of the form ~ gGH (x) describe the interaction of the
Higgs field with the fermion fields. In order to identify the physical particle content, which
are the mass eigenstates, it is necessary to diagonalize the two matrices M{é and M; by
applying unitary transformations as

m, 0 O

M g = VEMEVE = [ 0 me 0 (1.39)
0 0 my
mq 0 0

ME g = VEMEVE = 0 my, 0 | . (1.40)
0 0 Ty

Knowing that the matrices V' are unitary, e.g. VL“TVf = ll343, the Yukawa Lagrangian in
Equation 1.38 can be rewritten as follows,

~Lyvutawa(Quarks) = dL, VITVEMAVE VAL +ul VIAVEMEVET Vg, + (he.) +
= dLiM giag Arj + UM giag U, + (hoc.) + (1.41)

ij,diag.
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where the quark mass eigenstates v and d are linear combinations of the weak eigenstates
u! and d! given by,

ug = (Vi)iuy; and  ugi = (Vi)ijug, (1.42)
dri = (VLd)z‘jdéj and  dp; = (Vlg)ijd%j : (1.43)
The second term in the kinetic Lagrangian of the weak interaction of left-handed quarks

in Equation 1.19 and the expansion of the matrix product W}'o, shown in Equation 1.25,
expressed now in terms of the mass eigenstates become,

19 —— _ 19 ——
LKinetic,Weak,CC(Qii) = Euiﬂuw “diz + ﬁdizvquﬂluiz +. (144)
g

- Y —— (1 rdy rut +
gy (ViVi) Wi+ e (VEIVEY) W+
\/§ Li ( LYL i ’YM Li \/5 Li LYL i ’YM Li

where it appears that in the charged current interaction there is a mixing of quarks between

generations. The quark mixing matrix given in Equation 1.45 is known as the Cabbibo-
Kobayashi-Maskawa (CKM) matrix [10,33],

Vud Vus Vub
Vo = VIV = (Ve Ves Vi | (1.45)
Via Vis Vi

where it is conventionally-adopted that the weak and interaction quark eigenstates are chosen
to be the same for up-type quarks, while the down-type quarks are rotated from interaction
basis to mass basis as,

u

uI
QZ—( ) =V . (1.46)
N (i) d

Li

1.6 CP symmetry violation in the SM

After the experiment by C.S. Wu and colleagues in 1956 [34] and the subsequent experiment
by L.M. Lederman and colleagues [35], it became an experimental fact that charge conjuga-
tion C' and parity operation (space inversion) P are maximally-violated in decays involving
weak interaction. The results of the experiments can be explained if neutrinos has only one
chirality (or at least only one chirality participates in the weak interaction), i.e. there are
only left-handed neutrinos and only right-handed antineutrinos. Thereafter, experimental
observations made clear that only left-handed fermions (or right-handed antifermions) chi-
ralities participate in the weak interaction and that the interaction strength appears to be
universal.

Few years after the observation of the individually violated C' and P symmetries, J.W.
Cronin, V.L. Fitch and colleagues observed that the combined CP is as well violated, but only
slightly, in the weak decay of neutral kaons [1]. This result triggered theoretical works out
of which a remarkable achievement is the Kobayashi-Maskawa paradigm. Few explanations
and descriptions of the phenomenology of the matrix will be given in the following as well
as a state of the art on the subject. We will conclude this section by specifying the three
phenomenological types of CP violation, putting emphasis on the one type searched for in
this thesis.
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1.6.1 Parameterisations of the CKM matrix

As a product of unitary matrices, the CKM matrix described in the Section 1.5 is itself
unitary. Being dimensioned to the number of quark generations n, it comprises n? complex
elements, and hence can be described with 2n? real parameters. The unitarity of the matrix
provides n? — n(n — 1)/2 independent unitarity relations, n of them being real (involving
the line or column unitarity). Thus, n? parameters can be determined from the unitarity
properties of the matrix. On top of that, there are 2n arbitrary phases related to each quark
field. They can be redefined up to a single global phase, hence (2n — 1) phases are fixed.

The number of independent parameters of the CKM matrix describing n generations of
quarks amounts to n(n—2)+1 parameters, out of which (n(n—3)+2)/2 are phases, changing
sign under the CP transformation. Henceforth, the KM paradigm for 3 generations of quarks
brings three real independent parameters and one CP-violating phase. We take note that
two generations would not bring any, while four generations are bringing 3 CP-violating
phases.

Among the possible parameterisations of Voka, we focus here on the two most frequent
in the literature. The standard parameterisation adopted by the Particle Data Group [17]
uses three rotation angles 615, 023 and 613 and one phase denoted §. It reads:

Verm = Rasz(623,0) ® Rasz(6i3, 013) © Ri2(012,0) , (1.47)
and can be expanded as:
— 61
C12C13 $12€13 Syge” "0t
_ 101+ 1013
Vokm = | —S12C23 — €12523513€"°1%  C1aC3 — S12513523€"13 523C13 (1.48)
i i
512823 — C12C23513€"°"%  —C12893 — S12C23513€"12  C3C13

where ¢;; = cost, s;; = sinf;; with 7,5 = 1,2, 3.

An alternative parameterisation, named after Altomari-Wolfenstein [36], uses the ob-
served experimental hierarchy between the mixing angles. The four independent parameters
are denoted A\, A, p and 7, where the parameter A controls the hierarchy of the transition
probability in between generations quarks. It reads:

S12 = A y (149)
S93 = 14)\2 s (150)
s13e7 0 = AN} (p —in) . (1.51)

This definition [37] ensures unitarity of the matrix at any order in A\ expansion. For
illustration, the development at order O(\*) is:

1—A%/2—1/8)\* A AN3(p — in)
Vekm = - 1—22/2 — 1/8)\(1 +4A?) AN? +O(N%) .
AN(1—p—in) —AN+ANM(1=2(p+1n))/2 1— A2\/2
(1.52)

1.6.2 Jarlskog invariant

The relevant physics quantities to describe the matrix must be independent of the phase
choice conventions. The quadrilinear products are one such examples of them. The Jarlskog
invariant [38] for instance can be defined as:

3
J Y watapy = Im(ViaVisVi Vi) (1.53)

oy=1
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where the €’s are the anti-symmetric Levi-Civita tensors. There is CP violation if J # 0.
Following Wolfenstein parameterisation and anticipating the next section, J = A2X\5p(1 —
A?/2) ~ 107°. This small magnitude is a consequence of the strong hierarchy between the
matrix elements and tells how elusive CP violation phenomena can be. One should not
wrongly conclude that all CP asymmetries are small.

1.6.3 Unitarity triangles

Off-diagonal unitarity equations Vexm (O, Vi;Vik = k) with j # k are triangles in the
complex plane. The area A of any triangle one can form is proportional to the Jarlskog

invariant® A = $|J|. Let us focus on the two following unitarity relations involving the b
quark:
ViV VeV ViV
dVub d Cb_|_ td Vb :07 (154)
VeV — VeaVa,  VadVa,
VigVie, Vi Ve Vi Vs
oud | tatus 4 0 ub (1.55)

VeV, | VeV VeV

Using the Wolfenstein parameterisation, we note that the sides of the triangles are of
same length O(1). Large CP-violating asymmetries can hence be expected. In contrast, the
triangles involving s or ¢ quarks are squashed. This unique feature related to the b-quark
makes the C'P-violation studies in b-hadrons decays or mixing attractive.

Figure 1.1 displays the unitarity triangle defined in Equation 1.54, where both sides
and angles are shown. Eventually, the apex of the triangle is defined, phase-convention
independent, by its coordinates in the complex plane:

L VudViy
= udTub ) 1.56
p+ 7] (VCch}i) (1.56)

where A, A, p and 7 are the four free SM parameters, which can be constrained redundantly
by flavour observables.

1.6.4 Phenomenology of CP violation asymmetries

There are so far three ways for CP symmetry violation to manifest in Nature, namely (1)
direct CP violation; (2) CP violation in the mixing (referred to as indirect CP violation); and
(3) CP violation in the decays with and without mixing. In order to understand the different
manisfestations of CP violation, We start by defining the decay amplitude of a process as,

Ay = (f[H|B), A= (f[H|B), (1.57)
Az = (f[H|B), Az = (f|H|B), (1.58)
where H is the weak Hamiltonian, f is the final state, B is the initial meson state, and B
and f are the CP conjugate states of B and f, respectively. Both B and B have definite

flavour content. The CP operation transforms the states into their CP conjugates with an
arbitrary and unphysical phase €;p s}, hence,

CP|B) = ¢“#|B), CP|f) = e [F), (1.59)
CP|B) = e~*#|B), CP|F) = e~ ™/| f) . (1.60)

2A change of phase-convention results in a rotation of the triangle in the complex plane leaving the area
invariant.
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(p:n)

Y B _
(0,0) (1,0) P

Figure 1.1: Unitarity triangle involving b quark transitions. The real axis is defined such that
Im(Ve4V};) = 0 and lengths are normalized to |V.q4V3|.

If Bg and Eg are neutral meson states, they can mix via box diagrams. It evolves with

time-dependent coefficients a(t) and b(¢) governing the relative weights of the B? and BY in
the state. As such, at any time ¢, the B, meson is a superposition of states given by,

|B,y(t)) = a(t)|Bg) + b(t)| By) + Sici(t) fi . (1.61)

where ¢;(t) is time-dependent coefficient of the allowed final state f;. If the time-range is
much larger than the typical strong interaction scale, the Weisskopf-Wigner approximation
simplifies the evolution of the mixing terms to,

|B,(t)) = a(t)|By) + b(t)| By) (1.62)

with |a()|? +|b(¢t)|* = 1. The time-evolution of the mixing can be described by a 2x2 effec-
tive Hamiltonian matrix, where the diagonal terms represent flavour-conserving transitions
and the off-diagonal terms represent flavour-changing currents (or the mixing term). This
Hamiltonian matrix is not Hermitian, as otherwise it would not describe the oscillation and
the Bg would not decay, but can be written as a sum of two Hermitian matrices, given by,

H=M - %I‘. (1.63)

The mass matrix M represents the dispersive transitions (“off-shell” transitions), while
the decay matrix I" represents the absorptive parts (“on-shell” transitions). As a consequence
of CPT invariance, which we assume to hold true here and throughout this thesis, My, = Moo
and I';; = I'yy. Since the matrices are Hermitian, then My = M7, and I'y; = I'f,. The time
evolution of the B, meson mixing is described by the Schrodinger equation,

4 (6) () - (3 ) (20)-305, ) () oo

There are two solutions for Equation 1.64, with eigenstates of definite masses My ; and
widths 'y z. One mass eigenstate® is heavy and the other is light, hence the subscripts H

PIn the case of neutral K meson, the eigenstates are more distinct in their lifetimes, than in their masses,
hence named K¢ and K?.
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and L. These mass eigenstates By 1 and the eigenvalues Ay are,

_ pIBy) +4lBy)

|Bu,L) (1.65)
VIpl? + laf?
r I r
A =M +is+ \/(Ml*2 + 212)(M12 + i712) : (1.66)

where,

q _ [Mj— (/217
= \/M12 —G/2 (1.67)

Direct CP violation

The CP violation in the decay implies a difference between the partial width of two conjugate
decays, namely I'(B — f) # I'(B — f). It is often referred to as direct CP violation in
the literature as it originates directly at the amplitude level of the considered decay. Such
an asymmetry requires at least two amplitudes with different weak phases to interfere. The
first observation of CP violation in the decays of particles was brought in 2001 for kaon
decays [39] and 2004 for B meson decays [4]. It is worth noticing that non-vanishing CP
asymmetries have been measured for B, B* and B? mesons [9)].
The direct CP asymmetry mathematically reads,

ACP _ F(E
(B

= f)-T(By—=f) | I —1AB] = )
= [)+T(B = f) |

2+1ABY = I

— f
7 (1.68)

RO | O

Considering at least two contributing amplitudes to the decay, e.g. Tree and Penguin dia-
grams shown in Figure 1.3 of Section 1.7, then,

A = |A]ee? 4| Ayle2ei? | (1.69)
A =|A]eP e 1 |Ay|ei2e2 (1.70)

where |A;| and | Ay| are the magnitudes of the two contributing amplitudes, while 0’s and ¢’s
are its associated unphysical strong and weak phases, respectively. The physical measurable
reaction rates are proportional to |A|%, as such, the direct AY defined in Equation 1.68
reads,
N 2|A1||A2| sin(51 — 52) Sin(¢1 — ¢2)

| A1]? + | Az|? + 2| Ay |[Az] cos(d1 — 02) cos(gr — ¢2)

Henceforth, the nonvanishing direct CP asymmetry arises due to the interference between
two weak amplitudes, that requires weak phase difference ¢; — ¢9 and strong phase difference
01 — 02. The neutral baryons studied in this thesis, as quantum distinguishable states, can
not mix. The only way to observe a CP-violating phenomenon left is through direct CP
violation.

ACP (171)

Indirect CP violation

The CP violation in the mixing (referred to as indirect CP violation) of neutral mesons was
first observed in [1] as mentioned earlier. It means that the probability of the mixing K°K0
is not equivalent to the conjugate K9K°. The counterpart in the neutral beautiful mesons
B? and B? has not yet been observed. This occurs when |g/p| # 1 (See Equation 1.67).
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CP violation in the decays with and without mixing

A third class of CP violation phenomena comes from the interference between the mixing
and the decay amplitudes, each bringing different weak phases. Choosing the B® meson for
the sake of illustration, the mixing-induced CP asymmetry implies I'(B° — f) # I'(B° —
B — f), where the final state f is a CP eigenstate. The first observation of a mixing-
induced CP asymmetry was brought in 2001 [2,5] through the time-dependent asymmetry
of the decay mode B® — J/¢K2. Many other final states measurements followed and are
gathered here [40]. A first evidence for mixing-induced CP asymmetry in B? decays was
brought recently by the LHCb experiment [41].
We define a parameter Ay, which is,
W

5 1.72
1 (1.72)

where ¢/p is defined in Equation 1.67, and A; and Ay are the amplitudes of a B® and B°
decaying to the same final CP eigenstate f. Even in the case where direct and indirect CP
violation are vanishing, an interference phase between the mixing and the decay can lead
to Z(Ay) # 0. This form of CP violation can be observed using the time-dependent CP
asymmetry of neutral B® meson decays into a CP eigenstate f,

Tpoof(t) = To s (1)
AP (t) = =/ 1.73
O T 0 T ) )
(A s> = 1) cos(AM¢E) + 2Z()\s) sin(AM¢)
= 5 AT — AT (1.74)
(|Af]?> 4+ 1) cosh(5+t) — 2R(Af) sinh(5-1)
A% cos(AMt) + A™* sin(AMt) (1.75)
~ cosh(4t) — AATsinh(4t) '
where,
: A2 —1 - 2Z(\y) 2R(A\y)
Adlr — | f 7 Amix — f 7 AAF — f ' 1.76
IAf]2+1 A2 +1 IAf2+1 (1.76)

These three asymmetries satisfies the condition |AY |2 + |A™X|2 + |AAT|2 = 1.

1.6.5 CKM matrix and New Physics: state of the art

Many observables can be used to (over-)constrain the unitarity triangle. The interested
reader can go to the reference [42] to check for the detailed description of them. Let us
just state here that only the observables for which a good control of the attached theoretical
uncertainties is achieved are eventually considered. They mainly comprise the measurements
of the sides of the triangle on one hand, i.e. the magnitudes of the matrix elements |V,
|Vp| and |Vig| achieved by measurements of the semileptonic branching fractions of b-baryons
for the two former and the oscillation frequency of BYB? mixing for the latter and the angle
measurements on the other hand through phase difference observables in b quark transitions,
in mixing and/or decay.

Figure 1.2 displays a superimposition of the experimental constraints, provided with
exclusion region at 95% C.L., under the SM hypothesis. A unique region in the complex
plane is selected which means that this comprehensive set of data so far can be described
with the KM paradigm of the SM.

The single CP-violation phase of the SM being enough to accommodate all the CP-
violating observables (and consistently the CP-conserving observables) and it is likely that,
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given the current precision, the KM phase is the dominant source of CP violation in beautiful
and strange meson systems studied at both the B-factories and LHC experiments. Still,
the precision achieved so far leaves room for sub-dominant CP-violating phases beyond the
SM. In particular, CP violation has not been observed to date in baryon decays and this
constitutes a new territory to be explored.
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Figure 1.2: Individual constraints on the (p;77) coordinates displayed with 95% C.L. exclusion. The
region of the apex not excluded at 95 % C.L. by the global fit is shown as a yellow area.

1.7  Quick overview of A and =} charmless decays to four-
body

Bottom baryons have received some attention starting on the first observation of the lowest-
lying state AY by UA1 experiment in 1991 [43]. Several heavier ground states of b-baryons
have been discovered since then, which includes Xy, =9, =, and (2, . Recently, LHCb has
observed two more baryonic resonances =; and = [44], having spin-parity configuration of
JP = (1/2)" and J¥ = (3/2)", respectively.

Two weakly-decaying neutral b-baryons are the focus of the main analysis presented in
this thesis, namely the lowest-lying ground states A) and =7. The A) is a resonance of the
udb quarks, while the =P (first observed by CDF [45]) can be described as an usb state
in the quark model. Recent precise measurements on the mass and lifetime of A) were
conducted by LHCb [46,47], as well as on mass and lifetime of =7 [48]. In terms of CP
violation measurements, only few attempts have been made so far. The CDF experiment
has published recently their measurement on the direct AC of A) — pr~ and A) — pK~
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and found these to be compatible with no asymmetry [13]. The LHCb collaboration as well
has measured the direct A" of charmless® decay of A into pK3m~ and found this as well to
be consistent with zero [14]. Even more recently, LHCb found the AA“ of A) — Jippr—
and AY — JippK~ to be compatible with CP symmetry at 2.20 level [15]. Hence, CP
violation has not yet been observed in the baryon decays.

The main analysis of this thesis focuses on the charmless four-body fully charged decays
of AY and =P, where aside from non-resonant components the decays can proceed through
baryonic resonances, i.e. A*°, N*0 and A series. In addition, mesonic resonances can also
occur (i.e. 7, K7 and K K). Consequently, the interference pattern is expected to be rich
of resonance structures. Most of the four-body decays of A) and =P proceed simultaneously
through b— w transition or b— d and b— s FCNC, as shown in Figures 1.3 and 1.4.

The direct A observable can be enhanced by the presence of significant phase differences
from strong resonances of at least two competing amplitudes. The rich resonance structure
in the low two-body invariant mass of these decays could provide these.

The ensemble of diagrams given in Figures 1.3 and 1.4 are some straightforward illustra-
tions at the quark level of the possible anticipated richness of the interference patterns that
can be reached in these modes.

¢Charmless decays of b-hadrons refer to decays involving b— w tree transition or flavour-changing neutral
current b— d or b— s penguin loop transitions.
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Figure 1.3: Feynman diagrams of the fully charged four-body decay modes of /lg studied in this
analysis proceeding through N* or A*9. The N* resonance eventually decays to pm, while A*? de-
cays to pK. The Ag — pK " ntr™ and Ag — pK~ K7~ decays proceeding through N** resonance
are not shown. Note that the A) — pK~K*n~ and A) — pK~K1TK~ decays can also proceed
through b— wu tree transition but then require an ss pair to pop-in from the vacuum.
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Figure 1.4: Feynman diagrams of the fully-charged four-body decay modes of 519 studied in this
analysis proceeding through N*® or A*9. The N*V resonance eventually decays to pmr, while A*0
decays to pK. The El? — pK~ntn~ decay proceeding through N* resonance is not shown. Note
that the E’l? — pK~ 7t K~ and E}? — pK~KTK~ decays can also proceed through b — u tree
transition but then require an ss pair to pop-in from the vacuum.
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Chapter 2

The LHC and the LHCDb experiment
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2.1 Introduction

The analyses presented in this thesis used the data collected during the Run I data taking of
the Large Hadron Collider beauty (LHCb) experiment at the Large Hadron Collider (LHC)

of CERN. As such, this Chapter presents the overview of the LHC machine and the LHCb
detector.

2.2 The LHC machine

The Large Hadron Collider (LHC) machine, owned and managed by the European Organi-
zation for Nuclear Research (CERN), is an underground two-ring superconducting hadron
accelerator and collider [49,50]. It is located under the French-Swiss border, just outside
Geneva. Using the same 26.7 km long underground tunnel previously housing the Large
Electron Positron (LEP) collider, the LHC accelerates and then smashes two proton beams
circulating in opposite directions. Up to date, the LHC machine is the highest energy accel-
erator ever built.

The first beam circulation took place on the 10th of September 2008, but an unfortunate
technical accident occured in one of the superconducting magnetic poles resulting to damages
in the infrastructure. Stable beams were back in the LHC on the 20th of November 2009, and
thus the new era of high energy physics collider researches and measurements commenced.
The LHC delivered stable proton beams, which are intended for physics measurements, on
years 2011 and 2012 with a short scheduled technical stop at the end of 2011 up to the first
quarter of 2012. The center-of-mass energy during the 2011 data taking campaign was 7
TeV, while it was 8 TeV for the 2012 campagn. The LHC is also capable of accelerating and
colliding lead ions (Pb). In early 2013, the LHC delivered proton-Pb and Pb-Pb collisions.
After a two-year scheduled long shutdown, the LHC again delivered stable proton beams
starting on the 3rd of June 2015, at a center-of-mass energy of 13 TeV.
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2.2.1 Accelerator overview

The LHC is a cold machine circulating proton beams in opposite directions up to high
energies before colliding them in four different interaction points. Shown in Figure 2.1 is a
schematic diagram of the accelerator chain. The protons are first accelerated in the linear
accelerator (LINAC 2) system to an energy of 50 MeV. The proton beams are then circulated
in the Proton Synchroton (PS), accelerated to 26 GeV and transferred to the Super Proton
Synchrotron (SPS). The SPS further accelerates the beams up to 450 GeV before they are
injected into the main ring. The 26.7 km main ring will then accelerate the beams up to the
planned nominal energy. Finally, the beams are collided in four different interaction points
where different particle detectors are present. A more detailed presentation of the beam
delivery scheme can be found in Refs. [49-51].
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Figure 2.1: Schematic representation of the accelerator systems at CERN [52]. Shown also are the
four main experiments at LHC.

The LHC is designed to operate at 14 TeV center-of-mass energy, but due to the technical
accident in 2008, the decision to operate at center-of-mass energies at around half of its
original design was opted for the Run I data taking. The beams in the LHC main ring
are deflected using superconducting magnets in cryostats cooled with superfluid helium in
order to keep the magnets below 2 K. A total of 1232 dipole magnets maintain the beams
in the accelerator pipe, together with 392 quadrupole magnets to focus the beams. The
acceleration is provided by 16 radiofrequency cavities.
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2.2.2 LHC experiments

There are several experiments placed at different points of the LHC. The four main ex-
periments are A Toroidal. LHC Apparatus (ATLAS), Compact Muon Solenoid (CMS),
Large Hadron Collider beauty (LHCb) and A Large Ion Collider Experiment (ALICE).
The ATLAS [53-55], CMS [56,57] and ALICE [58-60| experiments use 47 detectors, while
LHCb [61,62] uses a forward spectrometer, with a coverage of 2 to 5 in pseudorapidity an-
gle. Further details of the LHCb detector will be discussed in Section 2.3. These four main
detectors are placed at different collision points of the LHC as shown in Figure 2.1.

The ATLAS and CMS collaborations both observed the long-sought Higgs boson in 2012
[27,28]. Moreover, their objective is to search for new physics by directly observing new
particles predicted by theories extending the SM, including supersymmetric particles. The
ALICE experiment seeks to explore and understand the quark-gluon plasma. The LHCb
experiment specializes in investigating the slight differences between matter and anti-matter
by studying b-flavoured hadrons and charmed hadrons, and indirect searches for new physics
through measurements on rare decays.

Finally, there are also smaller experiments conducted at the LHC. These are the TO-
Tal Elastic and diffractive cross-section Measurement (TOTEM), the Large Hadron Collider
forward (LHCf) and the Monopole & Exotic Detector At the LHC (MoEDAL) experiments.
The TOTEM experiment [63—-65|, which measures precisely the total cross-section of proton-
proton collisions at the LHC, has spread several detectors across almost half a kilometer
around the CMS interaction point. It is designed to measure the protons as they emerge
from collisions at small angles, in a region not accessible by other experiments. Two de-
tectors, which sits along the LHC beam and placed 140 m from either side of the ATLAS
collision point, compose the LHCT experiment [66-68]. The LHCf is intended to study the
neutral-particle production cross-sections in the very forward region, with the objective of
understanding the development of cosmic rays. Lastly, the MoOEDAL experiment [69-71], in
complementary with the main LHC detectors, aims to search for exotic particles, particularly
magnetic monopoles (or dyons) and other highly ionizing stable massive particles.

2.2.3 Luminosity

In HEP experiments, aside from the requirement of having a high energy collision, there is
also a need to produce large enough samples of different decays for analysis, which can be
achieved by increasing the luminosity of the collider machine. The luminosity of a collider
machine defines the number of interactions in a certain time over the interaction cross section.
In the LHC, this is given by [49],

o NiNoky fyF

L==r (2.1)

where N, is the number of protons in each proton bunch, k; is the number of colliding bunches,
f is the revolution frequency, v is the relativistic factor, 5* is the value of the betatron
function at the interaction point, € is the emittance and F' accounts for the reduction due
to the crossing angle of the beams.

Each experiment has its own luminosity requirement in accordance to their physics in-
terest. The ATLAS and CMS collaborations opted for higher luminosities in order to search
for heavy particles with expectedly low cross-section production. In contrast, the LHCb
experiment chose a lower luminosity in order to limit the number of proton-proton vertices
as a requirement for precise measurements. Shown in Figure 2.2 is how the probability
of the number of interactions scale with luminosity. Practically, the lower luminosity at
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Figure 2.2: Probability of number of interaction per bunch crossing as a function of the luminosity.

the LHCD collision point was achieved by refocusing the proton beams and hence chang-
ing how the beams overlap at the interaction point — a technique called beam levelling. In
this way, ATLAS and CMS kept the high luminosity configuration, while LHCh decided to
have a lower luminosity of 2x103?cm~2s~!. For the design luminosity of the experiment,
the expected number of proton-proton interaction per bunch would have been a typical 0.5.
However, as can be seen in Figure 2.3, LHCb received an average luminosity above the design

specification reaching up to an average visible interaction per bunch (pis) of ~2.5 [72].

2.2.4 bb pair production

The dominant mechanism of bb pair production in the LHC proton-proton collisions is gluon-
gluon fusion. Shown in Figure 2.4 are typical gluon-gluon interactions producing bb pair.
The bb pairs are mostly going either in the forward or backward directions. Figure 2.5 shows
the polar angle distribution of the bb pairs as simulated using PYTHIA for p — p collisions
at a center-of-mass energy of 8 TeV. It also shows the angular distribution in terms of
pseudorapidities. This angular distribution leads to the design of the LHCb spectrometer to
be a single-arm forward spectrometer?®.

The direct production of bb pairs at the LHC occurs mostly entirely via QCD processes
that do not discriminate between b and b quarks. However, some weak interaction processes
are also present which are not flavour-conserving and distinct for b and b quarks |73, 74],
resulting to an asymmetry referred to in the following as production asymmetry.

2.3 The LHCb experiment and LHCb detector

One of the four main experiments at the LHC is the LHCb experiment. This experiment
specializes in studying the differences of matter and anti-matter by looking mainly at the
decay processes of b-flavoured hadrons or charmed hadrons. In addition, it also measures

2Definition of forward and backward direction is a matter of adopted convention.
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Figure 2.3: (Top) Average number of visible interactions per bunch crossing and (bottom) instanta-
neous luminosity at the LHCb interaction point during the 2010-2012 running period. The dotted
lines show the design values.
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Figure 2.4: Examples of Feynman diagrams of typical gluon-gluon interactions that produces bb
pair at the LHC.

observables of rare decays, which are indirect probes for new physics, e.g. the recent analysis
of B®— ptp~ and BY— utp~ decays [75] (combined with the data collected by CMS).

The data used in the analyses presented in this thesis are gathered using the LHCb
detector. Hence, I discuss in this Section the LHCb detector and its sub-components. I
will first briefly present the different subdetectors in Section 2.3.1 in a sequence naturally
traversed by a particle produced at the interaction point.

2.3.1 Overview

Eventually, the main goal of LHCb is to search indirectly for a new physics evidence by
looking for effects of new particles in processes that are precisely predicted in the SM. The
CKM matrix, which contains one CP-violating phase, describes the mixing of the quarks in
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Figure 2.5: (Left) Polar angle distribution of the bb pairs produced at the LHC collisions as simulated
using PYTHIA for p — p collisions at 8 TeV center-of-mass energy. (Right) The same MC-simulated
bb production fractions expressed in terms pseudorapidities. The LHCb acceptance is bounded by
the red lines, while the typical General Purpose Detector (GPD) acceptance is bounded by the
vellow lines.
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the SM. New sources of CP violation beyond the SM are needed since the CP violation in the
weak interactions of the SM, although closely linked to the matter-antimatter asymmetry
of the universe |76, can not fully account the asymmetry by several orders of magnitude.
Several models extending the SM predict contributions that can change the expectation
values of the CP-violating phases or on the branching fractions of rare decays. Henceforth,
large data sample is needed in order to conduct precise measurements of many different
decay modes and thus examine the deviations, if there are any. A large statistics of bb pairs
are produced at the LHC during collisions. As such, the LHCDb collaboration exploited these
events in order to study precisely the physics observables involving b-flavoured hadrons or
charmed hadrons.

The LHCD detector is a single-arm forward spectrometer covering the angular range
of 10 mrad to 300 mrad in the bending plane® and 10 mrad to 250 mrad vertically. In
terms of pseudorapidity 7, the coverage along the vertical direction is from 2 to 5. With
this angular coverage, it is expected that about 27% of b or b quarks are produced inside
the LHCb acceptance. A schematic diagram of the LHCDb detector is shown in Figure 2.6.
The detector is divided into two identical halves: left and right sides, but more commonly
called C side (the cryogenics side) and A side (the cavern access side). The two sides can be
moved horizontally, which allows access for maintenance. The LHCb detector is located at
the Interaction Point number 8 of the LHC, which was previously occupied by the DELPHI
detector during the LEP times.

Following the natural flow of a physics event, I will briefly discuss the subcomponents
of the LHCb detector. The LHC proton beams come from two opposite sides and then
made to collide at the interaction (or collision) point, which is located inside the Vertex
Locator (VELO). Production of bb pairs occurs at the interaction point, where they create
production vertex (or vertices) when they hadronize to long-lived mesons or baryons before
flying along the positive z-axis direction. Typically, the b-flavoured hadron decays inside

bThe bending plane refers to the horizontal plane, which is perpendicular to the magnetic field.
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Figure 2.6: Schematic diagram of the vertical cross-section of the LHCb detector showing its sub-
components.

the VELO, creating the decay vertex®, into several charged or neutral daughter particles.
As the name suggests, the main purpose of the VELO is to locate these vertices, starting
by the production vertices. The daughter particles then traverse the detector either fully
or partially. First, the particle passes the first Ring Imaging Cherenkov detector (RICH1),
where it produces Cherenkov radiation useful for particle identification, and then passes
the TT (Tracker Turicensis) stations. The magnet, located just after the TT stations,
bends the track trajectory allowing one to measure the momentum of the tracks as well as
their electric charges. After the magnet, the tracks traverse three more tracking stations
named T1, T2, and T3, before passing the second RICH detector (RICH2). One muon
station (labelled M1) is placed just before the calorimeter (CALO) system. The CALO
system, which is composed of several subdetectors each with its own purpose, provides
energy and position of the particles, in addition to triggering electrons, photons and hadrons
and aiding the particle identification process. From nearest to farthest from the interaction,
the CALO subdetectors are the Silicon Pad Detector (SPD), the Preshower detector (PS),
the Electromagnetic Calorimeter (ECAL) and the Hadronic Calorimeter (HCAL). Finally,
if the tracks are muons, they likely leave traces in four more muon stations located after the
CALO system.

In the next Subsections, a more detailed description of each subdetector will be presented.
In presenting these subdetectors, they are gathered together in systems, i.e. vertexing and
tracking system, particle identification system, calorimeter system and muon system.

¢The decay vertex is sometimes referred to as secondary vertex, while the production vertex is sometimes
called primary vertex.



28 The LHC and the LHCb experiment

2.3.2 Vertexing and tracking system

The vertexing and the tracking system provides mostly the topological variables of the decay.
In a typical event with a long-lived b-flavoured hadron, two vertices are present in the vertex
locator, corresponding to its production and decay vertices. The tracks of the daughter
particles are then traced using the different tracking stations and some hits in the VELO if
available.

Vertex locator

The VELO [77], which is a silicon tracker, is the closest detector to the interaction point, since
it is primarily aimed for reconstructing the position of the production and decay vertices.
The VELO is designed to be retractable, and thus is open when beams are still unstable,
and closed when physics data taking is to be conducted. In a closed position, the first active
strip of the VELO is only 8.2 mm from the beams, which is within LHC’s beam aperture
during beam injection phase, and thus has to be retracted out to 30 mm before having stable
beams. Shown in Figure 2.7 is a sketch of the VELO, showing that it is made of several
detector modules arranged along the z-axis. Notice also that the modules are closer near
the interaction point.

R sensors 1m |

¢ sensors

cross section at y=0

VETO | ™ interaction region
stations | Viewof c=53cm

| most upstream

| VELO station

8.4 cm

VELO fully closed VELO fully open
(stable beam)

Figure 2.7: (Top) Sketch of the (x,z) cross-section of the VELO showing the arrangement of the
sensors along the z-axis. Shown also is a single sensor in (bottom-left) fully-closed and (bottom-
right) fully-open positions.

As depicted in Figure 2.7, there are a total of 42 semicircular detector modules (not
counting the VETO stations), having 21 on each side. Each module is positioned perpendic-
ular to the beam pipe and has two types of sensors, namely R-sensor and ¢-sensor, placed
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back-to-back. The R-type sensors, designed to measure the charge energy deposition’s radial
position, has silicon strips arranged radially from the beam axis; while the ¢-type sensors,
designed to measure the azimuthal coordinate, has silicon strips arranged as semicircles co-
centered from the beam axis. Shown in Figure 2.8(left) is a sketch of the two sensor types.
Each sensor has a total of 2048 silicon strips. In order to shield the electronics of the VELO
from the radiations produced by the circulating proton beams, a ~300 ym thick aluminum
foil, called RF foil, is placed between the sensors and the beam vacuum. Its shape can be
seen in Figure 2.8(right), where it shows that the shape flows around the sensor planes.

A charged particle track produced in the VELO region has to traverse at least 3 sensor
modules to be reconstructed as a track. This is one of the requirements of a “VELO”-
, “Upstream™ or “Long™-type track?. Even tracks with high transverse momentum (pr)
typically traverse 3 or more sensor modules due to the close z spacing of the modules near
the interaction point. In case of low pr tracks, the sensor modules at the furthest right-end
of the VELO are also placed close together in order to maximize the number of traversed
Sensors.

|

side corrugations

90.5™™

" 1365 strips /
Phi Sensor //
J

o

7
%,/ R Sensor
%,

= wialiie
- inner corrugations

Figure 2.8: (Left) A sketch showing the arrangement of the silicon strips for each sensor type.
(Right) The VELO detector in closed position, showing as well the RF foil that protects the two
sides of the VELO.

The overall performance of the VELO detector is presented in Refs. [78,79]. It has been
found that at the end of the LHC Run I, 0.6% of the strips are inefficient and 0.02% are
noisy. These numbers are effectively identical to those at the start of operations in 2010. The
primary vertices are reconstructed by collecting several reconstructed tracks in the VELO
that points to the same location. The average spatial resolution of reconstructed primary
vertex (PV) improves as a function of the number of associated tracks (N). Figure 2.9(left)
shows how the resolution along the z-axis (0,) improves with N during the 2012 campaign.
A typical PV has 25 associated tracks and hence a typical o, of ~90 pum, and a typical
resolution perpendicular to the z-axis of ~13 pm [79]. The impact parameter, which is
defined as the closest approach of a track to the PV, is widely used in online (trigger) and
offline signal selections. Shown in Figure 2.9(right) is how the impact parameter resolution
varies with the 1/pr of the track. This demonstrates the good performance of the VELO.

With such good performance, we investigated the feasibility of reconstructing a decay
with one missing particle in the final state. The excellent vertexing could provide constraints,
together other kinematical constraints, that would allow a reconstruction of the b-flavoured
hadron. The findings of this study are discussed in Appendix B.

dDifferent type of tracks are discussed in Section 2.12.
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Figure 2.9: (Left) Spatial resolution of reconstructed PV along the z-axis as a function of the number
of associated tracks during the 2012 data taking campaign. The data points have been fitted with a
function: o, = A/NB +C. (Right) Impact parameter resolution along the z-axis versus the 1/pt of
the tracks during the 2012 campaign. Effectively the same impact parameter resolution is observed
along the y-axis.

Magnet

LHCbD has a warm dipole magnet designed to deliver an integrated field of 4 Tm [80]. Shown
in Figure 2.10(left) is a sketch of the magnet. Figure 2.10(right) maps the field strength along
the z-axis. from the interaction point. The field strength goes up to 1 T. The momentum
of charged particles is measured by analyzing the bending of trajectories by this field. The
polarity of the magnetic field is regularly reversed, collecting about the same data for each
polarity and allowing the study of detector asymmetries. The magnet is water cooled, its
two coils are made of pure aluminum (weighting a total of 50 tons) and the yoke, weighting
1500 tons, is made from plates of laminated carbon steel.
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Figure 2.10: (Left) A sketch of the LHCb magnet depicting its dimensions in units of mm. The
two coils are conical saddle shaped and are placed mirror symmetric to one another (see also Figure
2.6). (Right) The magnetic field strength along the z-axis.
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Silicon trackers

Aside from the VELO detector, there are two more sections that contributes in the tracking
system. These are the Silicon Tracker (ST) and the Outer Tracker (OT). The OT is discussed
in Section 2.3.2. The ST is further divided into two seprate detectors, namely the Tracker
Turicensis (TT) and the Inner Tracker (IT) [81]. A schematic diagram of the layout of the
ST and OT stations is shown in Figure 2.11(left). The TT station, which covers the whole
LHCDb angular acceptance is located just before the magnet, while the I'T stations are located
after the magnets. The three I'T stations, together with the OT stations, are named as T1,
T2 and T3 stations, with T1 neareast to the collision point and T3 being farthest.

ST stations use silicon microstrip sensors having a pitch size of about 200 ym. Each ST
station has four detection layers. The strips in the first and last layers are arranged vertically,
while the second and third layers are rotated by an angle of +5° and -5°, respectively. See
for example Figure 2.11(right) for the schematic diagram of the third TT detection layer.
The number of readout strips used in the TT is 143360, while 129024 strips are used in the
IT. This corresponds to an overall active area of 8.4 m? and 4.0 m? for TT and IT stations,
respectively.

The TT stations, covering the overall LHCb acceptance angle, has a height of about
130 c¢m and width of about 150 cm. On the other hand, the IT stations are 120 cm wide
and 40 cm tall, but shaped like a cross located near the beam pipe (see Figure 2.11(left)).
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Figure 2.11: (Left) Schematic diagram of the layout of the Silicon Trackers (ST) and the Outer
Trackers (OT) of LHCb, where other detector components are removed for clarity. Stations colored
in purple are the ST stations, while those colored in cyan are the OT stations. (Right) A sketch of
the third TT detection layer.

Outer tracker

The Outer Tracker (OT) is a gaseous straw tube detector [82,83] covering an area of about
5x6 m? with a total of 12 double layers of straw tubes. It is located in the outer part of the
T1, T2 and T3 stations, as shown in Figure 2.11(left). It is designed to allow both tracking
and measurement of track momentum over a large acceptance angle not covered by the IT.
Staggered layers of drift tubes compose each module of OT, where each tube is filled with a
mixture of 70% Argon, 28.5% CO, and 1.5% O,. Like in the case of ST stations, each OT
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station consists of four layers, where the first and last layers are oriented vertically, while the
second and third layers are tilted by -5° and +5° with respect to the vertical, respectively.

Track types

There are five reconstructed track types defined in LHCb depending on which tracking
stations were used to reconstruct the track. These are shown in Figure 2.12. The “VELO”
tracks refer to reconstructed tracks which only VELO hits are associated with it. The
“Upstream” tracks have hits in the VELO, as well as in the TT stations. The two most
common used track types in LHCb analyses are the “Long” tracks and the “Downstream”
tracks. As depicted in Figure 2.12, Downstream tracks have hits in the T'T stations and in
the T stations. The Long tracks refer to tracks reconstructed with hits information from the
VELO, the TT and the T stations. Lastly, the “1” tracks has associated hits only in the T
stations.
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Figure 2.12: Different types of reconstructed track defined in LHCb.

2.3.3 Particle identification system: RICHes

Particle identification system (PID) is required for any flavour physics experiment and is of
utmost importance for the searches presented in this document.

Since the momentum spectrum of the charged tracks issued from proton collisions (and
subsequent b-hadron decays) is harder at small polar angles, it has been chosen to have
two RICH (Ring Imager Cherenkov) detectors in order to get an efficient PID over the full
momentum range relevant for physics. The RICH1 (upstream detector before the magnet)
is made of aerogel and C,F;, radiators to handle the low momentum charged particles in
the range ~1-60 GeV/c. The RICH2 (downstream detector after the magnet) covers the
high momentum range from ~15 GeV/c up to and beyond 100 GeV/c using CF as radiator.
Figure 2.13 shows the Cherenkov angle as a function of the momentum for the different
radiators. Conversely, the acceptances of each detector are different: RICH1 is covering the
full LHCb acceptance from 425 mrad to £300 mrad horizontally and +250 mrad vertically,
while RICH2 has a limited angular acceptance of ~ £15 mrad to £120 mrad horizontally
and 100 mrad vertically. The latter corresponds to the region where the high momentum
particles are mostly distributed.
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Figure 2.13: Cherenkov angle versus particle momentum given for the different RICHes radiators.

Both RICH1 and RICH2 detectors are using a combination of spherical and flat mirrors to
reflect the image out of the spectrometer acceptance. The Cherenkov light is eventually read
by Hybrid Photo Detectors. Figure 2.14 shows the layout of these two detectors (radiators,

mirrors, HPDs and acceptance).
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Figure 2.14: Artist view of the RICH1 and RICH2 layouts.

The performance of the PID requirements applied to the search of neutral b-baryon decays
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will be discussed in Section 5.6.

2.3.4 Calorimeter system

The calorimeter system of the LHCb spectrometer [84] is, in first place, used to select high
transverse energy hadron, electron, photon and 7° candidates for the first level of trigger
of the experiment (L0). It provides as well the identification of electrons and photons and
the measurement of their energies and positions. These are used in turn for flavour tagging
information, studies of radiative decays or CP violation studies in measurements of final
states with 7° to cite some of them.

The fast identification of an electromagnetic object in a high hadronic multiplicity envi-
ronment requires a longitudinal segmentation of its shower. This is realized by a preshower
detector® (a lead converter sheet upstream a plane of scintillating detectors, denoted PS)
followed by the main section of the electromagnetic calorimeter (ECAL). The choice of the
lead thickness (2.5 radiation lengths, Xj) of the PS results from a compromise between trig-
ger performance and ultimate energy resolution [85]. In addition, a Scintillator Pad Detector
(SPD) plane is set upstream the PS in order to tag at the LO trigger the charged or neutral
nature of the particle initiating the electromagnetic shower.

The ECAL thickness was chosen to be 25X [86] such that the showers from high energy
photons are in average contained in the detector, ensuring a satisfactory energy resolution.
The HCAL instead is mostly used at the L0 trigger and its thickness is set to 5.6 interaction
lengths [87] due to space limitations.

The four sub-detectors mentioned above have a variable lateral segmentation (displayed
in Figure 2.15) in order to cope with the hit density variation over the calorimeter surface.
Three different sections of elementary cells have been chosen for the ECAL. The SPD and
PS detectors are accordingly segmented, with elementary cell sizes defined such that the
SPD/PS/ ECAL system is projective. In reason of the dimensions of the hadronic showers,
the HCAL is only segmented into two zones with larger cell sizes.

The active calorimeter detector elements are scintillating materials. ECAL is designed
with a sampling scintillator/lead structure readout by plastic wavelength shifting (WLS)
fibres (Shashlik calorimeter). This choice is adapted to LHCb requirements in terms of
modest energy resolution, fast time response and radiation resistance. The HCAL follows
the same conservative design [84], being a sampling device made from iron as absorber and
scintillating tiles as active material, read out by WLS fibres. For these two sub-detectors,
the light of an elementary cell is read out by a photomultiplier tube. The next chapter of
this thesis will provide a detailed description of the SPD and PS sub-detectors.

2.3.5 Muon system

The muon system, aimed at both triggering on and identifying muons, is a key element
of the LHCb spectrometer. Muons are however not used in the analyses presented in this
thesis. The description of the detector will hence be rapid. The muon system provides
in first place high-pr candidates for the L0 trigger decision. It comprises five rectangular
stations (M1-M5) installed along the beam axis. The first station (M1) is placed in front of
the calorimeters. The high charged tracks multiplicity at this position in the innermost part
of the detector made necessary the use of triple-GEM (Gas Electron Multiplier) chambers.
The outermost part active detectors are Multi Wire Porportionnal Chambers (MWPC). The
very same MWP chambers equip the last four stations, placed after the calorimetric system

¢Details on the Pre-shower detector is discussed in Chapter 3.
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Figure 2.15: (Left) SPD/PS and ECAL and (rigth) HCAL lateral segmentations (one quarter of
the detector front face is represented).

and interleaved with 80 cm thick iron absorbers aimed at stopping hadrons. Figure 2.16
displays the muon system layout [88|. The geometry of the five stations is projective. Each
detector is split into rectangular logical pads (grouping of anode wires depending on the
chamber) whose dimensions define the z, y resolution of the hit reconstruction.

2.3.6 Triggering scheme

Not all collision events are eventually saved for further analysis. Only about 1% of the visible
proton-proton interactions results in the production of a bb pair, and only about 20% of these
are within the LHCb angular acceptance. There is also a technical limit on the amount of
data that can be written into storage in a given time. The available bandwidth of writing
in LHCb is about 3 kHz (reached higher values in recent operation), while LHCb designed
luminosity corresponds to a rate of collision events with at least one visible interaction at
a level of 10 MHz. As such, an efficient online selection of interesting events has to cope
up with the disproportion between the available writing rate and the LHCb operational
frequency. This is achieved by a multi-stage trigger system.

There are two main stages in the LHCD triggering process [89,90]. The first stage, called
level 0 (LO) trigger, is implemented in the hardware, while the second stage is the software-
based High Level Trigger (HLT). The flow of the triggering scheme is summarized in Figure
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Figure 2.16: Layout of the muon system
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Figure 2.17: Flowchart of the LHCb triggering scheme.

The bunch crossing frequency of the LHC is 40 MHz. The L0 trigger works in sync with
this and is designed to reduce the rate to 1 MHz, which is the maximum frequency at which
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the detector can be read. The LO trigger is consists of the pile-up, calorimeter and muon
subsytems. Although eventually it has not been used, the pile-up subsystem distinguishes the
multiplicity of visible interactions in each bunch crossing. The presence of large tranverse
momentum track is one of the signatures of B meson decay. As such, the data from the
muon detectors are analyzed in order to trigger on large momentum muon candidates. Data
delivered by the calorimeter system are also analyzed to trigger on large transverse energy
hadron, electron or photon candidates. If any of the alley passes the threshold cut, the event
is passed to the HLT for further screening.

For timing reasons, the HLT is split into two stages, which are the HLT1 and HLT?2
stages [91]. In the HLT1 stage, the process performs a fast tracking searching for a very good
quality track with a high transverse momentum and high impact parameter with respect to
any reconstructed primary vertex. Eventually, the aim of HLT1 is to reduce the rate by a
factor of around 20. Events passing the HLT1 selection are processed by the HLT2, which
performs a full reconstruction close to the offline reconstruction. For the analyses presented
in this document, we are making use of the HLT?2 inclusive trigger based on topological
selection of a 2 to 4 tracks displaced vertex. Events that passed the full trigger chain are
eventually saved to storage. Further offline selection cuts are to be applied depending on
the strategy and needs of the analysts.

2.3.7 Stripping lines

The number of events saved in the LHCh data storage is enormous and requires further
offline selection cuts in order to remove events which are not of interest. The stripping line
is the first offline selection that is applied by the analysts in accordance to its physics interest.
During stripping campaigns, the common particle reconstruction is done centrally and each
analyst, subject to availability of bandwidth, submits its own selection requirements known
as Stripping line. Stripping lines for somewhat similar physics programme are grouped
together into Streams. One example of a stripping line selection is presented in Section 5.4.
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Pre-shower detector studies
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3.1 Introduction

During the Run I data taking campaign of the LHC, the LHCb spectrometer has recorded
an integrated luminosity of 1 fb~! for 2011 and 2 fb™! for the 2012 data taking. With such
amount of data, the different sub-detector components could wear-and-tear throughout the
data taking period, resulting to ageing.

In this chapter, the ageing and calibration of the Pre-Shower (PS) subdetector, which
the LHCDb-Clermont group is responsible for, is studied. There are two main sources of
ageing for the PS detector: the decrease of transparency of the scintillating material and
the permanent decrease of the gain of the photomultiplier channel. Both are correctible to
some extent through a recalibration of the detector which will be as well addressed in this
chapter.

The discussion will start with an overview of the PS sub-detector, specifically on its
structure, in addition to what was presented in Section 2.3.4. The front-end electronics and
its implications for the calibration and ageing studies, are also reviewed. Finally, due to
difference in center-of-mass energy for 2011 and 2012, the results are presented in different
sections for the two data taking periods.

3.2 Pre-shower detector characteristics and definitions

The Pre-Shower (PS) detector is one of the four sub-detectors of the calorimeter system of
the LHCDb spectrometer. The three other subdetectors are the Scintillating Pad Detector
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(SPD), the Electromagnetic Calorimeter (ECAL), and the Hadronic Calorimeter (HCAL).
Although each of these subdetectors has its own purpose, they work in unity to trigger on
electrons, photons and hadrons. On an offline event analysis, they also provide the energy
and position of neutral particles and help in the identification of particles. Tracks coming
from the interaction point will traverse first the SPD, followed by the PS detector, and then
the ECAL and HCAL.

Inserted in between the SPD and PS detector is a 15 mm thick lead, corresponding to
2.5Xg. This lead will increase the probability of photons and electrons to interact with the
material, thereby start the electromagnetic shower. The PS detector is used to differentiate
charged pions from electromagnetic showers, providing the information for the L0 trigger
decision, where no other part of the LHCb detector can be used to distinguish those two
types of particles.

The PS detector is divided into two sides, namely A and C sides. Furthermore, each
side is divided into three regions, namely Inner (I), Middle (M) and Outer (O) region. A
schematic diagram of the PS detector showing the sides and regions is shown in Figure 3.1.

——
P ]

C side A side

Figure 3.1: Schematic diagram of the PS detector showing the sides, regions, crate numbering and
front-end-board numbering per crate. A detailed summary can be found in Table 3.2.

3.2.1 The Pre-shower detector overview

The basic unit of the PS detector is a square scintillating polysterene cell. A sketch and an
actual photo of one cell is shown in Figure 3.2. There are three different cell sizes depending
on the region. The cell size is smaller for cells near the beam pipe, to account for the high
track multiplicity in that region, and larger in the outermost region, leading to a size ratio
of 1:1.5:3. A total of 6016 cells composes the whole PS detector. Reported in Table 3.1 are
the cell dimensions for the different PS regions. The thickness of all the scintillators is 15.0
mm. We take note that the cell size is larger than the cuboid scintillator size. For each
cell, a WLS fiber is inserted into a 3.5 circle-shaped loop. This choice is the result of the
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optimization reported in [92]. As shown in Figure 3.2, both ends of the WLS fiber exit the
scintillator. These two ends are attached to two clear fibers, which are then finally connected
to the same pixel of a photomultiplier.

Figure 3.2: (Left) Sketch of one scintillator cell and (right) an actual photo of a cell. The diameter
D of the WLS fibre groove is equal to 37 mm, 56 mm and 100 mm for cells in the Inner, Middle
and Outer regions, respectively.

Table 3.1: PS cell dimensions.

Region Cell size (mm x mm) Scintillator size (mm x mm) No. of cells
Inner 39.84 x 39.84 39.5 x 39.5 1536
Middle 99.76 x 59.76 99.4 x 39.4 1792
Outer 119.5 x 119.5 119.1 x 119.1 2688

The cells are then organized by modules. Depending on the PS region, the full-modules
have 144, 64 and 16 cells for the Inner, Middle and Outer regions, respectively. In the Inner
region, the cells are arranged in 12 rows by 12 columns for full-modules, and in 12 rows by
6 columns for half-modules. The same can be said for the Middle and Outer regions, where
the cells in the full-modules are arranged in 8 rows x 8 columns and 4 rows x 4 columns,
respectively. Schematic diagrams of typical modules in the Inner and Outer regions are
shown in Figure 3.3, showing as well the fiber routing. The electronic boards reading the
modules (see next Subsection) are grouped together to per crate basis. There are 8 crates
in total. The crate (numbered 0 to 7) and front-end-board numbering per crate are shown
in Figure 3.1. The number of full front-end-boards (64 channels) and half front-end-boards
(32 channels) are summarized in Table 3.2.

Figure 3.3: Schematic diagrams of the cell arrangement inside a module in the (left) Inner region
and (right) Outer region. Note that the two diagrams do not scale.

Structurally, the modules are built together into supermodules to create a large column
of 7.7 m in height, which is the entire PS detector height, and about 96 cm in width. These



42 Pre-shower detector studies

are then mounted to a support plate. Eight supermodules composed the PS detector, 4
supermodules on each side.

Table 3.2: Summary of number of full and half front-end boards per region and per crate.

Side Region Crate no. No. of full-boards No. of half-boards

Outer PRS0 12 2

. PRS 1 8 0
Middle PRS 2 14 0

Inner PRS 3 10 4

Inner PRS 4 10 4

A Middle PRS 5 14 0
Outer PRS 6 8 0

PRS 7 12 2

3.2.2 Pre-shower electronics overview

The design of the electronics of the PS detector is more complicated, if not equally complex,
than its structural design. Hence, we refer to [92] for the complete details of it. Presented
in this section, however, are the elements we believe sufficient to understand its implications
for the calibration.

As mentioned in Section 3.2.1, the two ends of the fiber exiting from the scintillator cells
are attached to the same pixel of a multi-anode photomultiplier (Ma-PMT). Each Ma-PMT
has a single photo-cathode. Behind this photo-cathode are focusing electrodes that guide
the photo-electrons to one of the 64 anodes (pixels). Schematic diagrams of a Ma-PMT*
used in the PS detector is shown in Figure 3.4.
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Figure 3.4: Schematic diagram of the Ma-PMT used in the PS detector. One pixel of this Ma-PMT
has an area of 2x2 mm?. Each pixel is separated by a distance of 0.3 mm.

The electronic signals produced by the Ma-PMT of the PS detector are received by
the very-front-end (VFE) boards. Driven by two-fold detector task, namely input to LO
trigger decision and ECAL electromagnetic energy measurement correction, the lower energy
threshold to select an electromagnetic cluster is envisaged to be 0.1 times the energy deposit

aThe photomultipliers are manufactured by the Hamamatsu company. An 8-stages amplification Ma-
PMT was chosen among the available technologies at that time.
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of a MIP, with a precision of 5%. While the upper energy threshold is driven by the decision
of wanting to correct the ECAL electromagnetic energy measurement yielding up to 100
MIPs energy deposit. This lead to the decision of using a 10-bit coding of the PS energy
information to be delivered to the front-end (FE) board. The typical signal response of a
scintillating cell being read out by the Ma-PMT lasts more than 25 ns, where 85% (on average
and observed to be un-erratic) of the signal is received within the 25 ns window®. Part of
the solution adopted cope with this technological challenge is by having two interleaved fast
integrators, where one integrator is receiving the signal for 25 ns, while the other integrator
is being in digital reset mode. This lead to a design of two parallel paths on the VFE
board, one path corresponding to one parity of the bunch crossing number. Anticipating
the notation we will use in later discussions, two bunch parities are defined, namely “Even”
bunch crossings and “Odd” bunch crossings. A direct consequence of having two paths is the
possible different output, due to difference in the amplification between the paths, for the
same input.

The PS analog signals coming from the VFE boards are received by the front-end (FE)
boards, together with the binary data coming from the SPD. Among other several functions,
the F'E electronics also provide synchronization signal to the VFE electronics. Upon receiving
the 64 analog PS data, the analog block of the VFE electronics, which is consist of 10-bit 40
MHz differential analog-to-digital converter (ADC), digitizes the data. A total of 8 identical
asics, each processing 8 PS and 8 SPD channels, composes the processing block. Every 25 ns,
the FE board applies corrections to the digitized data corresponding to three factors. These
are the pedestal correction, the gain adjustment and then the spill-over correction. These
are further discussed in the next Section. After these corrections are applied, a transcoding
of the 10-bit data to an 8-bit floating format is done in order to save resources. For each
channel, a trigger bit is produced by comparing the post-correction data to an a prior: given
threshold.

3.2.3 The online corrections to the raw data

As briefly mentioned in the previous Section, two corrections and one adjustment are ap-
plied, just after the digitization of the PS signal from the VFE boards. These correc-
tions/adjustment are done prior to transcoding the data to an 8-bit format.

Pedestal corrrection

The first correction applied is the pedestal correction, which aims at subtracting the VFE
constant integrated noise over 25 ns for each channel. In a given channel, this offset is con-
stant with a typical stochastic variation of 1 ADC count. The VFE asics have been selected
in order that the maximal correction can be coded on 8 bits. The offsets are measured regu-
larly on an online calibration stream which allows to make offline fine adjustment corrections
to the PS calibration procedure. With a total of 6016 PS channels, each having two offset
corrections due to different VFE paths (corresponding to two bunch crossing parity), 12032
pedestal corrections have to be coded.

Gain correction

After the pedestal correction, an adjustment is applied to the digital data, whose purpose is
to uniformize the response of the channels in the FE board (64 channels or 32 channels of

PThe bunch spacing of LHC is 25 ns.
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the same Ma-PMT). Global multiple effects, such as differences in Ma-PMT channels and
electronic amplification, are expected to be corrected via this method. Two gain factors®
G, one for each bunch crossing parity, are supplied for each channel. The method involves
adding a fraction (and no subtraction) to the yet ungained value. The gain factor is given

by,

G=1+e, 0<e<l, (3.1)

where € is an unsigned 8-bit number. Denoting the yet ungained data and the gained data
as D, and Dy, respectively, the relation between the two is given by,

D, =D, +¢D,, (3.2)

where it is now apparent that D, < D, < 2D,. Since the € is small, there was no need to
preserve all the 10 bits precision of the raw data in the €D, term, hence an 8 x9 multiplier
has been chosen leading to a maximum error of 1 LSB on the gained data D,. This translates
to a precision of better than 1% at full scale.

During the first few LHC runs in 2011, these factors were determined and has been used
since then all throughout the Run T campaign. A detailed determination of these gains is
presented in this document [93]. It was found that after the gain correction the response
of the PS channels is calibrated to a precision of 10%. This calibration technique has been
revisited in this study to determine whether or not the calibration has significantly changed
during the 2011 and 2012 campaign periods.

Spill-over correction

As stated in Section 3.2.2, the typical signal response of the scintillating cell lasts more than
the 25 ns bunch spacing. About 85% of the energy is delivered within this 25 ns window,
and the remaining 15% leaks to the next time window®. As such, a correction has to be
applied on the current data with respect to the immediate previous data. Denoting the
current data as D, and the immediate previous as D,,_1, it is possible to correct for this
spill-over effect statistically, using this relation,

D, =D, — aD,_1, (3.3)

where the a’s for each cell/channel has been measured during test beam periods. Elec-
tronically, a is coded using an unsigned 8-bit value yielding an accuracy of 1/512 LSB. If
D, > D, _4, the correction is considered as an underflow and the value is set to 0.

Transcoding the data

The 10-bit corrected gained data is almost ready for transmission and processing. A transcod-
ing procedure is however needed since the readout from the board is expected to be in an
8-bit format. A transcoding algorithm, summarized in Table 3.3, has been adopted to min-
imize the loss of precision. We take note that for values less than 128 ADC counts, there is
no loss in precision. The PS was designed to work at 10 ADC counts for the most probable
value of the MIP energy loss distribution.

¢One gain factor G may be used per channel, but since there might be small effects coming from the
difference between the VFE paths, two gain factors are (and will be) assigned in the end.

dThe leak is smaller for the smaller scintillating cells since the WLS fibers are shorter and hence the signal
time dispersion is smaller.
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Table 3.3: Transcoding of the digitized data from 10-bit format (dig) to 8-bit format (ds).

dip < 128 128 < djg < 256 256 < dqig < 512 512 < dqg

dg dio 128 + w 192 + d10g256 294 + d101_6512

In the Telll board, the transcoded 8-bit data has to be transcoded back to the original
10-bit format, this is where the absolute precision is lost. The reversed transcoding algorithm
is summarized in Table 3.4.

Table 3.4: Reverse transcoding of the 8-bit data format (dg) in the Telll board back to 10-bit data
format (d)-

ds < 128 128 < dg < 192 192 < dg < 224 224 < dg
), ds 2 dg — 128 8 - dg — 1280 16 - dg — 3072

3.3 Pre-shower calibration method

The method used to calibrate the PS detector proceeds in two steps. The first step involves
per board channel by channel intercalibration. The channels® in each board are calibrated
using the gaining technique discussed in Section 3.2.3. The second step is to calibrate the
full PS detector by adjusting the applied voltage on the Ma-PMT of each board. These steps
are presented in the next Sections, but a discussion on the MIPs and track reconstruction
comes first.

3.3.1 Some words about Minimum Ionizing Particles (MIP) and
other reminders

Particles with minimum energy loss rate in a thin scintillator are called Minimum Ionizing
Particles (MIPs). For practical purposes, these are particles moving with relativistic velocity
that ionizes the traversed medium resulting in an energy deposition. The calibration method
used in this analysis involve MIPs.

If the main purpose of the PS is to help in triggering on electromagnetic objects, it
can also detect the energy deposit coming from charged particles, hadrons or muons. The
dynamics of the electronic read-out has been defined such that it can measure the small
energy loss coming from these ionizing particles. For the sake of further discussion, let us
recall the general expression of the kinetic energy loss due to Bethe and Bloch:

dE\ . ,Z 1 [1. 2mc®B*Toax o 6(587)

o iE 2 |

which describes the mean rate of energy loss by moderately relativistic (0.1 < S~ < 1000)
charged particles. In the Equation 3.4, K is a constant equal to 47 Nar?m.c?, where N4
is the Avogadro’s number, r. is the classical electron radius, m, is the electron mass. The
other terms in Equation 3.4 are: Z — the atomic number of the absorber, A — the atomic

¢The channels refer to the individual scintillator cells, together with its corresponding fibers and VFE
paths.
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mass, Ty — the maximum kinetic energy which can be imparted to a free electron in a
single collision, I — the mean excitation energy, 6(8v) — the density correction, § and ~ —
the kinetic parameters of the particle, and z — the charge of the particle. In the given range
of B (1-100) the accuracy of the law is better than few percent. Outside this range it starts
to fail, for low (v additional corrections from the electron structure of the material have to
be applied, while above the upper limit radiative effects start to play important role.

The ionizing particles (dominantly pions) used in the calibration process and ageing
studies lie in a moderate range of 5. This allows to consider an average minimum ionizing
particle, which is momentum-independent and exhibits the same properties for all pre-shower
cells [93]. The most probable value (MPV) of the energy loss distribution of these average
MIPs will be used as the estimator of the energy deposits response of a detector cell.

A MIP crosses a cell of the detector and losses a fraction of its energy in the scintillating
material. Light is emitted proportionally to the deposit in the scintillator and captured
by the WLS fibers. The light is then collected and amplified by the photomultiplier, and
the outcome is an electric signal, processed by electronics. An output from the electronics,
represented by a number, interpreted as an energy measured in a given calorimeter cell is
an outcome of all parts of the described process, and each part of it has an impact on the
final result. First, the energy deposited by a particle of a given energy which crosses a
thin scintillator with a certain angle can be described by a Landau distribution. The most
probable value of the Landau distribution depends not only on the v of the particle, but
also on a length of a path of the particle inside the scintillator. The scintillation and the light
collection efficiency are the next processes which modify the outcome of the measurement.
The photomultiplier photostatistics adds up a fluctuation. The last part is the noise produced
in the electronics. The digital output signal of the energy deposited by MIPs is not a
simple distribution, but a convolution of multiple distributions described above. A complete
description of this physics is beyond the scope of this document. For the purpose of the
detector calibration, the convolution of the Landau distribution with a gaussian function
accounting for the material and electronics effects (dE/dz dependency on S, scintillation
and light collection efficiency, tubes photostatistics, stochastic variation of electronic offsets),
is enough. After proper correction of a different track lengths of particles passing a cell from
various angles is taken into account, the target is a 10% absolute calibration.

3.3.2 Charged tracks reconstruction

In order to build a sample of MIPs, offline reconstructed data are used corresponding to
the inclusive muon stripped data of LHCh. It is expected that this sample provides enough
charged tracks statistics to perform the calibration. Very mild cuts to select charged tracks
are employed. In order to have a good purity of the MIP sample inside PS cells (i.e no
electromagnetic contamination), a cut on the closest electromagnetic cluster from the ex-
trapolation of the track in the calorimeter is applied. Three more cuts are also applied
in order to avoid too busy environment, which are the maximum number of channels with
tracks passing through it should be at most 300, the maximum number of reconstructed
vertices in the event is 2, and only the channels with only one track passing through it are
considered.

3.3.3 Corrections to the raw energy deposit in the PS

As mentioned earlier, a couple of corrections are required in order to have most realistic
energy deposit in the cell: the track length in the cell varying with the charged particle
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trajectory (the entrance angle in the detector) and the pedestal variation. They are described
in details in Ref. [93] and we are only highlighting here their important features.

Track length correction

The MIPs are crossing the detector with different angles. As such, their paths inside cells are
different and must be corrected for. Figure 3.5 illustrates the passage of a charged particle
in a scintillating cell in order to define the geometric coordinates of the problem.

4

%
/ a=12cm

Figure 3.5: PS cell geometry isometric view (left) and top view (right) together with the definition
of the main variables used in the track length correction.

The cross section o of a cell for a track with given cylindrical coordinates angles 6 and ¢
can be written as,

o = a(acos(f) + esin(f)(sin(¢p) + cos())), (3.5)

where a and e are the cell front plane length and the cell depth respectively. The volume V'
of the cell being defined as,

where the average track length (I) for the angles 6 and ¢ is determined to be,

ae

(0= a cos(f) + esin(6)(sin(¢) + cos(p)) (3.6)

The track length correction to the measured ADC value ADC),cqsureq 1 €ventually set

to be,

ADC = ADCeasured— (3.7)

{0)
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Residual pedestal corrections

As mentioned earlier, the electronics offsets are corrected in the FE electronics, up to the
stochastic fluctuations of the VFE integrators. However, the experimental conditions change
between the time the pedestal measurements are made and set into the electronics and the
actual measurement can induce a drift from the measured values’. Though the absolute
variation is observed to be modest (a typical ADC count), it is a non negligible fraction
of the MIP MPYV value. The residual pedestals are measured continuously in the online
monitoring system. For a given period of data taking, the typical observed drifts, when
applicable, are taken into account as a further correction of the measured charge for each
cell.

3.3.4 Numeric gains derivation

The gathering of new numeric gains first proceeds through degaining the saved raw data in
LHCb. A track-length correction is then applied, and then a modelling of the resulting ADC
distribution is done. The MPV values are obtained for each channel and are eventually used
for the assignment of new numetic gains.

Charge distribution degaining

For a given dataset, two charge collection distributions are built per channel with one dis-
tribution for “Even” bunch crossings and another one for “Odd” bunch crossings (hereafter
referred simply as Even Bx and Odd Bx). The information saved in the LHCb stripped data
are already with applied gains, using the numeric gains set at the start of 2011 data taking
period. A typical distribution of ADC counts for MIPs in a single channel is shown in Figure
3.6(left). Notice the empty bins in the distribution. These empty bins, which sometimes
can be two consecutive bins, are due to the gaining procedure, which electronically oper-
ates on integers. Knowing however that there is a one-to-one correspondence between the
gained ADC values and the pre-gained ADC values, we can recover the distribution of the
pre-gained ADC counts by a degaining method. The degaining is simply a reverse process
of the gaining proceduce, but a special care is taken in order to reproduce the electronic
implementation of the method. A typical distribution of the degained ADC counts can be
seen in Figure 3.6(right). Track length correction, as described in Section 3.3.3, is applied
to the degained ADC values.

ADC distribution modelling

Once track-length corrected, the ADC counts distribution per channel is now ready for
modelling. The model used to describe the distribution is a convolution of a Landau function
and a Gaussian function. The Landau distribution [94] simply represents the energy loss of
MIPs in a thin scintillator. Its corresponding most probable value (MPV), denoted i,
characterizes the scintillating channel and its related electronics. In a perfectly calibrated
detector, the MPVs are the same for all cells. The Landau width o, is a characteristic
of the material being used. However, there are various effects which can cause the energy
deposits to fluctuate. Main contributors to this fluctuation are the variable photomultiplier
photostatistics and the uncertainties in the track length correction.

This fluctuation is modelled by a Gaussian function G(x; ug = 0,0¢), where the value
of og describes the effect. Since the Gaussian function can cause the distribution to allow

fPower cycling of crates is the usual culprit for these changes.
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Figure 3.6: Typical ADC counts distribution of MIPs in a single channel (left) before the degaining
method and (right) after degaining it.

negative values of ADC counts, it is not a good PDF when it comes to low values of ADC
counts. However, since the MIP MPYV position is typically in the range 7-10 ADC counts,
with a resolution of ~2 ADC, the effect is negligible for the purpose of the calibration.
In the PMT reading, the statistical fluctuation of the collected charge () is hypothesized
to be directly proportional to the number of photoelectrons arriving at the first dynode.
On average, the number of photoelectrons in the smallest cell is ~25 for MIPs, implying a
statistical fluctuation of 20%. Since we are measuring a charge collection of about 10 ADC
for MIPs, we expect that the charge () has a statistical fluctuation of 2 ADC counts. We
therefore further constrained the value of o by a Gaussian function of mean uc = 2 and
width of o = 0.6, where o¢ takes into account in the case where one of the two clear fibers
is broken. The total fit model PDF is given by,

P(l’;ﬂL,UL,UG,UC) :N [(L(gj;luLaUL) X GG(I';O,UG))] : GC(O-G;,UC = 2700) 3 (38)

where N is the normalization of the whole PDF, G¢ is the Gaussian function convoluting
the Landau function L and the G¢ is the gaussian constraint applied on og. Typical fit
results can be seen in Figure 3.7. The Landau MPV values are then gathered to be used
for the re-calibration of the PS detector. New numeric gains are therefore collected for each
channel, with one numeric gain for even bunch crossings and one for the odd bunch crossings.
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Figure 3.7: Typical fit results of the degained and track-length corrected ADC distribution. A total
of 12032 of such ADC distributions is fitted with the Landau®Gauss model.

Residual pedestal subtraction

Prior to calculation of new numeric gains, residual pedestal subtraction is applied to the
degained and track-length corrected MPV values for each channel. As mentioned in Section
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3.2.3, pedestals are already corrected in the FE electronics. A drift on these values, resulting
to residual pedestals, however can happen during the actual measurement. Although this is
typically at the order of 1 ADC, this is not negligible for an MPV of MIPs set at around
10 ADC. Two residual pedestal measurements for each channel, one for each bunch crossing
parity, are continuously measured in the online monitoring system of the LHCb detector.

Calculation of new numeric gains

The re-calibration of the PS detector involves multiplying each of the gathered MPV value
by a new numeric gain factor. The objective is to uniformize the response of one board,
i.e. intercalibrating the channels in each board. The final board-to-board calibration is done
by adjusting the high voltage settings, which will be discussed in Section 3.3.5. The gain
factor, as described in Section 3.2.3, is a positive number ranging from 1 to 2. With this
limited range, there are channels that might be outside the adjustable range®. As such, a
target gained ADC value is chosen, which maximizes the number of channels to be within
the adjustable range. MPV values below the adjustable range are assigned with a gain factor
of 2, while those above the range are assigned with a gain factor of 1.

The procedure of finding the best targeted ADC value requires to sort the MPVs of all
the channels such that they are indexed in a decreasing value of MPV | i.e.,

V(i gii > g) s < py (3.9)

where ¢, j are indices of two subsequent sorted channels and i, p; are their corresponding
MPYV values. One channel is chosen such that its MPV is the targeted reference MPV value,
i.e. the assigned gain factor in this channel is 1. Among all the channels in the board, the
reference channel £ is chosen in a way that maximizes the number of channels which have
p; within the range [ur./2, pi|. The assignment of gain factors follow, the gain factor g; of
channel [ being equal to,

Lif >
g = % if ‘u?k <y < g (310)

Electronically, these factors are implemented as an 8-bit information. Hence, numeric
gains are coded as 0 for a gain factor of 1; 255 for a gain factor of 2; and within 0 - 255 for
gain factors in between 1 - 2.

3.3.5 HYV settings

The second step of the calibration involves adjusting the high voltage settings of the multi-

anode photomultipliers (Ma-PMT) in order to calibrate all the boards, consequently cali-

brating the whole PS detector. Each board, containing 64 or 32 channels, is connected to a

single Ma-PMT. Once the (new) numeric gains are applied onto each channel, the average

gained MPV per board is calculated. These average values represent the MPV of the board.
In general, the response of each channel in terms of ADC counts can be written as,

Rch = Gch * Qeh * Vﬁ s (311)

where G, is the gain factor applied in the electronics, agy, is the parameter characterizing
the channel response prior to gain corrections, V' is the applied voltage to the Ma-PMT

g Adjustable range refers to the MPV values that can be multiplied by a factor within 1 - 2 that results
to the targeted value.
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and [ is the high voltage scaling factor. The scaling factor S has been measured using a
LED calibration system and its derivation is discussed in Ref. [93]. Denoting the variables
of the new HV settings with primed variables and the previous HV settings with unprimed
variables, the ratio of the required new response R/, to the old response R, is given by,

/ ’ 1 B
ch ch
=== : 3.12
Ry G (V) (3.12)
The new applied voltage to re-intercalibrate the boards, is therefore,
R,) Ga\?
vfzv(< ch/ | C) ) 3.13
(Ra) &1

Equation 3.13 is used whenever a new set of voltage settings is required.

3.4 Calibration results for 2011

In order to investigate the calibration of 2011, about 100 pb™' of data collected during the
end of 2011 data taking is used". Particularly, the data correspond to the inclusive muon
stripped data of LHCb processed during the Stripping20(rl) campaign. It was checked that
with this amount of data, enough number of tracks are available in the outermost cells to
provide ADC distribution of MIPs.

For each channel, the ADC distribution of MIPs are gathered, degained, corrected for
track-length and modelled as discussed in the previous Sections. Shown in Figures 3.8 and
3.9 are the fit results and the track occupancy of each channel displayed as a 2D map. As
shown in the first column of Figure 3.8, there are more tracks passing the channels near the
beam pipe than in the outermost channels of each region of the PS detector. This results
to larger statistical uncertainties of the Landau function parameters in the corners of each
region as can be seen in the third column of Figure 3.8, as well as in the second column of
Figure 3.9.

For illustration purposes, one dimensional histogram projections of the MIP MPVs, cor-
rected for residual pedestals, are shown in Figures 3.10 and 3.11 (separated by regions of
the PS detector). The distributions are fitted with a Gaussian function to determine the
mean of the distribution and its corresponding spread. As shown in the inset of the plots,
the typical mean is 7, with a typical width of 1 ADC. The spread of the MPV values in
each region is well-described by the normal distribution, as one would expect for correctly
degained and pedestal-corrected MPV values. Up to corrections of systematic uncertainties
of the degaining method, these distributions correspond to the actual ungained MPV distri-
butions during the actual data taking. Expectedly, the precision after the gaining method
meets the objective of typical 10% precision.

The absolute calibration of the PS detector during the end of the 2011 data taking
campaign is checked by multiplying the degained and pedestal corrected MPV values shown
in Figures 3.10 and 3.11 by the old numeric gains set in the electronics during the said
period. This can be seen in Figures 3.12 and 3.13. As shown in the Figures, the widths
of the distributions is typically less than 1 ADC with mean of the distributions at around
10 ADC, implying the 10% absolute calibration. Note that these MPVs are not readily
extractable from the raw data due to the empty bins as discussed in Section 3.3.4 and hence
the need to degain the values first, extract the Landau MPVs from the fit model and then
applying the old gain factors.
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Figure 3.8: Two-dimensional maps of the (from left to right) track occupancy, Landau pu, relative
uncertainty of the Landau p and the x? of the fit for each channel with 2011 data. Plots in the
upper row are for the data corresponding to Even Bx, while plots in the lower row are for the Odd
Bx data.
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Figure 3.9: Two-dimensional maps of the (from left to right) Landau oy, relative uncertainty of oy,
the Gaussian og and the relative uncertainty of og for each channel with 2011 data. Plots in the
upper row are for the data corresponding to Even Bx, while plots in the lower row are for the Odd
Bx data.

Furthermore, a new set of numeric gains are derived using the gathered degained and
pedestal-corrected MPV values. The calculation of the new numeric gains follows the proce-
dure described in Section 3.3.4. The new numeric gains are compared with the old gains to
further assess a posteriori the PS calibration status during the end of 2011 data taking. The
correlation plots, separated by PS region and bunch crossing parity, of the new gains versus
the old gains are shown in Figures 3.14 and 3.15. The correlations, which are included as
inset in each plot, ranges from 70% to 85%. With this level of correlation, together with

hThese data correspond to LHC fill numbers 2210 to 2267 and LHCb run numbers 103391 to 104414 that
occurred from 14 October 2011 to 30 October 2011.
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Figure 3.10: Distributions of the degained and pedestal corrected MIP MPVs fitted with a Gaussian
function for (from left to right) the channels in the Inner, Middle and Outer regions of the A side
of the PS detector with 2011 data. Plots in the upper column correspond to Even Bx parity, while
plots in the lower column correspond to Odd Bx parity.
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Figure 3.11: Distributions of the degained and pedestal corrected MIP MPVs fitted with a Gaussian
function for (from left to right) the channels in the Inner, Middle and Outer regions of the C side
of the PS detector with 2011 data. Plots in the upper column correspond to Even Bx parity, while
plots in the lower column correspond to Odd Bx parity.

the derivation of absolute precision of 10% shown in Figures 3.12 and 3.13, it is verified a
posteriori that there was no need for new set of calibration numbers for the start of 2012
data taking period.

3.5 Ageing results for 2011

The LHCb spectrometer has collected an integrated luminosity of 1 fb™' during the 2011
data taking. Such amount of data could result to ageing of the detector that might require
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Figure 3.12: Distributions of the degained MIP MPVs multiplied by the old gain factors fitted with
a Gaussian function for (from left to right) the channels in the Inner, Middle and Outer regions of
the A side of the PS detector with 2011 data. Plots in the upper column correspond to Even Bx
parity, while plots in the lower column correspond to Odd Bx parity.
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Figure 3.13: Distributions of the degained MIP MPVs multiplied by the old gain factors fitted with
a Gaussian function for (from left to right) the channels in the Inner, Middle and Outer regions of
the C side of the PS detector with 2011 data. Plots in the upper column correspond to Even Bx
parity, while plots in the lower column correspond to Odd Bx parity.
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corrective actions. In particular, the ageing could come from the decrease of transparency
of the scintillating material and the permanent decrease of the gain of the photomultipliers.
We studied the ageing effect by checking how the average MPVs of MIPs in each PS region
has changed throughout the data taking period. As such, the LHCb 2011 data is divided
into several samples.

3.5.1 Splitting 2011 data in periods of [ £ =~ 100pb "

The calibration with MIPs requires large statistics samples as far as the least occupied cells
are concerned. Tt has been chosen to sample the data per unit of 100 pb™!, trying to
mitigate the minimal statistics together with consistent and continuous detector operation
characteristics within each sample, i.e. splitting the data avoiding technical stops within
each sample. Summarized in Table 3.5 is the splitting of the 2011 data in approximately 100
pb~! in each period. Listed as well in the table are the corresponding LHC fill numbers,
LHCb run numbers and dates. A typical track occupancy in each channel can be seen in the
first column of Figure 3.8 in the previous Section', where expectedly the occupancy is less
at the corners of each region of the PS.

Table 3.5: The splitting of 2011 data.

Period Fill Numbers ~ Run Numbers Dates [L£(pb7h)
|start — end| [start — end] [start — end]

P1 1617 — 1756 87219 — 90763 Mar, 14th — May, 3rd 81.5

P2 1782 — 1844 91556 — 92929 May, 15th — Jun, 3rd  105.6

P3 1845 — 1867 92939 — 93522 Jun, 4th — Jun, 13th 98.3

P4 1868 — 1901 93550 — 94386 Jun, 14th — Jun, 28th 103.8

P5 1944 — 1996 95929 — 97587 Jul, 14th — Jul, 31st 100.8

P6 1997 — 2009 97761 — 98232 Aug, 2nd — Aug, 8th 110.6

P7 2010 — 2040 98269 — 100256 Aug, 9th — Aug, 22nd 89.0

P8 2083 — 2129 101373 — 102092 Sep, 7th — Sep, 20th 100.0

P9 2135 - 2177 102139 — 102772 Sep, 21st — Oct, 2nd 108.1
P10 2178 — 2208 102788 — 103379 Oct, 3rd — Oct, 13th 104.2
P11 2210 — 2267 103391 — 104414 Oct, 14th — Oct, 30th 106.5

3.5.2 Ageing plots for 2011

In each period listed in Table 3.5, ADC distribution of MIPs are gathered and then degained,
corrected for track-length and finally modelled with Landau®Gauss function. The MPVs
of the Landau function are averaged either by Front-End Board (FEB) or by PS region.
The decreasing trend of the averaged MPVs per PS region are shown in Figures 3.16 and
3.17. We take note however the increase of the average MPVs on the A side of the PS at
the end of 2011. This effect is likely coming from a decrease of the residual pedestals in the
corresponding period. Defining an ageing parameter which is the relative decrease of the
averaged MPV at the start of 2011 and the lowest averaged MPV among the samples, we
observed a typical maximal 10% ageing.

IThis is the same as sample P11 in Table 3.5.
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Figure 3.16: The degained MPVs with 2011 data, averaged per PS region, as a function of increasing
period for (from top to bottom) the channels in the Inner, Middle and Outer regions of the A side
of the PS detector, where the three uppermost plots correspond to the Even Bx and the lowermost
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3.6 Calibration results for 2012

Using the same procedure as discussed in Section 3.4, about 200 pb~' of LHCb inclusive
muon stripped datal at the end of 2012 data taking are used to investigate the PS calibration
status. We increased the integrated luminosity to ~200 pb~' in order to have enough statis-
tics at the outermost corners of the PS detector. The ADC distributions of MIPs for each
channel are gathered, separately for Even Bx and Odd Bx parities. A series of corrections,
which includes the degaining the ADC values, correcting for track-length, modelling the re-
sulting distribution with Landau®Gauss PDF and correcting for residual pedestals, leads to
the distributions shown in Figures 3.18 and 3.19. Expectedly, the MPV values behave as a
normal distribution, with typical mean value of 7-8 ADC and width of 1.2 ADC (shown as
insets in the plots).
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Figure 3.18: Distributions of the degained and pedestal corrected MIP MPVs fitted with a Gaussian
function for (from left to right) the channels in the Inner, Middle and Outer regions of the A side
of the PS detector, with 2012 data. Plots in the upper column correspond to Even Bx parity, while
plots in the lower column correspond to Odd Bx parity.

The degained and pedestal corrected MPV values are multiplied back with the old gain
factors in order to determine the absolute calibration of the PS at the end of the 2012 data
taking. The resulting distributions, separated by PS regions, can be seen in Figures 3.20
and 3.21, showing a typical mean value of 10 ADC counts but a spread of 1.2 ADC counts.
The absolute precision at the end of 2012 is therefore slightly degraded. It meets however
the physics requirement of the energy correction.

Following the procedure described in Section 3.3.4, a new set of numeric gains are derived
using the collection of degained and pedestal-corrected MPV values. Correlation plots be-
tween the newly-derived numeric gains and the old numeric gains are shown in Figures 3.22
and 3.23. Typically, the correlation is in the range of 60% to 75%. This is lower than the
correlations between the end of 2011 and old numeric gains as presented in Section 3.4. A
new set of numeric gains are therefore desirable for the start of 2015 data taking. However,
the LHC Run 11 is starting after a long shutdown of about two years. Recovery of the tubes

IThis data corresponds to LHC fill numbers 3287 to 3453 and LHC run numbers 132309 to 134455 that
occured from 15 November 2012 to 16 December 2012.
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Figure 3.19: Distributions of the degained and pedestal corrected MIP MPVs fitted with a Gaussian
function for (from left to right) the channels in the Inner, Middle and Outer regions of the C side
of the PS detector, with 2012 data. Plots in the upper column correspond to Even Bx parity, while
plots in the lower column correspond to Odd Bx parity.

dogained x olaGain dogained xoldGain dogained x olaGain

1PV sotaiire soiavate EVN Bx (inner) A side MPVotoeesorarens Even Bx (Middle) A side MPY oo sororare Even BX (Outer) A side
T o e e e e R R RN EERE B o LR A I i o BN e e e B e I R R R
g 200 Entries 592 g r Entries 86 EAOD E Entries 1164
S1g Mean 9785 [ Mean 1069 | S.0F Mean 10.29
5 RMS 1191 3 52500 RMS 1161 53500 RMS 1.169
16 22/ ndf 20.118/17 £ ¥/ ndf 13.455/17 E ¥/ ndf 8.3167/8
Prob 026825 2000 Prob 070523 | 300~ Prob 0.40316
14 Constant  195.44 +9.84 o £ Constant  286.01+11.97 E Constant  394.26 + 14.16
12 07922 £ 00487 3 n Mean 10683 20041 250 Mean 10.308 +0.035
1.2084 +0.0351 3 150 Sigma  1.1939 +0.0289 7 E Sigma  1.1694 £ 0.0241
100 3 E 3] 200F-
8 = E ] E
E 100~ 3 1507
6 = E - E
B r 1 100~
4 E 50— - E
2 3 I 3] 50
| I I T Covl I I I I L T Eovil | L 1 I L T
2 4 6 8 10 12 G%IM‘IMG” 18 20 2 4 6 8 10 12 n‘-gmm‘!:aaxm 18 20 2 4 6 8 10 12 dlgalnmx‘nd@:ln 18 20
20121115.20121216 EVEN BX 20121115.20121216 EVEN BX 20121115.20121216 EVEN BX
MPVyeonasmioume 0dd Bx(Inner) A side MPVZfaneaxoican 54d Bx (Middle) A side MPVsganed« 4Cs 04d Bx (Outer) A side
220 T T T T T T T T T @ T T T T T T T Ly =annl T T T T T T T T
2 Entries 612 g r Entries 847 ] 2E Entries 1204
51 Mean 1004 5250_— Mean 1067 5350; Mean 1047
5.6 AMS 1269 5 f RS 1205 STF RS 1221
¥/ ndf 28779717 4 £ 2/ ndf 13656117 300 E %2/ ndf 22872/7
14( Prob 0036618 200~ Prob 06913 £ Prob 0.0017943
Constant 18678 +9.25 E Constant 27092 + 1140 ] E Constant 38550 + 13.94
12 Mean 10.046 £ 0.053 — L Mean 10.666 £ 0.043 ] 250~ Mean 10.473 +0.038
Sigma 13072 +0.0374 150— Sigma  1.2472 +0.0303 — £ Sigma 1.2201 + 0.0262
10 = C ] 2001~
= 100~ . 150~
E r 1 100F-
E 50— 3 E
= C ] 50—
£ s I I E| C I | I I I I | = I | I ! I E|
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20 ] 2 4 6 8 10 12 14 16 18 20
Ucgained X SldGain egained X GidGain Ueained X GidGain
MPY 121115 20121216 Ol BX MPY 121115 20121216 Ol BX MPV 1211152021206 Odd BX

Figure 3.20: Distributions of the degained MIP MPVs multiplied by the old gain factors fitted with
a Gaussian function for (from left to right) the channels in the Inner, Middle and Outer regions of
the A side of the PS detector, with 2012 data. Plots in the upper column correspond to Even Bx
parity, while plots in the lower column correspond to Odd Bx parity.
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Figure 3.21: Distributions of the degained MIP MPVs multiplied by the old gain factors fitted with
a Gaussian function for (from left to right) the channels in the Inner, Middle and Outer regions of
the C side of the PS detector, with 2012 data. Plots in the upper column correspond to Even Bx
parity, while plots in the lower column correspond to Odd Bx parity.

in particular and possible changes in experimental conditions in general make mandatory to
perform a new re-calibration of the PS with the early 2015 data.
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Figure 3.22: Correlation plots of new numeric gains versus old numeric gains for (from left-to-right)
the channels in the Inner, Middle and Outer regions of the A side of the PS detector, with 2012
data. Plots in the upper column correspond to Even Bx parity, while plots in the lower column
correspond to Odd Bx parity.

3.7 Ageing results for 2012

A total of about 2 fb™! integrated luminosity has been collected by the LHCb spectrometer
for the 2012 data taking campaign. Aside from a factor of 2 increase in received integrated
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Figure 3.23: Correlation plots of new numeric gains versus old numeric gains for (from left-to-right)
the channels in the Inner, Middle and Outer regions of the C side of the PS detector, with 2012
data. Plots in the upper column correspond to Even Bx parity, while plots in the lower column
correspond to Odd Bx parity.

luminosity, the center-of-mass energy of the collision has also been increased from 7 TeV in
2011 to 8 TeV in 2012. This results to a busier environment and significantly more tracks
traversing the PS detector. Using the same strategy as presented in Section 3.5, we studied
the ageing of the PS detector by looking at the change in the average MPVs of MIPs in each
PS region as a function of the data taking periods.

3.7.1 Splitting 2012 data in periods of [ £~ 200pb "

The 2012 data of LHCb is divided into 8 samples, with about 200 pb~! in each sample.
It has been checked that with this splitting, enough number of tracks passed trough the
outermost channels in order to make a fit of the MIPs ADC distribution. Technical stops
are also avoided such that the same continuous detector operation characteristics occurred
in each period. Table 3.6 lists the splitting of 2012 data, as well as its corresponding LHC
fill number, LHCb run numbers and dates. Note that there are two periods explicitly not
included here, which are the first ~200 fb™' of 2012 and another ~200 fb~' during the
period of 7 October 2012 to 28 October 2012. In between each of these two periods, an
accidental exchange of applied gains occurred in the electronics (perhaps due to mis-aligned
time synchronization) and hence spoils a fraction of the data.

3.7.2 Ageing plots for 2012

In the same way as used in Section 3.5, the ADC response distributions of MIPs are gathered
and degained, corrected for track-length and then modelled by a Landau®@Guass PDF. This
is done for each period defined in Table 3.6. The MPVs of the fitted Landau function are
averaged by PS region (or by Front-End Board). In general, the averaged MPVs per PS
region decreases with data taking period as can be seen in Figures 3.24 and 3.25, except for
the dramatic changes in the Middle region of the A side during the last two periods. Again,
this effect is likely related to an unidentified variation of the residual pedestals. A typical
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Table 3.6: The splitting of 2012 data.

Period Fill Numbers ~ Run Numbers Dates [L£(pb7h)
[start — end] [start — end] [start — end]
P1 2644 — 2692 115834 — 117277 May, 19th — Jun, 4th 201.6
P2 2698 — 2736 117473 — 118792 Jun, 5th — Jun, 17th 218.5
P3 2795 — 2884 119956 — 124019 Jul, 2nd — Jul, 27th 215.0
P4 2886 — 2978 124054 — 125818 Jul, 28th — Aug, 16th 209.8
P5 2980 — 3019 125864 — 126940 Aug, 17th — Sep, 1st 197.7
P6 3020 — 3134 126972 — 129905 Sep, 2nd — Oct, 6th 209.2

p7 3236 — 3286 131093 — 132284 Oct, 29th — Nov, 14th 206.7
P8 3287 — 3453 132309 — 134455 Nov, 15th — Dec, 16th 190.3

10% ageing, defined as the relative decrease of the averaged MPV at the start of 2012 and
the lowest averaged MPV among the samples, is observed.

3.8 Conclusion

This section gathered the results of an instrumental work conducted on the calibration and
ageing study of the Pre-shower detector. The calibration of the PS proceeds with the study
of the response of the detector cells to the passage of selected MIPs produced in proton-
proton collisions. The calibration method initially developed in [93] has been strengthened
as far as the electronics corrections and the fit model are concerned. It has been applied
to check the stability of the detector during the Run I data taking period, in particular to
measure the probable ageing of both the scintillating materials and the photomultipliers.
A typical maximal ageing of 10 % was eventually observed. This level of ageing does not
require any corrective action so far.
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Figure 3.24: The degained MPVs with 2012 data, averaged per PS region, as a function of increasing
period for (from top to bottom) the channels in the Inner, Middle and Outer regions of the A side
of the PS detector, where the three uppermost plots correspond to the Even Bx and the lowermost
plots correspond to Odd Bx.
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Figure 3.25: The degained MPVs with 2012 data, averaged per PS region, as a function of increasing
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Chapter 4

Branching fraction limit determination
of B = KSKTK~
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4.1 Introduction

In the introduction of the theoretical context of this thesis, we took note that the CP-
violating phase emerging from the Cabibbo-Kobayashi-Maskawa paradigm is enough to de-
scribe all CP-violating observables measured so far in particle systems |[42]. The existence of
new sources of CP violation in addition to that predicted by the CKM matrix is made neces-
sary to account for the baryonic asymmetry in the Universe [95] and an appealing approach
to it consists in searching for new sources of CP violation in the decay-time distribution of
neutral B meson decays to CP-eigenstates hadronic final states mediated by a b — s loop
amplitude (so-called penguin amplitude). Many measurements have been performed by the
Babar and Belle experiments in that respect, such as B decays to ¢ K2 or n/ K¥ to cite only
the most sensitive. Gathering all of these studies, the latest results [40] provide a consistent
picture with the SM predictions, demanding an improved precision to increase the sensitivity
to new CP-violating phases.

The final states B® — K277~ and B — KKK~ allow for the measurement of the
weak phase of B°-B° mixing in b — ¢gs transitions, which can be obtained, for example,
by a time-dependent analysis of the three-body Dalitz plane. The comparison of the weak
phase extractions in b— ¢gs and b— c¢s transitions can be a measure of New Physics (NP)
contributions in the AF =1 b— s decay, under the assumption that the b— c¢s transition
is dominated by Standard Model processes. Similarly, the final states B? — K7~ and
B? — KYKTK~ would offer a window to measure NP contributions in the AF =1b— s
decay in comparing the weak phase of B%-B? mixing determinations in b— ¢gs and b— ccs
transitions. A more promising mode in that respect given the current reconstructed statistics
could be the decay BY — K{K*rF. The first Dalitz analysis of it is ongoing. On a similar
note, the Dalitz plane analysis of the decays BY — K!K+tK~ and B — KJr"n~ are
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necessary inputs in various methods to determine the CKM phase 7 in charmless transitions
[96-100].

The first step towards these physics goals is to establish the signals with the LHCb
spectrometer and measure their branching fractions. The aim of the updated study is to
improve the sensitivity on the unobserved K2h™h~ modes of the previous analysis [101] and
to improve the significance of the measured ones. Furthermore, we aim also to quantify
the branching fractions of the observed modes relative to the mode B — K{7mt7~ which
has been precisely measured at the B-factories [102,103]. Table 4.1 summarizes the current
experimental knowledge of the branching fractions of these modes at the moment of this
work.

Table 4.1: State of the art of the experimental results for branching fractions of Bg, s KOn+h'F
modes [40] prior to this work.

Decay Mode Branching Fraction (1079)
BaBar Belle LHCb World Average
B — K% tn~ 50.2+23 475+44 49.6 + 2.0

B'— K°K*rT 64412 <18 5.8 £2.0 6.4+1.2
B— K'KTK~ 238426 283452 26.3+5.1 24723

B°— KOntm- - - 11.9+55 -
B~ KOK*r¥ - - 97 + 21 -
B’ KOK+K- - - 42426 -

It is beyond the scope of this manuscript to present the full analysis and I refer the
interested reader to the publication [16]. Instead, I will focus on my specific contribution to
this paper. The decay modes BY — K77~ and B? — KK+ K~ were not observed prior
to this study. The decay mode B? — K27"7~ has been observed for the first time in this
search while the measured number of B® — K?K* K~ decays was not significant. Namely,
the fit results for B? — KK ™K~ was only 644 for Down-Down (DD) K{ reconstruction
category® and 343 for Long-Long (LL), as reported in Ref. [16]. A naive estimate of the
significance results in about 2 standard deviations and hence a limit has to be set instead of
a branching fraction measurement. A frequentist approach has been designed to determine
this limit. The method and the results we obtained are discussed in this Chapter.

4.2 Using Feldman-Cousins “cut-and-count” strategy

The usual procedure of quoting a one-sided or two-sided limit is to employ the “cut-and-
count” strategy of Feldman-Cousins inference as presented in Ref. [104]. In this procedure,
the probability density function of observing a quantity n given p is a Poisson distribution:

P(n|p) = (p+b)" exp(—(n+b))/n! (4.1)

where n is the sum of signal and background events, i is the unknown mean of the signal
distribution (a Poisson distribution) which we want to infer, and b is the known mean of the
background distribution (also a Poisson distribution). We construct an interval,

/ " PGulno)dy = (42)

H1

2See Section 2.3.2 for discussion on Downstream and Long tracks.
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where iy is the lower limit, uo is the upper limit, P(u|no) is the probability density of
finding the true value p; given that the observed events is ng, and « is the desired confidence
level (C.L.).

Using the fit function (total PDF) used in the search for B{,) — KK ™K~ and counting
naively the yield in the range -20 to +20 of the nominal B? mass, we got ng = 21 and b = 15
for DD, while ng = 10 and b = 7 for LL. Targetting a 90% C.L., this gives us a two-sided
limit on true value p; ([0.383, 14.996]) in the case of DD, and an upper limit (< 9.501) on
p; in the case of LL. Converting these limits on j; to branching ratio of B — K!KTK™ to
the normalization decay mode B — K{7"7~ using,

5= () () (777) 19

we got the following limits on the BF ki /rr,

B(B° — KOK+K-)
B(B® — Kdr*n~)
B(B° — KOK+K™)
B(B® — Kr*n~)

¢ [0.004,0.159] @ 90% C.L. (4.4)

Down—Down

< 0.132 @ 90% C.L. (4.5)

Long—Long

4.3 This limit calculation

Instead of using the Poisson law as probability density function in a usual cut-and-count
experiment as described in the previous subsection, we instead use a Gaussian probability
density function. This will allow us to consider the total uncertainty as the quadratic sum of
the systematic and statistical uncertainties and take benefit of the fit result. The procedure
for constructing the confidence belt is summarized below:

e Using pure toy studies, 100 toys are generated for each Nge, € {0,5,10,15} both for
Down-Down and Long-Long. For each toy, we plot the number of fitted events Ng
and found out that Ny is normally distributed. The same is also true for the o of the
fitted events, where o is the error of the fit of each toy and not the standard deviation
of the Gaussian distribution of Ng;.

e The Ng; for each value of Ny, is then fitted with a Gaussian function (See sample
plot shown in Figure 4.1). The mean of Gaussian distribution, Ng, versus Ngen can be
well-described by a linear function both for DD and LL, as shown in Figure 4.2(top),
and hence we use it here. The line functions are given by,

Nae = (0.3477034) 4 (0.9357994) x N,e,  for DD (4.6)

Niy = (—0.40375352) + (1.03615:535) X Nyen for LL (4.7)
Small biases can be observed for both DD and LL at Nge, = 0.

e The error o for each Ng; is also normally distributed. We fit it with a Gaussian function
and plot the square of the mean of the Gaussian distribution, 72, versus Nge,. These
can be parametrized by a linear function as shown in Figure 4.2(bottom). The line
functions are given by,

7> = (9.55570108) + (1.07375:021) X Ngen for DD (4.8)
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7 = (3.94670%5) 1 (1.08910039) x N,  for LL (4.9)
The error o described here is considered as the statistical error, hereafter referred as

Ostat-

e We also consider the systematic uncertainties in our construction of the confidence belt.
These systematics uncertainties come from the selection efficiency of B? — KKK~
(exk), selection efficiency of B® — K377~ (€:r), the number of observed B® —
K)mTn~ events (Nr), and the uncertainty from hadronization fraction f,/fs. These
are the quantities used to derive the expected signal yield Nge, for a given relative
branching fraction Bk /xr,

€KK
Ngen = (BKK/WW)E_<NWW)<fs/fd) (4'10)
As such, the systematic uncertainty is given by,
2 2 2 2
2 2 JeKK O-Eﬂ'ﬂ' O-N‘/r‘/r Ufsd 2
= = + + + N, 4.11
O'sys O-Ngen ( 6%(}{ 63”1, N7%7r fszd gen ( )

e A Gaussian PDF is then constructed for each hypothesized Bxk/r. with mean Nee
calculated from Equations 4.6 for DD (4.7 for LL) and 4.10. The standard deviation,
Oot, Of the Gaussian PDF is the quadratic sum of the statistical and systematic un-
certainties. Take note that o increases with Bk r since ogys and o are linear
functions of Nge,, and Ny, is proportional to Bk /rr. At Bik/rr = 0 however, the
remaining uncertainty is due to the constant part of the statistical uncertainty as given
in Equation 4.8 for DD (or Equation 4.9 for LL).

For each value of hypothesized relative branching fraction, we construct a 90% confidence
interval. This confidence interval is constructed by choosing which interval of the Gaussian
PDF shall be included”. Using the ranking procedure of Feldman & Cousins [104], the
Gaussian PDF is divided into several small intervals and each interval has a corresponding
rank, given by,

P(x|p, 0)
P(x|ppest, o)
The ppest 18 chosen to be the best physically allowed mean. This means that ppes i equal
to x when z is non-negative, and 0 otherwise, resulting to the following equations,

R(z) = (4.12)

—(@=w)?/20°  if £ >0
e ifz>
Rlw) = { lrnt)27 it 5 <

Starting from the highest ranked interval, the probability for each small interval given by
P(z + dx|p, o) is added until the 90% requirement is reached.

4.3.1 Down-Down

The 90% confidence belt for the Down-Down category is shown in Figure 4.3. The observed
number of BY — KKK~ events for the Down-Down category is 644, resulting to a
two-sided limit 0.003 < Bgk/rr < 0.066 Q 90% confidence level.

bIn Neyman’s ordering procedure, the 90% confidence interval of a Gaussian PDF is the range [y — 1.640,
1+1.640]. In this study, we use the Feldman-Cousins ordering principle as this procedure avoids the concept
of “flip-floping”.
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Figure 4.1: Distribution of Ng, fitted with a Gaussian function. This sample histogram is for LL
with Ngen set to 5.

4.3.2 Long-Long

The 90% confidence belt for the Long-Long category is shown in Figure 4.4. The observed
number of B? — KYKTK~ events for the Long-Long category is 3+3, resulting to a one-
sided limit B x/zr < 0.130 @ 90% confidence level.

4.3.3 Down-Down and Long-Long Combined

The two Gaussian probability density functions from Down-Down and Long-Long are then
combined to make a final 90% confidence belt and confidence interval. The combined prob-
ability density function is the product of the two Gaussian PDF, which is also a Gaussian
PDF whose mean p and standard deviation o are given by Equations 4.13 and 4.14.

2 2
_ OLLMDD + OppHLL
= 2 2

pp t 0L

)
o = | —DDILL (4.14)
Opp T Tip,

Since the number of observed B? — K2K K~ events is 644 for the case of Down-Down and
343 for the Long-Long category, the weighted observed events is equal to 4.08 as calculated
from Equation 4.13. This results to a two-sided limit 0.008 < Bgk/-r < 0.068 @ 90%
confidence level as shown in Figure 4.5.

(4.13)
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Figure 4.2: Top: Ng; as a function of Ngey, fitted with a linear function for DD (left) and LL (right).
Bottom: 72 as a function of Nge, fitted with a linear function for DD (left) and LL (right).

4.4 Summary of results

Using a modified Feldman-Cousins inference on quoting one-sided or two-sided limits, we
have calculated the limits on the relative branching ratio of BY — KKK~ with respect to
the normalization mode B — K27 t7~. We have chosen to quote a 90% C.L. The branching
ratio limits are calculated separately for events involving K decaying into Downstream
tracks and events decaying into Long tracks. Eventually, the two results are combined
into one measurement, taking only once the uncertainty of fs/fd in the calculation. The
combined results is,

B(B® — KYK+K™)

. . @ 90% C.L. 4.15
B(BO - Kgﬂ'""ﬂ'_) Combined‘E {O 008’ 0 068] % ( )

Finally, using the best knowledge on the branching fraction of B® — K277~ ((4.96 +
0.20) x 107° [105,106]) at the time this analysis was done, the limit on the branching fraction
of BY —» KK+ K~ is therefore,

B(B?— K!KTK™) e [0.2,3.4] x107° @ 90% C.L. . (4.16)
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Figure 4.3: 90% confidence belt for the Down-Down category. The dotted line corresponds to
the mean of the Gaussian distribution, the dashed line corresponds to the upper and lower limit
for statistical uncertainty only, while the solid line corresponds to the upper and lower limit for
combined statistical and systematic uncertainties. The red lines correspond to the observed NI%]?
and the upper and lower limits.
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limit.
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Figure 4.5: The 90% confidence belt for the combination of Down-Down and Long-Long categories.
The dotted line corresponds to the mean of the Gaussian distribution, the dashed line corresponds
to the upper and lower limit for statistical uncertainty only, while the solid line corresponds to
the upper and lower limit for combined statistical and systematic uncertainties. The red lines
correspond to the observed Nkk and the lower and upper limits.



Chapter 5

Search for CP aymmetries in the
charmless 4-body decays of /12 and Eg

Contents
5.1 Introduction . ......... ... ... ..., 75
5.2 Data and Monte Carlosamples . . ... ... ... ........ 77
5.3 Trigger . . . o v v i e e e e e e e e e e e e e e 78
5.4 Stripping . . . . . .. L L e e e e e e e e e e e e 79
5.5 Background studies . . ... ... ... . L0000 0o e 79
56 Selection . . . ... ... L L e e e 82
57 Studyonthe RHSBevents. ... ... ... ... cvoee.. 100
5.8 Fit model and strategy . . ... ... ... ... 000 L. 104
5.9 Pre-unblinding toy studies . . . ... ... ... . 000000 124
5.10 Pre-unblinding fit results . . . . ... ... ... 0000 128
5.11 Systematic uncertainties and cross-checks . . . . ... ... ... 156
5.12 Concluding remarks . . . . ... . ... ... 0o e .. 157

5.1 Introduction

The measurements of CP violation phenomena receive so far a consistent interpretation
within the SM paradigm. CP asymmetries A" have been observed in the K and B mesons
decays and in the latter case, large asymmetries are measured in several laboratories (2-body
and 3-body decays). The control of the hadronic parameters for most of these observables
is however not satisfactory and prevents an electroweak interpretation.

The b-flavoured baryons however remain largely unexplored. Recently, the CDF exper-
iment published their measurement of the direct A in the decay of A) — pr~ and A}
— pK~ and found these to be compatible with no asymmetry [13]*. The latest published
result of the LHCb collaboration on the phase-space integrated direct A" of charmless de-
cay of A) — pK2r~ using [ L = 1fb" of data also showed to be consistent with zero [14].
More recently, LHCb published the AA” of A) — JAppr~ and A) — JAppK~ and found
it to be compatible with CP symmetry at 2.20 level [15]. Therefore, the CP violation in

2LHCb is also measuring the direct A" of these decay modes in an as-yet unpublished results.
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baryons remains unobserved up to date. Few promising modes to observe direct CP violation
in b-baryons are in the charmless decays to multibody, where the decays can proceed simul-
taneously through b— u tree transition or Flavour Changing Neutral Current penguin loop
transitions b— s and b— d. The BaBar and Belle experiments operated at center-of-mass
energies below the threshold for b-baryon production. Since LHCb operated at center-of-
mass energies above the threshold for b baryon production, it has excellent potential to
further improve the understanding of b-baryons.

In multibody decays of b-baryons, the interference pattern is expected to be rich of
resonance structures, in particular in the low mass two-body baryon resonances (A*°, N*0
and A series). This is in addition to the structures in the two-body non-baryonic resonances
(i.e. 7w, Kmand K™K~ invariant mass spectra). Consequently, the weak interaction induced
asymmetries might receive significant enhancement from the phase differences coming from
these strong resonances.

In fully-charged decays, the A or =7 is self-tagged by the presence of either the proton
or anti-proton, providing a direct information on the flavour of the A) or =Z0. We will
assume in this analysis that the baryon number is conserved in the decays of interest. A
simple counting experiment can measure the direct A" up to corrections of instrumental
and productions asymmetries. In LHCb, this amounts to correction on the K /K~, «* /7~
and p/p detection asymmetries and b-baryon/b-baryon production asymmetry. Although
the K*/K~ and 7" /7~ detection asymmetries were both measured in LHCb to percent
level [107], the production asymmetry of b(b)-baryons and p/p detection asymmetry, two
inputs needed for the extraction of AY from A*™", remain unmeasured. There are at least
two ways to overcome these experimental hurdles. One method is by measuring T-odd
observables which is expected to cancel the production and detection asymmetries®. The
other method is by taking the difference of A" of the charmless decay mode to the A™" of
a control mode, where the control mode has the same unpaired final tracks® as the charmless
decay mode but the decay proceeds through a different quark transition. If the AA™Y
is small enough, the production and detection asymmetries cancel, while for large values of
AA™ the production and detection asymmetries are again needed to extract the A" if one
wishes to do sod. Let us note that in the case of a vanishing CP asymmetry, the cancellation
of production and detection asymmetries is exact.

In this analysis, we aim to measure the AA™ of both A) and =7 (hereafter referred
collectively as XP) charmlessly decaying to fully-charged four-body final states with respect
to charmed decays having the same unpaired final tracks, as summarized in Table 5.1.
Specifically, the decays® are A) — pr—7nta~, A) — pKntnr—, A) — pK-KTn~, A) —
pK " KtK—, =) 5 pK 7nrn, 20 - pK ntK~, 5) — pK~K+*K~. All of these charmless
decay modes of X} are yet unobserved. The control mode for each charmless decay, as listed
in Table 5.1, is chosen in a way that they have the same set of unpaired tracks, except
for the =) — pK 7" K~ and =) — pK~ K"K~ decay modes. Corrections for K /K~
and 77 /7~ detection asymmetries are then necessary. The A“s of the control modes are
expected to be consistent with no asymmetry as they proceed solely through a tree level
diagram. Two of the decay modes studied in this analysis are of particular interest for direct
A" measurement due to the same order of the tree (T) and penguin (P) contributions to
the decay, which are the A) — pr~ 77~ and = — pK a7 ~. Both the tree and gluonic

PLHCb has an on-going analysis on the T-odd observables on the same decay modes studied in this
analysis.

“Unpaired tracks are the particle tracks which has no charge conjugate present on the final decay. In
example, in the decay A) — pK 77, the p and K are unpaired tracks while 7 and 7~ are pairs.

dThis is discussed further in Appendix A.1.

¢Charge conjugation is implied throughout in this analysis, unless categorically stated otherwise.
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penguin loop contributions are of O(A\?) as shown in the Feynman diagrams in Figure 5.1,
where the udd or uds quarks combinations can hadronize in the excited states N*° or A*®
before decaying to pm or pK final states. Nonetheless, large asymmetries can still be seen as
well in places where O(A\?) penguin and O(A\?) tree diagrams as observed in the fully-charged
three-body B decays. Finally, the AA™" is calculated for three phase space regions, i.e., (1)
integrated throughout the phase space, (2) with m,;, (h being a 7 or K) less than 2 GeV/c?,
and (3) with myy, less than 2 GeV/c? and mypy (B & h” the two other tracks) less than
~1.65 GeV/c?.

Table 5.1: The four-body fully-charged charmless decays of X} studied in this analysis and its
corresponding charmed decays as control modes.

Charmless decay Quark transition Charmed decay Quark transition
A = prmtoT b— vud (T + P) A) = (AF » pr—nt)n~  b— cud (T)
A) = pK—mtr™ b— uus (T + P) A = (AF —» pK—at)n= b= cud (T)
A) - pK~Ktr~  b—dss (T + P) A = (Af » pr—at)m™ b= cud (T)
A - pK~KtK~ b— sss (T + P) A — (AF - pK—7F)n~  b— cud (T)
) 5 pK-ntn~  b—wud (T + P) Z) = (EF > pK 7M)n~  b— cud (T)
Z) > pK ntK~ b—sdd/b—uus (P /T) Z) = (Ef 5 pK—nt)n~  b— cud (T)
Z) > pK KtK~ b—dss (P) Z) = (Ef 5 pK—nt)n~  b— cud (T)
u u
u u g u
d d NY ; {i@ ~—
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Figure 5.1: Tree and gluonic penguin loop diagrams of A) — pr~ w7~ (top) and = — pK 77~
(bottom).

5.2 Data and Monte Carlo samples

The results described in this analysis are obtained using the full Run I data collected by
LHCb at the LHC at a center-of-mass energy of /s = 7 TeV for the 2011 campaign and
/s = 8 TeV for the 2012 campaign. The 2011 data corresponds to an integrated luminosity
of [£ = 1fb™", while the 2012 data corresponds to [ £ = 2fb~'. The reconstruction of
the events are obtained using Recol4 for both year campaign. The data are stripped during
the Stripping21 campaign using Stripping21rl for the 2011 data and Stripping21 for the 2012
data, both using the StrippingXb2phhhLine.

Monte Carlo (MC) generated samples are produced using GAUSS with Sim08 configu-
ration. They are used to study the behaviour of the signal and background events (both
signal cross-feeds and B meson decays, in order to model the invariant mass lineshapes of
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signals, signal cross-feeds and backgrounds. The simulation conditions have a pile-up factor
of v = 2.0 for 2011 and v = 2.5 for 2012 in order to resemble the data taking conditions.
The trigger conditions are also different for 2011 and 2012, and hence the MC samples are
simulated using TCKs (Trigger Configuration Key) that are representative of the two data
taking periods, which are 0x40760037 and 0x409f0045, respectively. The number of MC
events produced for each decay mode (signal and background) and year is summarized in
Table 5.2. About 50% of these events are produced with MagDown detector configuration,
and the other 50% are produced with MagUp detector configuration.

As far as signal events are concerned, we have chosen to simulate a mixture of non reso-
nant (phase space) and quasi-2-body decays involving either an N*¥ or A*" baryon associated
with a low-mass meson. The typical ratio Phase Space to Resonances is 1:2. For the case
of Bg’s to 4-body decays, MC simulated events are generated with specific quasi 2-body in-
termediate states. These are large fractions, but since measurements of inclusive branching
fractions in the PDG are only limits, no firm statement can be made about their dominance.

Table 5.2: Number of generated signal and background MC events used in this analysis.

Decay mode Event type  Year Yield Resonances included (in %)

AY = prwta~ 15204010 2011 (2012) 1033876 (2025489)  PHSP [0.35] + N*0 {p°, fo} [0.65]

AY = pK—mtr— 15204011 2011 (2012) 1046073 (2017682) PHSP [0.30] + A*C {p°, fo, K*O,Km } [0.70]
AY —» pK~K+n~ 15204012 2011 (2012) 1025976 (2011991)  PHSP [0.35] + A*0 {K*0 K } [0.65]

AY —» pK~KTK~ 15204013 2011 (2012) 1032138 (2019736) PHSP [0.35] + A*0 {4°,f5} [0.65]

Z) 5 pK—ntm~ 16204040 2011 (2012) 1021760 (2037415)  PHSP [0.30] + A*0 {p°, fo, K*O, K7 } [0.70]
Z) > pK ntK~ 16204041 2011 (2012) 1001562 (2024475) PHSP [0.35] + A*0 {K*O K7 } [0.65]

E) 5 pK-KtK- 16204042 2011 (2012) 1051785 (2067281)  PHSP [0.35] + A*0 {4, f4} [0.65]

A — (AT — pKm)m 15264011 2012 1011237 A — (AT — pK—nt)m [1.00]

A9 — (AT — pKm)K 15364011 2012 538205 AY — (A — pK—at) K~ [1.00]

BY —» gtr—gnta~ 11104061 2011 (2012) 1557242 (3005995) BO — pO(zt77)p0(xt7~) [1.00]

BY » Ktn—ntn~ 11104041 2011 (2012) 2048997 (4021486) B° — K*O(K+7)p(x*7~) [1.00]

B - KtK—Ktrm— 11104020 2011 (2012) 2043494 (4017984) B° — ¢*(KTK~)K*O(K+7~) [1.00]

BY » Ktn—ntK— 13104001 2011 (2012) 1014357 (2037039) B? — K*O(K+7x~)K*0(r+K~) [1.00]

BY - KtK-K+tK~ 13104013 2011 (2012) 1035749 (1025247) B9 — ¢*(K+K~)¢%(K+tK~) [1.00]

A cut on the pr > 400 MeV of each daughter track is included in the generation of the BY — ¢O(K+TK )¢ (KTK~) MC
sample.

5.3 Trigger

Events that are triggered by either the LOHadron TOS (Triggered-On-Signal) or LOGlobal
TIS (Triggered-Independent-of-Signal) are collected in the first stage of the trigger sequence.
These events are then required to pass the Hlt1TrackAlILO TOS requirements. Finally, events
passing either of the six HIt2Topo[2,3,4|Body{BBDT,Simple} TOS decisions are recorded for
further stripping and selection for the 2011 data. The rationale behind the use of the
Simple topological HIt2 algorithm is the addition of events in the corners of the Phase
Space of the decays. However, sometime in 2012, the HIt2Topo|[2,3,4|BodySimple has been
turned off and hence for 2012 data we only require the events to pass either of the three
HIt2Topo[2,3,4]BodyBBDT TOS. Trigger requirements were not included in the stripping in
order to study their impact on the selection of the signals. They are hence included as offline
selection cuts on the raw stripping output.
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5.4 Stripping

None of the stripping lines pre-existing for the selection of the signals of interest were sat-
isfactory to study their CP-violating asymmetries. As underlined in the motivations of this
work, the richness of these charmless 4-body baryon decays final states lies in the interference
patterns of quasi 2-body amplitudes contributing to the decay. Those amplitudes involve
resonances often at threshold, e.g A*°(1520), which in turn produce in the final state hadrons
with low momentum. A dedicated stripping line has then been designed for this analysis to
maximize the selection of the signal events.

During the Stripping21 campaign, the stripping line called StrippingXb2phhhLine was
added to the BHADRON.MDST stream. The stripping line was designed in a way to pre-
serve the low two-body invariant mass region, specifically the ph invariant mass where the
A*0(1520) and N*°(1520) are expected to be present. As such, only a loose kinematical cut
is applied on the daughter tracks and no kinematical cut on the two-body pairs is applied.

We are aiming at an inclusive stripping selection of all relevant charmless and charmed
decay modes. The proton tracks come from the StdLooseANNProtons standard particle
container, while the three other tracks come from the StdNoPIDsPions container. Since
those three tracks can either be pions or kaons, no particle identification (PID) is applied on
them, while a loose ProbNNp cut is applied on the proton in order to reduce the retention
rate to an acceptable level. The actual PID selection for the final states of interest is then
left to the analysts with the minimal affordable bias.

Moreover, in order to avoid border effects in the invariant mass of X} candidate, the
minimum 4-body invariant mass is calculated using the pK K K mass hypotheses, while the
maximum is calculated using the prmm mass hypotheses.

Using the available RelatedInfoTools, two isolation variables (smallest Ax?, . and pp asym-
metry in a given cone anglel) are saved as well for each X candidate. These variables are
used in the training of a multivariate discriminant, discussed later in this analysis. Let us
mention here that this specific line among others was used for the commissioning of the
RelatedInfoTools for this Stripping version.

The summary of the stripping line selection cuts is presented in Table 5.3. A comment is
in order as far the vertexing and pointing variables are concerned. All topological variables
used in this analysis are of significance type to retain the best reconstructed candidates
irrespective of the absolute vertex observable value. The requirement on the minimal pt of
the daughters has been tuned in order to cope with the allowed retention rate. The obtained
value is low enough to preserve the signal efficiency of the quasi 2-body decays at threshold
for the intermediate resonances.

5.5 Background studies

The structure of the background of the charmless 4-body fully-charged decays of A} and =}
is rich. There are at least five main categories of backgrounds identified that appears in
the mass distribution of the real data candidates. These are (1) the peaking backgrounds
coming from charmed decays and charmless but charming decays (we are referring here to
the tree level b — w quark transition followed by W — ¢s), (2) the partially reconstructed
backgrounds, (3) the cross-feeds from other signal modes, (4) the physics backgrounds coming
from 4-body decays of B® or B?, and (5) the random combinatorial of one or several tracks
unrelated to the decay of the interest.

fThese variables are discussed further in Section 5.6.4.
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Table 5.3: Cuts applied in the stripping line StrippingXb2phhhLine selecting the candidate events.

Variable definition Selection requirements

Cuts on daughter tracks (p,m)

Daughter tracks’ momentum p > 1500. MeV/c
Daughter tracks’ tranverse momentum pr > 250. MeV/e
Daughter tracks’ x? over degrees of freedom Trk. x?/ndf < 3.0
Daughter tracks’ minimum impact parameter x? to any PV~ Min. x% > 16.0
Daughter tracks’ probability of being a ghost track Probghost < 0.40
Proton track’s probability of being a proton ProbNNp > 0.05
Combination cuts (before vertex fit)

Mass of the X} candidate with pK KK tracks hypothesis myxxr > 5195. MeV/c?
Mass of the X} candidate with pr7m tracks hypothesis Mprrn < 6405, MeV/c?
X} candidate’s tranverse momentum pr > 1500. MeV/c

Sum of the daughter tracks’ tranverse momentum daug.pr > 3500. MeV/c
Distance of closest approach x? of any two daughters 3oca < 20.
Combination cuts (after vertex fit)

X? candidate’s vertex x? i, < 20.

X? candidate’s flight distance x* w.r.t. best PV Xip > 50.

X} candidate’s impact parameter x? w.r.t. best PV Xip < 16.

Cosine of the X} candidate pointing angle cos(fprra) > 0.9999

5.5.1 Peaking backgrounds

Fully-reconstructed charmed and charming decays if not properly removed can appear as
peaking background. Since the final state of these decays is the same as the charmless
modes, they can not be removed via PID optimization and neither on using MVA-based
cuts without relying on the small topological and kinematical difference. The unique way to
reduce them without losing a significant amount of signal events is to properly veto them by
cutting on the mass of a given intermediate state. The intermediate states explicitly vetoed
in this analysis are A, =, Dt DF DY vy, and JA). The reconstructed mass of A is
required to be £30 MeV/c* outside from m 3 = 2283. MeV/c?, where it is adjusted about
3 MeV/c? to the left w.r.t. the PDG value in order to take into account the asymmetry
of the distribution as seen in the data, while =, DT DF and D° are required to be +30
MeV/c? outside from the PDG values. A wider mass window of +50 MeV/c? from the PDG
value is required for vetoing x.o and J/ib. The list of final state decays considered for these
charmed resonances can be found in Section 5.6.5, where all relevant daughter combination
is considered in the mass reconstruction. Furthermore, these mass veto cuts are applied as
a global cut, e.g. 3 tracks are reconstructed as pKm in order to veto AY, regardless of the
spectrum. In this way, the candidate is vetoed in all spectra. Let us notice that the vetoed
charmed decay modes involving a A7 and = are used in turn as control channels for the

(&
detection efficiencies and production asymmetries.

5.5.2 Partially reconstructed backgrounds

The 5-body decays of A and /or =7 with one particle missing can still be a significant amount
of background events populating the left side of reconstructed invariant mass distribution.
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The dominant contributor of the partially-reconstructed backgrounds are the events with a
missing 7°. Actually, the partially reconstructed backgrounds with a missing charged pion
in the final state are reduced by the isolation variable denoted smallest Ax?2 _, which is
searching for a better vertex with an additional charged track to the 4-tracks vertex. The
mass threshold considered when modelling this background is therefore the 7% mass.
Although not included in the nominal fit, Partially-reconstructed backgrounds with a
missing 7 is also possible through the decay A) — pK—(n — w7 7). This will give
partially-reconstructed backgrounds closer to the signal peak than the decays with missing
7. A systematic uncertainty will be assign to this and this is presented in the list of

systematics in Section 5.11.

5.5.3 Cross-feeds or reflections

Seven charmless decay modes are explicitly searched in this analysis as listed in Table 5.1
in Section 5.1. The PID selection is chosen in a way that a candidate can appear only in
one spectrum and not on the other spectra (mutually exclusive selection) in order that a
simultaneous fit of all the relevant spectra can be possible. More detailed discussion on the
strategy can be found in Section 5.6.2. After optimizing the PID selection to reduce the
cross-feeds in each spectrum, a significant number of true signal events may still appear as a
cross-feed in other spectrum. The dominant cross-feeds are signal events from other spectra
with only one particle misidentified, and hence peaks not very far from the signal peak.
Henceforth, an accurate handling on the yields and shapes of these background contributions
must be achieved. This is realized by constraining in the simultaneous fit their relative yields
to the data-driven misidentification probabilities. The procedure is described in details in
Section 5.8.

5.5.4 B — 4-body physics backgrounds

Four-body decays coming from B® or B? with a misidentified K or 7 as a proton can appear
in the invariant mass distribution. Given that the hadronization fraction of b quark to
BY is significantly higher the the hadronization fraction of b quark to neutral baryons A
and =7, they are expected to dominate the mass distribution if not properly reduced. The
hadronization fraction of b quark to B?, although smaller than the hadronization fraction
of b quark to AY, can also populate significantly if not handled. Since this background
can exhibit significant CP asymmetries, their accurate handling is mandatory and certainly
constitutes a challenge of this analysis. Five possible dominant B physics backgrounds are
envisioned, which includes B — ntnr ntn~, B® - Kfrntn—, B® - K*K-Ktrn~,
B? - K*n~nt K~ and B — K™K~ K" K~. Since they have the same final state particles,
except for the proton, as the signal modes, they can not be significantly reduced by the PID
selection without reducing as well the signal events. Neither MVA-based cuts can reduce
them since they are relatively topologically and kinematically the same as the signal events.
However, a tight PID cut (ProbNNp) on the proton particle can significantly reduce these B
physics events, while retaining signal events with an acceptable efficiency. A dedicated study
of the right-hand side-band (RHSB) of the invariant mass distributions for each spectra has
been undergone and is reported in Section 5.7.

5.5.5 Combinatorial background

Aside from the physical backgrounds described above, there are also combinatorial back-
grounds coming solely from the random combination of one or several tracks unrelated to
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the signal decay. The topology and kinematics® of these background events are different
enough from the signal events that they can be reduced by a univariate or multivariate-based
cuts. It is important to emphasize that the understanding of the different above-mentioned
sources of background (not straightforwardly reducible) benefits from the largest as possible
suppression of the combinatorial background. This is in particular true for the dominant B
physics. Therefore, a special care has been brought to the design of the tool to fight against
the combinatorial background. As will be discussed further in Section 5.6.4, a BDT-based
MVA is trained using variables with weak linear correlations (but in principle nonlinearly
correlated) or with different correlations for background and signal events in order to reduce
these backgrounds.

5.6 Selection

The X} candidates saved after stripping still contain significant amount of background
events. In order to reduce these backgrounds while keeping the signal events, further offline
selection cuts are applied. In this section, the several components of the offline selection
are described together with its corresponding strategy. The design and presentation of the
selection steps we are proposing have the following logic: the PID cuts have been optimized
first with the objective of mastering the signal cross-feeds and B physics. This allowed to
select a rather pure combinatorial background sample on the data which was used to train
a multivariate discriminative tool. In turn, this combinatorics killer selection was applied to
the data sample in order to master the B physics yields to feed the simultaneous fit with
data-driven constraints. The optimization on the cut values are also presented. At the end
of this section, a subsection is dedicated to the signal efficiency given by each stage of the
selection. The very first step presented in this section consists in a preselection in line with
the tupling strategy.

5.6.1 Offine selection

Some further offline selection cuts, trigger requirements and fiducial cuts are applied to the
stripped data prior to particle identification (PID) optimization and multivariate (MVA)
selection.

In the stripping selection, the candidate events are reconstructed as A) — pr—at7™,
although no PID requirement is applied on the three pions. However, in the final tupling
of the data, each candidate is reconstructed using the appropriate mass hypotheses of the
daughter particles corresponding to the different possible final states. These final states are
namely prrm, pKnn, pK K7, pKnK and pK KK. For each set of mass hypotheses, a refit
on the decay tree using the DecayTreeFitter tool is done in order to properly recalculate the
kinematics of the decay. More importantly, the mass of X} candidate is now properly defined
for each final state. A mass range cut on the X} mass is then required to be in the range
5340 MeV/c? to 6400 MeV/c?.

A selection rule was also applied as early as in the tupling level to decide which track is
the kaon in the case of X — pK 77~ and X) — pK~ K7~ spectra. In these spectra
(labelled X — hyhyhshy for discussion purposes), the true K~ particle out of the stripping
selection may end up either in the hy location or in the h4 location since there was no PID

gDiscussed later in this analysis is the BDT strategy to reduce these combinatorics. No kinematical
variables are used in the BDT to avoid the BDT cutting events in the low two-body invariant mass, where
the A*9(1520) and N*9(1520) are expected to appear.
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applied on fys 34y, with a certain probability”. The product of hy ProbNNm and hy (1 -
ProbNNK) is compared to the product of hy ProbNN7 and (hy 1 - ProbNNK). Whichever
has the larger value is chosen as the 7 and the other as the K. This selection rule is
irrelevant for the other spectra since both hy and hy4 are either both pions (in the case if of
XP — pr—wtr™) or both kaons.

Since the PID information given by the RICH detectors might no longer be reliable
outside some momentum range and pseudo-rapidity, fiducial cuts are also applied on each
of the final tracks. The momentum range of the track is required to be within the range 3
GeV/e < p < 100 GeV/c and the pseudo-rapidity angle of the track is required to be within
1.5 <n <5b.

5.6.2 K /7 PID selection optimization

The optimization of the PID selection in this study is driven by two objectives. The first
objective is to optimally reject the signal cross-feeds within the +30 of the nominal mass of
the signal mode. The second objective is to ensure that we have mutually exclusive events
present in each spectrum, and hence avoiding the complicated statistical treatment of errors
given by the simultaneous fit when dealing with non-mutually exclusive spectra. This can
be done by ensuring that there is no overlapping regions in the particle identification (PID)
selection of kaons and pions.

There are two possible neural network based variables that can be used to select pions
and kaons. These are the ProbNN7 and ProbNNK, where pions can be selected as those
particles having ProbNN7 larger than some cut value and the kaons are the particles with
ProbNNK larger than some cut value. However, this does not guarantee that the same
particle will not be selected as both a pion and a kaon, and hence may appear as a signal
in one spectrum and as a cross-feed in the other spectra. In a simultaneous fit of all the
spectra, the resulting uncertainties of measured quantities would have to be corrected for the
statistical correlations. In order to avoid this complication, the pions and kaons are chosen in
a way that they are mutually exclusive, and henceforth implying mutually exclusive spectra.

In the ProbNNK-vs-ProbNN7 plane, most of the kaons populate at the (0,1) location,
while the pions populate at the (1,0) location. This is illustrated in Figure 5.2 using MC-
matched pions and kaons from MC-generated A) — pK 77~ events. In this analysis, a
circular cut centered at (1,0) is chosen in order to differentiate pions from kaons. Particles
inside the circular envelope (those inside the radius of /ac") are considered pions, while the
rest are considered kaons. In principle, the kaon cut a$¥* can be larger than aS™, but the a2
is restricted not to be less than aS" in order to ensure non-overlapping regions of kaons and
pions. Anticipating the results of the optimization, it was eventually found that the best
cuts are identical for both aS™ and a$P*. We however chose to present them separately since
their best values are not aligned by definition.

The particle identification (PID) variables defined in Equation 5.1 and Equation 5.2 are
used to select kaons and pions. As a short-hand notation, from hereon we refer PID g and
PID, as the variables defined in Equation 5.1 and Equation 5.2, respectively. Anticipating
the results of the optimization, we found the same optimal cut values for kaons and pions, and

hence we collectively refer them in the later part of this analysis as PIDg,. Mathematically,

hProbability of landing in hy or hy is not 50%-50% because of pr sequencing in StdNoPIDsPions track
container.
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the PID cuts are given by,

PIDg : ((h_ProbNN7 — 1.0)2 + h_ ProbNNK?) > a5 (5.1)
PID, : ((h_ProbNN7 — 1.0)*> + h_ ProbNNK?) < a&* |

where h can be a kaon or a pion depending on which spectrum it is applied.

ProbNNK
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Figure 5.2: Illustration of the distribution of kaons and pions in the ProbNNK-vs-ProbNN~ plane
using MC-matched kaons and pions from MC-generated Ag — pK~7mtm™ events.

The ProbNN variables of kaons and pions from real data are not well described by the MC-
calculated ProbNN variables. To correct this discrepancy, a set of PID (mis)identification
efficiency maps for each a¢ and a$¥* cut values is prepared in bins of momentum p and
pseudo-rapidity angle n, knowing that the PID (mis)identification efficiency depends on the
kinematics of the particles. The binning scheme used in producing the efficiency maps' for
each year and each particle type is summarized in Table 5.4.

A MC-generated event is then used to calculate the kinematics of the tracks, which are
in turn used to calculate the efficiency of an event to pass a certain a$™ and/or a$¥* cut
values taking into account correlations. These event-by-event efficiencies are then averaged
to calculate the probability of a certain decay mode to pass the PIDg, cut values. The
PIDCalibTool implements this strategy, which uses real data kaons and pions coming from
D%s where the D°’s come from the decay of D** — (D° 7+t K )™,

Since the branching fractions of the signal modes are not yet measured and that the
hadronization fraction of b quark to heavy baryons in LHCD is dependent on the momentum
and pseudo-rapidity angle of the baryon, there is no direct approximation of the possible yield
of events of both signal and cross-feeds. A modified Figure of Merit (FoM) is then defined
that does not depend on the approximated yields but rather on the relative efficiencies of

the signal mode and the cross-feeds. This FoM is given by,

51D
FoM(PID ) = & : (5.3)

VR + Sacr
where e and eqp’ are the efficiencies as a function of PID cut of signal and cross-feeds,

respectively. A scaling factor acr relative to the signal is multplied to each of the cross-feed

iThe PIDg, efficiency maps for he optimal aS** and a$3® are shown in Appendix A.2.
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Table 5.4: The binning scheme used to produce the PID g, (mis)identification efficiency maps.

Particle type (year)

p binning boundaries
(in GeV/c?)

7 binning boundaries

{3000; 9300; 15600; 18515;

{1.5; 2.4975; 2.7075; 3.0575;

ks (2011) 28325; 40097; 59717; 100000}  3.3725; 3.7225; 4.0025; 5.0}
K's (2012) {3000; 9300; 15600; 16553; {1.5; 2.4625; 2.6725; 2.9875;
26363; 38135; 57755; 100000}  3.3025; 3.6525; 3.8975; 5.0}

. (2011) {3000; 9300; 15600; 16553; {1.5; 2.4625; 2.7075; 3.0225;
24401; 36173; 55793; 100000}  3.3375; 3.6875: 3.9675; 5.0}

s (2012) {3000; 9300; 14591; 15600; {1.5; 2.4275; 2.6375; 2.9525;

24401; 34211; 53831; 100000}

3.2675; 3.6175; 3.8975; 5.0}

efficiencies, which reflects the approximate ratio of signal-to-crossfeed before any PID cut.
This acr factor is calculated using the equation,

Sel. Mwindow
BS1g 681g ESlg f f
Qcr = Beopesk dyindow s,dJs—u
CFECF €CF

(5.4)
where By, e, eXWindoW are the branching fractions, selection efficiencies and the mass
window cut efficiencies of signal and crossfeeds. The selection efficiencies include acceptance,
trigger, track reconstruction, stripping and offline fiducial cuts efficiencies. The mass window
cut efficiencies are the efficiencies of signal and cross-feeds requiring that the reconstructed
mass be within the +30 from the nominal mass of the baryon. All of these efficiencies are
calculated from the MC generated events. The f; ; is the ratio of the hadronization fraction
of b quark to = and of b quark to A, which is equal to 1 if both signal and cross-feed come
from A or both from =) and equal to 0.256 (3.906) if cross-feed comes from =} (AY) and
signal comes from A} (Z}). This fs 4 = f=o/ [0 is approximated to be equal to fgo/ fzo [108].
When the signal and cross-feed do not come from the same heavy baryon type, an additional
factor f,_,, is multiplied to the scaling factor acr, in order to take into account the fraction
of events of =) decaying to AY7® (hence contributing to AY). The fraction of = decaying
to A)7Y is guesstimated to be 0.025. Hence the fs_,, factor is equal to 1 if both signal and
cross-feed come from AJ or both from =7, and equal to 0.975 (1.025) if cross-feed comes from
=P (AD) and signal comes from A) (=7).

The FoM defined in Equatlon 5.3 requires ratios of branching fractions and ratio of
hadronization fractions as inputs, rather than absolute values in the case of Punzi FoM or
the standard significance S/v/S + B. As mentioned above, there is no measurement yet
on the branching fraction of the signal decay modes. An educated guess however can be
made by considering that the ratios of branching fractions of the BT — 3 body fully-charged
decays as good approximates of the ratios of branching fractions of the signal modes studied
in this analysis. These BT — 3 body decays exhibit the same quark transition, and hence
the same CKM elements as for the signal modes are assumed. Summarized in Table 5.5
are the Bt — 3 body fully-charged decays which are used to approximate the branching
fractions of our signal modes.

There are five FoMs to optimize corresponding to the five spectra studied in this analysis/,
each having its own optimal cut values of a"* and a$¥*. For the reason of ensuring mutually-

iThe same PID g, cut is to be optimized for AY) = pK—7t7r~ and = *) pK ~n 7™, since they belong
to the same spectrum. The same can be said for /10 —pK " KTK~ and _b — pK~KTK~. For these two
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Table 5.5: The four-body fully-charged charmless decays of Xg studied in this analysis and its
corresponding BT — 3 body fully-charged decays that are used to approximate the branching
fractions of signal modes.

Charmless decay Bt — 3 body decay Branching fraction [17]
A — pratr Bt —» gtn gt (1.52 £ 0.14) x 107
A — pK -t Bt — Ktn—nt (5.10 £+ 0.29) x 10~°
A0 pK— K+ B* — K*K-r+ (5.0 £ 0.7) x 107
A — pK-K+K~ B* - K*K- K+ (3.40 £ 0.14) x 1077
=) = pK rmhn Bt —» gtn gt (1.52 £ 0.14) x 107
=) = pK mtK~ Bt — Ktn—nt (5.10 & 0.29) x 107°
E) > pK KTK~ Bt — KTK~nt (5.0 £0.7) x 1076

exclusive spectra, one PIDg, optimization is chosen as the baseline. The mode which is
considered for this is the =) — pK7m decay following the rationale that this is one of the
interesting modes where both tree and penguin loop contributions are of order O(\®) and
can both proceed through the resonant particles N** and A*°. In order to build mutually-
exclusive spectra, it must be required that the a™ cut (a$* cut) is less (more) than the
optimal ag™ (a$¥*) cuts for the baseline mode. It happens that this condition is never realized
for our choice of baseline mode (it can however happen for other choices of baseline mode
and other choices of FoM). The very same cuts are then eventually applied to all spectra.
The optimal PID g, cuts for each mode are summarized in Table 5.6. The optimal PID g
as™ and a$P* cuts for the baseline mode are 0.55 and 0.55, as shown in Figure 5.3. The FoMs
of other modes can be found in Appendix A.4. The other modes did not statisfy the condition
stated above and hence their PID g, cut is chosen to be the same as the PID . of the baseline

mode, i.e., (a& = 0.55, a§¥* = 0.55).

Table 5.6: The list of optimal PID g, aS™ and a$2* cuts.

™

2011 optimal PIDg, cuts 2012 optimal PIDg, cuts
Signal mode (as™, agd®) (aS™, a%)

MagDown MagUp MagDown MagUp
=) = pK mhn- (0.55, 0.55) (0.55, 0.55) (0.55, 0.55) (0.55, 0.55)
A — prata (1.00, 1.00) (1.00, 1.00) (1.00, 1.00) (1.00, 1.00)
A — pK Kt (0.15, 0.15) (0.15, 0.15) (0.20, 0.20) (0.20, 0.20)
=) = pK ntK~ (0.35, 0.35) (0.35, 0.35) (0.35, 0.35) (0.35, 0.35)
=) - pK KTK~ (0.30, 0.30) (0.30, 0.30) (0.30, 0.30) (0.30, 0.30)

The signal and cross-feed efficiencies for this optimal PID g, cut values are summarized in
Table A.1 (using 2011 calibration samples) and Table A.2 (using 2012 calibration samples) of
Appendix A.5. Shown in Figure A.9 in Appendix A.5 are illustrations of how the expected
relative distribution changes before and after applying the PIDg, cut, where the relative
distributions are calculated using the acp and the PID (mis)identification efficiencies egig.
and ecp.

spectra, the optimization is performed on the yields of the = decays since they are suffering from a worse
signal-to-noise ratio, the latter being mostly cross-feeds from AY signal decays.
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Figure 5.3: Figure of merits of PID i optimization of =) — pK ~nt7~ for [top-left] 2011 MagDown,
[top-right] 2011 MagUp, [bottom-left| 2012 MagDown and [bottom-right| 2012 MagUp.

5.6.3 Proton PID cut

Common to all the signal modes, both in the charmless and control channels, is the presence
of the proton track. Hence, the efficiencies of signal and cross-feeds are basically the same, up
to the difference in kinematics, for each ProbNNp cut value. As underlined in Section 5.5, a
cut on PID (ProbNNp) is however necessary to reduce and/or reject the physics backgrounds
coming from the 4-body decays of Bgs. When a pion or a kaon from these decays is mis-
identified as a proton, the event can appear in the invariant mass distribution of phhh as
a background and potentially yield a CP asymmetry. The inclusive branching fractions of
most of the Bgs decays to fully-charged 4-body are yet unmeasured but their experimental
upper limits, when they exist, are typically of order O(10~%). Moreover, the hadronization
fraction of b quark to B is larger than the hadronization fraction to A and =7. Alhtough
the hadronization fraction of b quark to BY is smaller than its hadronization fraction to AY, it
can still populate the spectra significantly if not properly reduced. Hence, to reduce these B
physics backgrounds, an arbitrary ProbNNp > 0.50 PID cut is applied on the proton track.
This is guesstimated to remove significant amount of these backgrounds while keeping most
of our signal events. The distributions of these background events and its modelling are
discussed in Section 5.8.3.

For the same reason stated in Section 5.6.2 that the ProbNN variables are not well-
described in MC, a PID re-weighting is needed to properly calculate the (mis)identification
efficiency®. To do this, PID (mis)identification efficiency maps for the PID, cut are prepared
in bins of momentum p and pseudo-rapidity angle 7 since the (mis)identification efficiency
depends on the kinematics of the particles. The binning scheme in producing the efficiency
maps for each year for the proton tracks is summarized in Table 5.7, while the K’s and n’s

kThese numbers are inputs of the Gaussianly-constrained cross-feed yields in the fit as will be detailed in
Section 5.8.2.



88 Search for CP aymmetries in the charmless 4-body decays of A)/=)

are the same as in Table 5.4. Proton tracks coming from real data inclusive AF decays are
used to produce the identification efficiency map of proton using the PIDCalibTool. The 2D
efficiency maps can be found at Appendix A.3. The signal efficiencies of the combined PID g
and PID, cuts are gathered in Tables 5.13 and 5.14 of Section 5.6.7. They are found to be
~45% for the two modes with three K’s in the final state and ~60% for the A) — prrm
mode.

Table 5.7: The binning scheme used to produce the ProbNNp > 0.50 identification efficiency maps.

Particle type (year) p binning boundaries 7 binning boundaries
(in GeV/c?)
's (2011) {3000; 9300; 15600; 18515; {1.5; 2.4975; 2.7075; 3.0575;
b 28325; 40097; 59717; 100000}  3.3725; 3.7225; 4.0025; 5.0}
3000; 9300; 15600; 16553; 1.5; 2.4625; 2.6725; 2.9875;
p;s (2012) { ) ? ) ) { 7 ) ? ?

26363; 38135; 57755; 100000} 3.3025; 3.6525; 3.8975; 5.0}

5.6.4 MVA selection optimization

Taking advantage of nonlinearly correlated discriminating variables, an MVA-based discrim-
inant is used in order to combine the discriminating variables into one final discriminant.
Using the TMVA toolkit [109], a boosted decistion tree (BDT) discriminant, using AdaBoost
boosting algorithm, has been chosen to maximize the signal separation from the combina-
torial background. In order to train the BDT, signal events are taken from A) — prrr
MC-generated events, while combinatorial background events are taken from the right-hand
sideband (RHSB) of real data events in the XP — prrm spectrum. RHSB events are defined
as the events with 4-body invariant mass in the range 5840. < M., < 6400. MeV/c?. The
choice of this spectrum is dictated at first by the absence of signal cross-feeds in the RHSB,
which is a unique feature among the five experimental spectra of interest. Specifically, the
misidentification of a kaon as a pion results in a shift to the left of the nominal mass of A
and/or =) in the X — prrm spectrum.

Aiming at selecting the most relevant sample of combinatorial background to fight against,
the trigger requirements, the fiducial cuts, the optimal PID g, cuts and a ProbNNp > 0.50
on the proton are applied prior to training the BDTs. However, B° physics backgrounds
still populate the RHSB even at a ProbNNp > 0.50 cut on the proton particle. In order
to further cleanup the RHSB from the dominant B® — Knnm physics backgrounds a mass
veto cut! is applied on the background events. The mass of the proton particle is swapped
with the mass of a kaon and events within the +50 MeV/c? from the nominal B® mass
are removed (mpo = 5279. MeV/c?). As will be discussed in the Section 5.7, a significant
physics background of this spectrum is coming from the decays B° — wrmm. However, this
contamination was found small enough in the RHSB such that no further specific mass veto
cut was needed to select the background training sample.

In order to use maximally the RHSB statistics for the training of the multivariate dis-
criminant, two BDTs (hereafter referred as BDT; and BDTs) for each year™ are trained

This mass veto cut is not applied in the final analysis. The purpose here is only to purify the background
events to be composed only of combinatorial in the training of the BDT.

™The center-of-mass energy of the collisions during the 2011 data taking campaign was 7 TeV, while it
was 8 TeV during the 2012 data taking campaign. Hence, separate BDTs are trained for the 2011 and 2012
data.
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by randomly dividing the RHSB events and the MC-generated events into two subsamples.
For completeness, the random numbers are calculated using the algorithm ((134*evtNum +
runNum) % 531241)/531241.0, where the evtNum and runNum are the event number and
run number of the candidate, respectively. The resulting random number r assigned to each
candidate ranges from 0 to 1, where RHSB events having r» > 0.50 are used to train BDTy,
and the rest are used to train BDT,. The events are then crossed-over in the testing of the
BDT response for overtraining and calculating the efficiencies for a given BDT cut. When
cutting the BDT in the real data events, RHSB events that were used in training BDT; are
selected using BDTy, and vice versa. In this way, the full Run I data can be used in the
analysis without introducing bias. The real data events not used in the training of the two
BDTs are also cut either using BDT; or BDT in the same random selection algorithm as
was used for the RHSB events.

We have considered ten discriminating variables for the training of the two BDTs. These
are the topological and pointing variables of the candidate baryon XD: 1, X2p, X, Xl
cos(fpira); the two isolation variables : smallest Ax? _ and pr asymmetry in a cone around
the direction of the candidate X}; the sum of the x% of the final daughter particles > x%
(h;); the maximum of the qualities of the tracks of the final particles Max.(x?/ndf (trk. h;));
and the pr of the candidate baryon X. These variables are gathered and defined in Table
5.8.

As for the stripping line construction, the design of this selection is governed by the
physics we want to measure. No kinematical variable of the daughter particles is used in the
BDT design in order to avoid possible biased cutting of signal events proceeding through the
low two-body invariant mass resonances N*°, A*® and/or A series. Conversely, it is required
to make a comprehensive use of the signal decay topology. X} candidate vertex properties
as well as pointing quantities, all expressed in terms of significance observables, are hence
simultaneously used. The selection is completed by two isolation variables: the smallest
Ax?2,. is meant to select exactly four tracks vertices while the pp asymmetry measures the
cleanliness of the event in the region of interest (along the momentum of the X} candidate).
Eventually, it was observed that the combinatorial background can be made from a well-
defined vertex of three tracks complemented with an additional track of poor reconstruction
quality. The variable defined maximum of the (x?/ndf (trk. h;)) aims at rejecting this
specific source of background.

Some of the variables (expressed as the square of the significance) have very large ranges.
Their logarithm is taken instead in the BD'T design. The ¢mportance of a variable is defined as
how many times the variable (expressed in %) is used to separate background and signal in the
forest of trees. Hence, the importance does not necessarily select the intrinsic discriminating
power but accounts for the correlations the variable has with the ensemble of discriminative
variables. The importances of the set of variables in the BDT design are listed in Table
5.9 and the distributions of the variables are shown in Figure 5.4, superimposing RHSB
background events and MC-generated signal events”. The least important variables has been
used in the BDT more than 5% of the time, with the highest ranking variable being used
roughly 20% of the time. The importances are given here for illustration of the individual
power of the discriminative variables within the BDT. It was not used to provide a selection
rule of them.

Shown in Figure 5.5 is the correlation map of the variables used to train the BDT; for
2011. Most of the variables have weak linear correlations. Although the linear correlations
are high for some pairs of variables, the correlations are not the same for signal and back-
ground events. Aside from that, for the same pair of variables, the correlations of these

"The counterpart distributions for the other BDT are shown in Appendix A.6.
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Table 5.8: List of variables used in the BDT design.

Variable Description
n (X ,?) The pseudo-rapidity angle of the reconstructed X l? candidate.
pr (XP) The transverse momentum of the reconstructed X, candidate.
9 0 The consistency that the XZ? candidate is detached from the primary
Xip (X3)

vertex.

2 (X0) The quality of the impact parameter of the reconstructed X}

P A0 candidate.

Cow (X9 The quality of the secondary vertex of the reconstructed X l?
vix A0 candidate.

The cosine of the subtended angle between the reconstructed

cos(fpra) (X)) momentum of the X} candidate and the line connecting the primary

vertex to the secondary vertex.

The difference of the vertex quality of the reconstructed X}

2 0
Smallest Axy (Xp) candidate when added an extra most compatible track.

This variables is defined as the asymmetry of the pr of the
reconstructed X candidate when considering the pr of the other
tracks in the event that are within a given angle from the direction of

Asym. pr (X)) the X} candidate. In this analysis, the cone angle used is 1.7°.
Mathematically, this is defined as (pp™ - ppnArele) / (ppXe +
pr"Arele) where prAr8le is the vector sum of the pr’s of all tracks
inside the 1.7° cone angle.

Soxie (hy's) The consistency that the tracks are detached from the primary vertex.

The largest track quality divided by number of degrees of freedom

2 )
Largest Xix /ndf (of h:'s) among the four daughter tracks.

variables to the other variables are not the same for signal and background events.

Figure 5.6 indicates that there is no obvious sign of overtraining, as also indicated by the
Kolmogorov-Smirnov tests. In order to check whether the X} invariant mass is not learned
by the BDT, we gathered in Table 5.10 the correlation of X} invariant mass and the BDT
using MC signal events. Summarized in Table 5.11 are the signal efficiencies for a given
BDT cut that gives a background selection efficiency (or rejection efficiency) of 1% (99%),
10% (90%) and 30% (70%). Fisher and gradient-boosted BDT have been compared with
the AdaBoost-boosted BDT. Shown in Figure 5.7 are the background-rejection efficiency
versus signal selection efficiency curves (ROC-curve) for 2011 BDT; and 2012 BDT,. The
ROC-curve integral of Fisher (both 0.983 for 2011 and 0.973 & 0.977 for 2012) is expectedly
smaller than the AdaBoost-boosted BDT, indicating that the non-linear correlations between
variables are at work in the discriminative power of the BDT. The ROC-curve integral of
gradient-boosted BDT (0.989 & 0.988 for 2011 and 0.986 & 0.985 for 2012) is very similar
to the AdaBoost-boosted BDT (0.988 & 0.988 for 2011 and 0.985 & 0.984 for 2012). For the
sake of consistency with former analyses that we developed, the AdaBoost-boosted BDT is
decided to be used in this analysis.

The same BDT machinery is applied to all spectra. Optimal BDT cut for each spectrum
is then calculated. Since all the signal regions are blind, it has been chosen to use the Punzi
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Table 5.9: The importance of the variables in the BDT design.

Variable importance (in %)

Variable 2011 2012
BDT; BDT, BDT, BDT,
log(Smallest Ax2,.) (X)) 17.67 1790 17.02 14.60
n (XP) 1152 1154 1191 1249
1.0 - log(cos(fpira)) (X0) 1090 1197 10.29  10.52
pr (XP) 10.88 11.34  9.457 10.78
log(x2p) (XP) 9.003 1094 9.332  7.962
log(x%) (X?) 8.612 7.854 8380 10.12
Asym. pr (X9) 8.338  7.368 7.973  8.910
log(x2,) (X0) 8.157 6.737 9.025 9.385
Largest log(x2, /ndf) (of h;’s) 7567 7922 7916  7.816
log(>x%) (hi’s) 7.268 6.419 8.699 7410

Table 5.10: Correlation of the BDT values and the X 19 invariant mass calculated using MC-generated
signal events.

Signal decay mode Correlations (in %)
2011 2012
AY — prrm -0.93 £ 093 0.26 £+ 0.69
A) — pKrm 0.04 £095 -0.17£0.71
A — pKKn -0.79 £ 1.01 -0.32 £0.74
A - pKKK -1.34 £ 099 -0.27 £ 0.72
Z) — pKrm -0.62 £ 093 -1.93 £ 0.68
Z) — pKrK -0.89 £0.96 -0.69 £ 0.71
Z) - pKKK 0.15 £0.93 -0.90 £ 0.68

Figure of Merit [110] as the estimator for the optimization. Mathematically, it reads:

(BT
FOM(BDToy) = — 58 (5.5)
a Sl Reg.
2 + V BC(%mbig
where g7 is the signal efficiency for a given BDT cut, a is the number of sigmas cor-

responding to the desired significance of the limit, and B%ifiﬁ? is the expected number of

combinatorial backgrounds under the signal peak for a given BDT cut. In this analysis,
a = 2 is chosen.

The signal efficiency egp " at each BDT cut is calculated from the MC-generated events,
while the number of combinatorial backgrounds under the signal peak is approximated using
the RHSB region. Before any BDT cut, real data events in the RHSB (5840 MeV/c? < mynnn
< 6400 MeV/c?) region are fitted with an exponential function. This exponential function is
then projected to the signal mass region, which is within +30 from the nominal mass of A
or =Y (i.e., [5575 MeV/c?, 5665 MeV/c? | for AY and [5743 MeV/c?, 5833 MeV/c? | for =7).

The extrapolated number of combinatorial backgrounds under the signal peak before any
BDT cut is estimated using the projected exponential function. A word of caution is in order
here. Since there must be a contamination of B physics backgrounds in the RHSB region,
the approximation of the combinatorial shape and level using RHSB events must be slightly
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Figure 5.4: Distribution of variables used in the training of BDT; for 2011, superimposing RISB
background events (in Red) and MC-generated signal events (in Blue).

overestimated. For the subsequent BDT cuts, the number of combinatorics under the signal
peak linearly scales with the number of combinatorics in the RHSB, i.e., knowing that the
shape of the combinatorial is not significantly changing®. Hence, this is calculated by,

B%ifiﬁ.g'(BDTcut) =T: Blé(l)—ll’rslgﬂ (5~6)

where 7 is the scaling factor equal to (BRE®) /(BRISE) calculated with no BDT cut.

The Figures of Merit for all the modes are displayed in Figure 5.8. In the case of
XP — pKrm and X — pK KK spectra where both A and =) signals are present, the =}
signals are chosen to be optimized. The optimal BDT cuts are lying in a range [0.2 - 0.4]

°We have verified that the combinatorics slope measured (up to the moment it cannot be measured
anymore because of too few events) is consistent with the reference one within uncorrelated statistical
uncertainty.
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Figure 5.5: Linear correlation of variables used in the training of BDT; for 2011 for (left) signal
events and (right) background events. See Appendix A.7 for the other BDTs.
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Figure 5.7: ROC-curve for [left| 2011 BDT; and [right] 2012 BDT;.

for all spectra. Dictated by a sake of simplicity of bookkeeping, a unique BDT cut value of
0.30 is chosen for all the charmless spectra.
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Table 5.11: Signal selection efficiencies for BDT cuts with corresponding background selection
efficiencies of 1%, 10% and 30%.

BDT Classifier Year ROC-integral Signal efficiencies
(for a given background efficiency)

€Comb. = 1% €Comb. = 10% €Comb. = 30%

BDT, 2011 0.988 76.0% 98.8% 100%
BDT, 2011 0.988 77.7% 98.6% 100%
BDT, 2012 0.985 63.4% 98.4% 100%
BDT, 2012 0.984 64.0% 98.2% 100%

5.6.5 Charm veto cuts

Charmed and charmonia resonances mass veto cuts are applied to remove the A) and =}
decaying to the same final state as the interest modes but proceeding via a charm resonance.
The veto cuts are applied globally to all the spectra, that is, candidates vetoed in one
spectrum does not appear in the other spectra. Vetoed charmed and charmonia resonances
include AF, =F, DT D, D° x, and J/i), where the invariant mass of these resonances
is calculated by simply adding vectorially the four-vector momenta of the tracks without a
refit on the decay tree. The mass window cut applied is 30 MeV/c? from the nominal mass
of the resonance, except for the y. and J/i) where the mass window cut is +50 MeV/c?.
Note that the nominal mass of A is adjusted to the left of the PDG value by about 3
MeV/c? in order to take into account the asymmetry of the AT mass distributions as can
be seen in Figure 5.9. Aside from the mass veto cuts, two tracks of opposite charge are
required not to be muons by cutting on the isMuon variable. Furthermore, in order to
remove possible backgrounds coming from semi-leptonic decays of X7, where the muon most
likely carries large momentum, an isMuon cut is applied to the track having the highest pr.
The list of charm veto cuts is gathered in Table 5.12. For labelling purposes, we arranged
the four charged tracks in each spectrum in this sequence: (ph~h*™h™) or (ph™h~h™). Hence,
the proton is labelled as hi, and the remaining hA’s are labelled hy, hy and hy in a charge
arrangement defined in the previous sentence. For example, the notation h;hjhy__pmm means
the reconstructed invariant mass of the combination, where h; is assigned with the mass of
the proton, while h; and hy, are assigned with the mass of the pion.

5.6.6 Selection strategy for control modes

The single requirement of a weakly interacting charmed resonance is enough to reconstruct
with a high purity the control channels out of the stripping events. No PID selection op-
timization nor BDT selection optimization is done for the control modes. The same set of
PIDg, and PID, cuts are however applied on the control modes in order to avoid possible
difference of production asymmetry and detection asymmetries when the PID cuts are not
the same for charmless modes and control modes. A lower BDT cut of > -0.10 is chosen.
Events whose invariant mass is within + 30 MeV/c? from the nominal mass of the charmed
resonances = and A} (m,+ = 2283.0 MeV/c?, m,+ adjusted to take into account the asym-
metry of the distribution) are considered to belong to the control modes. This mass window
cut is the reverse veto cut applied in the charmless modes, again ensuring that we have
statistically independent events for the simultaneous fit. The invariant mass distributions of
the AT and = are shown in Figures 5.9.
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Figure 5.8: Punzi figures of merit for BDT cut optimization for the spectra (from top to bottom)
Xl? — P, Xl? — pKnm, Xl? — pK K, Xl? — pK KK and Xl? — pKnK. Figures on the left
column are for the 2011 data and figures on the right column are for the 2012 data.

5.6.7 Efficiencies

Summarized in Tables 5.13 (for 2011) and 5.14 (for 2012) are the signal efficiencies calculated
for each selection step. Each efficiency is calculated with respect to the immediate previous
selection step, except for the row labelled “From reco. to isMuon” where this is the efficiency
from the reconstruction up to isMuon cuts. The last rows with header “MagDown and MagUp
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Table 5.12: List of charm veto cuts applied on the data.
Charmed Decay Cut applied (mass in units of MeV/c?)
resonance
AF S prat 12283.00 — hihahs_prm| > 30. and [2283.00 — hihahs_prr| > 30.
A AF = pK-nt 12283.00 — hyhohs_pKw| > 30. and [2283.00 — hyhshs _pKr| > 30.
A¥ = pK—K*+  |2283.00 — hihohs _pK K| > 30. and |2283.00 — hihshs_pKK| > 30.
=F =F o pK ot |2467.80 — hyihahs_pKn| > 30. and [2467.80 — hyhahs_pkKr| > 30.
ﬁ) — ot [1864.84 — hohs wm| > 30. and [1864.84 — hyhs ww| > 30.
o DY KK+ 11864.84 — hohs KK| > 30. and |1864.84 — hyhs K K| > 30.
DO rt K- 11864.84 — hohs K| > 30. and |1864.84 — hyhs K| > 30.
DO s Kt 11864.84 — hohs_mK]| > 30. and |1864.84 — hahs_7K| > 30.
Dt Dt st K—7t [1869.61 — hohshy wKm| > 30.
D DY - KTK-n"  |1968.30 — hahshs KKn| > 30. and [1968.30 — hohshy K K| > 30.
* Df »natr—nt |1968.30 — hohshs _mmm| > 30.
I Jhp — wra~ [3096.92 — hohs mm| > 50. and |3096.92 — hyhs 7| > 50.
I — KK~ 13096.92 — hohs _KK| > 50. and |3096.92 — hyhs KK M| > 50.
Xeo — T |3414.75 — hohs _wr| > 50. and |3414.75 — hyhs 7| > 50.
Xeo Xeo = KTE~ 13414.75 — hohs KK| > 50. and |3414.75 — hyhs KK M| > 50.
X o s I(h1_isMuon == 1 && hy_isMuon == 1) and !(hg_isMuon == 1 && hy_isMuon == 1)

I(ha_isMuon == 1 && h3_isMuon == 1) and !(hy _isMuon == 1 && hy_isMuon == 1)

configuration averaged” are the average efficiencies for MagDown and MagUp configurations.
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5.6.8 Multiple candidates

The frequency of finding more than one candidate per event is typically less than 3 x 1073 as
reported in Table 5.15. If the candidates belong to either of the X)) — prrm, X)) — pKKK
or X — pKnK spectra, whichever candidate has a larger ProbNNp value on the proton
track is retained, while the others are discarded. If however the candidates have the same
proton track (hence the same ProbNNp value), one candidate is chosen randomly to be
retained.

For the X — pKnrm and X — pKKr spectra, a slightly different selection rule is
applied. If two or more candidates has the same proton track, then the ProbNNK values
of the hgs (the first kaon track) are compared. Whichever has the larger value is likely the
signal and hence the candidate which is retained. Otherwise, if both proton track and (first)
kaon track are the same for two or more candidates, then one candidate is chosen randomly.

Table 5.15: Number of multiple candidates in each spectra.

Spectra 2011 data 2012 data
Candidates Multiple nCands =2 Candidates Multiple nCands =2

Xp — prrr 3604 2 1 8712 2 1

XP — pKnrm 6207 8 4 13950 8 4

XY = pKKn 1466 0 0 3409 4 2

X) —+ pKKK 1067 0 0 2366 0 0

X — pKnK 866 0 0 1939 0 0

XP = (Af — prm)T 1686 0 0 4174 14 7

XP — (Af = pKm)m 20652 28 14 51937 70 35

X = (Ef - pKm)m 540 0 0 1319 6 3

5.7 Study on the RHSB events

In the previously defined right-hand side band (RHSB) of the invariant mass spectra, only
combinatorics and B physics events are expected to populate in that region. As will be shown
in Section 5.8, the singly mis-identified signal cross-feeds do not have tails long enough to
populate significantly in the RHSB region. The B physics shapes however, cover almost the
entire invariant mass spectra with tails reaching up to the end of the RHSB. These events are
primarily worrisome because their potential contribution to the CP asymmetry observable
we want to measure. A further technical difficulty for the invariant mass fit is that the B
physics tail shape is almost the same as the combinatorics and cannot be straightforwardly
distinguished from the data themselves. An estimate of their number of expected events is
also not yet doable since the inclusive branching fractions of these B physics backgrounds
are yet unmeasured.

A possible method to estimate the yield of B physics backgrounds can be to reconstruct
explicitly the invariant mass of the 4 daughter particles according to the proper set of ex-
pected final daughter particles of the B physics background. For example in the X — prrm
spectrum, the p particle is swapped with a K particle hypothesis to estimate the number of
B? — Krrm events. In order to avoid any implicit unblinding of the signal events, only the
events in the RHSB are used. Figures 5.10 and 5.11 show the RHSB events reconstructed
according to a set of mass hypotheses that is presumed to be the dominant B physics back-
ground in each spectrum. In the second rows of Figures 5.10 and 5.11, we identify the events
just on the left part of the signal peak as B — KKKr events. A doubly-misidentified
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B - KKKm as X — pKnr background shape is included in the fit to data in order to
take into account this contribution.

The fit model that we are using has been educated from RHSB samples reconstructed with
a milder ProbNNp cut (ProbNNp > 0.30) such that all significant sources of B physics events
can be identified. Simplified shapes (single Crystal Ball functions) have been considered for
all B decays. The dominant contribution of each spectrum is represented with a fixed
radiative tail and floating mean and width. The misidentified B decays are also described
with a single crystal ball, the CB tail being on the right or the left of the invariant mass
distribution according to the nature of the misidentification. It is quite remarkable that the
(rather crude) fit models of each spectra resists to the change of ProbNNp cut and gives
confidence that the main contributing B decays are actually identified. Few examples of fits
with ProbNNp > 0.30 are given in Appendix A.9.

The obtained B decay yields from the RHSB are summarized in the fifth and sixth col-
umn of Table 5.16, where the yields are obtained separately for candidates with p and p
from the original spectrum. These yields are then translated as expected full yields for the
whole invariant mass spectra by multiplying it by a factor obtained from the MC shapes.
Mathematically, the expected full yield Vg and its corresponding uncertainty oy, , are pro-
portional to the yield Vgrusp obtained in the RHSB and its uncertainty oy, respectively.
This is given by,

Y £ OYeun = f : (yRHSB + UyRHSB) (57)

where f is the ratio of the integrated PDF of the B physics shape for the full invariant
mass region and the RHSB region. Columns seven and eight in Table 5.16 summarizes these
translated expected full yields for each dominant B physics background in each spectrum.
These expectation values are used to Gaussianly-constrained the expected yields of the B
physics in the CP asymmetries nominal fit to data.

Table 5.16: The yields of B physics backgrounds from the RHSB of each spectrum.

Spectrum RHSB cut Dominant B Year Yields from RHSB Translated yields
(in MeV/c?) w/ p track w/ P track w/ p track w/ P track
2011 46.7 = 7.6 455 £ 7.5 151.2 4 24.7 1472 £ 244
Xl()) — P Mprrr > H685. BY & Krnr

2012 187.0 £ 15.2 193.3 £15.9 605.2 £ 49.2 625.6 + 51.6
2011 14.3 + 4.2 10.6 + 3.8 53.3 £ 15.5 39.7 £ 14.3
2012 749 £10.3 69.9 £ 9.6 279.8 £ 385 260.9 £ 35.6
2011 8.9 £ 3.6 9.8 £ 3.8 61.5 & 24.5 67.3 £ 25.8
2012 36.0 £ 6.7 35.2 + 6.8 246.6 £ 46.0 240.9 £+ 46.7

XE — pKnm My rr > 5840. Bg — KK

X = pKKm mpkxkx > 5840. BY - KKKn

o 0 2011 5.3 £2.5 6.3 £ 2.7 25.7 £ 11.9 30.6 £ 12.9
Xy - pKKK mpyggk > 5840. B - KKKK

2012 26.3 £ 5.5 32.5 £ 6.2 127.5 + 26.7 157.9 £ 30.2

The BY — ntn—nt 7~ is present only in the X)) — prmm and not on the other spectra. In
general, the yields of the B physics backgrounds are constrained in the spectrum where they
are dominant as discussed in this Section. In spectra, where they are not dominant, they are
controlled by cross-spectra factors estimated from selection and misidentification efficiencies,
as will be discussed in Section 5.8.3. The B® — "7~ 777~ is not the dominant B physics
background in the X — prmm spectrum, neither this is present in other spectra. As such,
aside from the Gaussian-constraint on the yields of the dominant B physics background in
each spectrum, the ratio rruysg of B® — wrmrm yield to B® — Krrrw yield in the RHSB of
X — prrw spectrum is also obtained. This ratio of yields is then translated as the ratio of
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Figure 5.10: Invariant mass spectra of 2011 RHSB events from [from top to bottom| X{ — prrm
as B - Knnr, X — pKnm as B — KnrK, X = pKKm as B' - KKKm and X{ — pKKK
as BY - KKKK (left-column) with p and (right-column) p separated.
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Figure 5.11: Invariant mass spectra of 2012 RHSB events from [from top to bottom| X{ — prrm
as B - Knnr, X — pKnm as B — KnrK, X — pKKm as B - KKK and X — pKKK
as B? - KKKK (left-column) with p and (right-column) p separated.
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the two backgrounds for the full spectrum. The “full-spectrum” ratio rg,y is given by:

fB0—>K7r7r7r (58)

Y

T £ Orean = (TRHSB + OTRHSB) ) a0
— T

where fpo_kzrr and fpo_rrrr are the ratios of the integrated PDFs of B — Krrm and
B — mrmw shapes, respectively, for the full X — prr7m invariant mass region and the
RHSB region. The value of ratio rrugp is calculated using the ratio found in the 2012 data.
Figure 5.12 shows the invariant mass distribution of the RHSB events of 2012 X — prrm
real data, combining A9/AY. reconstructed as B® — Krnr. The dominant peak is the
B? — Knnm peaking at the correct nominal mass of B° with a yield of 380.24:22.0, while
the shape just on the right of the B® — Knnm peak is identified as the BY — mrmm events
with a yield of 122.3+16.0. Using Equation 5.8, the “full-spectrum” ratio is calculated to be
27.7% +£3.9%. This ratio parameter is used to Gaussianly-constraint the ratio of the two
B physics backgrounds in X — prrm, which is shared by the A and A) spectra in the fit
model. The same constraint is shared with the 2011 X — prrr spectra.
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Figure 5.12: Invariant mass spectra of 2012 RHSB events from X — prrrm reconstructed as
B° - Krrr, where Ag and /12 events are combined.

5.8 Fit model and strategy

A simultaneous unbinned extended maximum likelihood fit is performed to all the invariant
mass spectra, both in the charmless and charmed decays in order to extract the A™"’s and
AAT’s directly from the fit. A modified version of VOhhFitter is used as the simultaneous
fitter for this analysis. The nominal fit is composed of the 5 charmless spectra and 2 control
spectra, split in b-baryon and b-baryon, and also split by year. This amounts to a total of 28
separate spectra with several shared and related parameters to be fitted simultaneously. A
further splitting of the data in terms of magnet polarity and trigger requirements is performed
for the sake of cross-checking the measured AA“C. The models used in this fit is described
in the following subsections.

5.8.1 Signal shapes

MC-generated events are used to obtain the signal shapes by fitting the invariant mass
distribution with a double Crystal Ball function (DCB) with shared mean p and shared
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width . The mathematical description of a Crystal Ball PDF of variable m is given by:

P(m;o,n,p,0) =N - {eXp(_(m —1)*/20%), if(m —p)fo > —a (5.9)

() rexp(—a?/2) ("8 = 28) ™ if (m — ) /o < —a |

|l

latf o

where A is the normalization and m is the invariant mass. The turnover point is denoted
(o) and the tail parameter (n) models the radiative tail (for the left tail of signal mass
distribution), or the imperfections of the tracking (for the right tail of the mass distribution).
Although the two functions in Equation 5.9 are independent of the sign of the parameter «,
the sign of o governs on which side of the Crystall Ball (CB) function the tail should appear,
where negative o means the tail is on the left side of the CB while positive o means the
tail is on the right side. Let us notice that no truth-matching is applied onto the candidates
in order to take into account for mismatched and misreconstructed signals in the signal
shape. The full selection is applied to the MC events, except for the PID cuts since the
ProbNN variables are not well-described by the MC. Since the shape changes with the PID
cuts applied, each candidate is weighted by a certain efficiency to pass the PID cuts. The
procedure of applying the weights is the same as what was described in Section 5.6.2. All
the signal shapes are fitted simultaneously in order to obtain the ratios of the widths, which
are used as Gaussianly-constrained parameters in the final PDF to be used to fit the real
data.

The 2012 A) — pK7r is chosen as the reference for these ratios of widths. Summarized
in Table 5.17 are the parameters obtained from the fits, which are shown in Figures 5.13 and
5.14. The extracted parameters o, as/as, ny, ny/ny, fo are fixed parameters in the nominal
fit to the real data. Systematic uncertainties attached to this assumption are estimated
by generating pseudo-experiments according to the distributions of the uncertainties on the
fixed parameters as found in the fit to simulated MC events.

5.8.2 Crossfeed shapes

There are seven charmless decay modes which are explicitly searched for in this analysis.
Significant number of true signal events may still appear as cross-feeds in other spectra. The
dominant cross-feeds are those with only one particle misidentified. When a K particle is
misidentified as a 7 particle, the mass distribution of X} shifts to the left, while it shifts
to right if 7 is misidentified as a K. In both cases, the shift of the most probable value
w.r.t. the correct mass is small and hence the singly-misidentified cross-feeds peak near the
signal region. To model the shape of these cross-feeds, truth-matched MC signal events are
reconstructed with a set of track mass hypotheses for other spectra.

A refit on the decay tree using the DecayTreeFitter tool is done with the appropriate
cross-feed mass hypotheses, along the same way it is done on data. The full selection is
applied to the events, except for the PID cut, since the ProbNNp variables in the real data
are not well-described by MC. For each event, an efficiency weight is applied representing the
probability to pass the PID cut. This event-by-event PID weighting is described in Section
5.6.2. The invariant mass distributions shown in Figures 5.15, 5.16 and 5.17 are fitted with
a Double Crystal Ball PDF, with shared mean p but two different widths o’s. The extracted
parameters from these fits, which are listed in Table 5.18, are fixed in the final nominal fit
to the real data.

It is worth noticing that only the dominant cross-feeds are modelled as the others imply
double mis-identification or are coming from =P decays which are expected to be Cabbibo-
suppressed. Specifically, the A} — pKKr as cross-feed to X — pKKK spectrum is
not included in the fit, as well the =) — pKKK cross-feed to X — pKKm and X} —
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Table 5.17: Fit parameters obtained in the fit to signal shape.

Fit parameters

Year

I a1 az/aq ny na/ny f2 0/Oref
Ag — pATT:
2011 5620.65740.221 1.33940.230 -1.554+0.358 1.79940.169 1.27740.220 0.47140.148 1.05240.018
2012 5620.734+0.177 0.9714+0.300 -2.191+0.721 2.1334£0.330 1.23040.239 0.28440.103 1.058+0.016
Ag — pKnm:
2011 5620.788+0.204 1.7154+0.139 -0.932+0.191 1.528+0.115 2.22540.424 0.6384+0.141 0.997+0.018
2012 5620.94740.170  1.315+0.242 -1.56940.347 1.72940.160 1.453+£0.214 0.3514+0.114 o,y =13.99540.151
Ag — pKKm:
2011  5621.1434+0.222  1.15940.322 -1.822+0.593 2.142+0.313 1.1504+0.270 0.2954+0.132 0.962+0.018
2012 5620.9754+0.172 1.3084+0.237 -1.613+0.333 1.886+0.192 1.2604+0.187 0.29740.099 0.963+0.015
AY = pKKK:
2011 5620.7234+0.201 1.29740.455 -1.555+0.603 1.929+0.343 1.638+0.408 0.1984+0.129 0.907+0.016
2012  5621.14940.154 1.21040.279 -1.821+0.449 2.1684+0.291 1.23940.234 0.17140.070 0.902+0.014
El()] — pKrm:
2011 5789.404+0.210 0.7384+0.450 -2.547+£2.201 2.190+£0.601 1.48040.499 0.18640.101 1.031+0.019
2012 5789.4434+0.174 1.52940.231 -1.301£0.316 1.79240.131 1.37640.235 0.5284+0.186 1.03940.016
=9 — pKrK:
2011 5789.480+0.234 1.2034+0.413 -1.537£0.647 2.1524+0.340 1.34040.347 0.31040.178 0.990+0.019
2012 5789.6174+0.169 1.05440.301 -2.148+0.658 2.173+0.286 1.08240.227 0.22640.090 0.990+0.015
59 & pKKK:
2011 5789.4684+0.194 1.8554+0.210 -0.984+0.263 1.859+0.169 1.4284+0.315 0.58140.222 0.933+0.016
2012 5789.4404+0.153 2.05440.092 -0.630+0.179 1.888+0.138 2.268+0.651 0.798+0.108 0.929+0.014

pK K spectra, since the fit to data found only few events of them. The estimate on the
misidentification of A) — pK K7 as X;) — pK KK is at the level of ~2%, while the estimated
misidentification rate of =) — pKKK as X{ — pKKr or X — pK7nK is at the level of
~8%. Given the level of background in the X — pKKK, X — pKKn and X)) — pKnK
spectra, we think that these are negligible contributions. Note that we expect in the SM the
A) — pKKm and =P — pK KK to be small since they proceed only through b — d penguin
loop diagram.

In the fit to data, the yields of the cross-feeds are Gaussianly-constrained to the corre-
sponding signal yield in its respective spectrum by a relevant misidentification efficiency f.
These factors are calculated by taking the ratios of selection efficiencies and PID efficiencies
as a cross-feed and as a signal. This is given by:

€Scl- . (PID
_ fcr " €cr
f= Sel. PID (5.10)
Sig. Sig.
where ey’ and eg;) are the average efficiencies of misidentifying the candidates as cross-feed
and identifying as signal, respectively, while the €23 and egfgl; are the average efficiencies

in selecting the candidates as cross-feed or signal, respectively. The 23 and egfé: includes

the BDT selection efficiency and the mass window cut to be within 5340. MeV/c? to 6400.
MeV/c?. As expected, these two efficiencies are about the same except for the very small
difference in their BDT values because of the slight change in some of the variables due to
the refit of the decay tree depending on each spectrum. The uncertainty of these factors
is calculated as the quadratic sum of the four efficiencies. These factors are summarized
in Table 5.19. Note that some cross-feeds has actually twice the probability since two of
its daughter particles can be mis-identified, e.g. there are two pions from AY — prrm that
can be mis-identified as a kaon in the X — pKnr spectrum. This is also the case for
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A) - pKKK as pKK7 and =P — pK7K as pK7m. These are taken into account in the
(Gaussian constraints.
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Figure 5.13: Signal invariant mass distribution fitted with DCB PDF for the modes (in order from
top to bottom) /18 — PpATT, Ag — pKnm, Ag — pKKm and Ag — pK~ KTK~ for years (left
column) 2011 and (right column) 2012.
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Figure 5.14: Signal invariant mass distribution fitted with DCB PDF for the modes (in order from

top to bottom) =) — pKnm, =) — pK7K and =) — pKKK for years (left column) 2011 and
(right column) 2012.
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Figure 5.15: Signal cross-feeds invariant mass distributions fitted with DCB PDF for the modes (in
order from top to bottom) Ag — prw as pK 7, /18 — pKnw as prom, and /lg — pK7nm as pKKmn
for years (left column) 2011 and (right column) 2012.
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Figure 5.16: Signal cross-feeds invariant mass distributions fitted with DCB PDF for the modes
(in order from top to bottom) /12 — pKrnm as pKnK, /12 — pKKwm as pKnmw, and /12 —
pK KK as pK K for years (left column) 2011 and (right column) 2012.
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Figure 5.17: Signal cross-feeds invariant mass distributions fitted with DCB PDF for the modes
(in order from top to bottom) /12 — pKKK as pKnK, El? — pKnm as prrm, and El? —

pKnK as pKnm for years (left column) 2011 and (right column) 2012.
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Table 5.19: Cross-feed factors. The number of digits is automatically defined to be three in order
to ensure in all cases the presence of at least two significant digits.

Efficiencies & CF-to-Signal factors (in %)

Crossfeeds PID Sel PID Sel
Year €CF el €Sig. €Sig. f
o 2011 2.619+0.038 76.798+0.340  59.22140.241 76.836+£0.340  4.419£0.072
Ay — prmm as pKnm
2012 2.677+0.030  68.953+0.284 60.946+0.170 68.690+0.285  4.41040.058
2011 8.249+0.091 76.1544+0.352  54.0384+0.226  76.4204+0.340 15.21240.204
Ag — pKnw as prmmw
2012 8.363+0.072 69.102+0.296  55.547+0.165 69.5714+0.286  14.95440.162
0 2011 2.116+0.030 72.565+0.357  54.0384+0.226  76.42040.340 3.718+0.061
Ay — pKrnm as pKKm
2012 2.1584+0.025  63.943+0.298  55.547+0.165  69.5714+0.286  3.57140.048
2011 1.98740.026 72.549+0.357  54.0384+0.226  76.420+£0.340  3.491+£0.053
Ag — pKnm as pKnK
2012 1.9714+0.020 63.9224+0.298 55.5474+0.165 69.57140.286 3.260+0.041
0 2011 8.653+0.096 77.8404+0.354  49.0354+0.226  74.75240.360 18.37540.252
Ay — pKKm as pKrm
2012 8.82440.075  68.707£0.300 50.565+0.169  64.236+0.301  18.665+0.208
o 2011 8.6351+0.084  73.163+0.361  45.338+0.208  73.23840.345  19.027+0.243
Ay = pKKK as pKKn
2012 8.7294+0.066  63.077+0.299  46.848+0.157 62.986+0.286 18.660+0.196
2011 6.915+0.073 73.3094+0.355  45.3384+0.208  73.2384+0.345 15.26740.204
Ag — pKKK as pKnK
2012 6.984+0.058 63.209+0.294  46.848+0.157 62.986+0.286 14.9611+0.166
-0 2011 8.357+0.085 79.24440.323  53.71740.223  79.319+0.321  15.543+0.193
=) — pKnm as prrm
2012 8.59340.068 71.626+0.274  55.74740.158  71.800+£0.271  15.376+0.153
-0 2011 10.89840.098 80.17040.321  48.249+0.215 77.601+£0.333  23.335+0.271
=, = pKnK as pKrm
2012 10.69440.074  71.82940.276  50.207+0.159 67.991+0.284 22.502+0.214

5.8.3 B physics shapes

As mentioned in Section 5.5.4, 3378 — 4-body decays populate the invariant mass spectra of
Mphhn. Clearly, the dominant ngs physics backgrounds are those with only one 7 or one K
misidentified as a p. The strategy followed in this analysis to reduce these backgrounds, as
discussed in Section 5.6.3, is by applying a ProbNNp > 0.50 cut on the hypothesized proton
track. But even with this chosen PID, cut, a significant amount of B physics backgrounds
survive. Hence, PDFs to model these contributions must be included in the total PDF.

The five dominant B physics backgrounds included in the fit are listed in Table 5.23
of Section 5.8.7. These B physics backgrounds are modelled in each spectrum when only
one of its tracks is misidentified as a proton, except for the B — KK K as cross-feed to
X? — pKrm spectrum. Doubly-misidentified B — KKK events are identified from the
RHSB events of the Xp — pK 7w spectrum as presented in Section 5.7. The shapes of the B
physics backgrounds are empirically modelled by a Cruijff function, mathematically given by
Equation 5.11. The Cruijff PDF is composed of two Gaussian functions with shared mean
1 but two different width ¢’s and two different tail-correction parameters.

exp(—(m — p)2/2(0% + ag(m — p)2), fm<p

exp(—(m — u)?/2(c% + ag(m — p)?)), ifm>p (5.11)

P<maﬂ7 JLao—PwOéL?aR) :N

where p, o7, (og) and ay, (ag) are the turnover point, the width of the left Gaussian (right
Gaussian) and the left tail-correction parameter (right tail-correction parameter), respec-
tively. Shown in Figures 5.18, 5.19 and 5.20 are the fits to the MC-generated B physics
events passing the full selection and PID-calibrated in the same way as discussed in Section
5.6.2. These MC-generated B physics events proceed through quasi-2-body decays with two
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low-mass charmless resonances as listed in Table 5.2. The fit parameters are summarized in
Table 5.20.

Table 5.20: Fit parameters obtained in the fit to B physics shapes.

B physics bkg. Fit parameters

Year or, OR ar, aR I

2011 33.4031+41.849  288.239465.791  0.089+1.273 0.0104+1.019 5444.7154+43.639
2012 13.6324+21.173  308.616+40.603  0.2504+0.280 0.0264+0.097 5407.548+15.644
2011 34.5874+24.181  159.386423.525 0.1814+0.294 0.16240.040 5456.590+23.706
2012  59.549412.370  196.799422.671 -0.1004+0.324 0.1784+0.038 5470.086+18.319
2011 66.687+47.317  169.6934+51.099  0.0174+0.315 0.11940.100 5548.796+51.390
2012 61.8731+38.355  206.453+44.170 -0.012+0.276 0.1064+0.085 5531.1104+40.908
2011 80.613+33.946  155.270437.485 -0.065+0.234 0.1854+0.071 5604.4414+37.025
2012 85.911426.038  198.239434.341 -0.074+0.142 0.2034+0.070 5610.2814+27.997
2011 28.614451.989 227.556+107.763 0.1484+0.296 0.0584+0.272 5579.7714+82.041
2012  38.920451.689 227.1254+135.768 0.1114+0.246 0.10940.207 5590.7284+81.095
2011 150.642486.647 184.8914+63.324 0.9534+1.490 0.17040.180 5542.405+152.300
2012 223.134462.022 235.0214+97.637 -0.100£1.493 0.18640.224 5567.714+145.657
2011 46.584424.459  157.458423.394  0.0474+0.213 0.1584+0.038 5489.3524+26.079
2012 60.547422.617 186.7214+21.512 0.0014+0.181 0.17340.036 5511.696122.375
2011 45.7514+27.695  141.6074£27.915 -0.062+0.260 0.1614+0.048 5489.2134+30.199
2012 44.6294+17.455  182.6994+22.579 -0.0104+0.163 0.1514+0.044 5491.1824+20.265
2011 55.918484.500 188.612489.890 0.0084+0.600 0.09040.192 5540.139+102.421
2012 71.4914+84.761  188.103481.621 -0.11740.594 0.14640.161 5559.523+91.442
2011  33.389411.913  144.2564+18.025 0.05440.080 0.13340.035 5569.8601+17.128
2012 44.8254+14.441  172.124422.919 0.012+0.101 0.16740.046 5589.403+18.291

BY — nrnw as prww

BY — Krnnr as prnm

BY - nKnrn as pKnrw

B? —» KKnm as pKnm

BY —» nKKr as pKK

BY - KKK as pKnm

BY - KKK as pKK7

BY - KKnK as pKnK

BY » nKKK as pKKK

B? - KKKK as pKKK

The B — Knnr, B - KKK7 and B? — KnrK appear in more than one spec-
trum, as summarized in last column of Table 5.23. The ratios of yields of these B physics
backgrounds from one spectrum to a reference spectrum is Gaussianly-constrained accord-
ing to the selection efficiency computed from MC and PID mis-identification rate calculated
using PIDCalibTool. The reference spectrum for each of these B physics is chosen to be
the spectrum where they are expected to be dominant, i.e., X) — prrr for B — Krrm,
XP — pKrrm for B — KrrK and X — pKKr for B® — KKKn. The cross-spectra
factors are calculated using:

(Sel. | PID
_ X X
f - ESel. . EPID’ (512)
Ref. Ref.

where eX'P and e£I? are the average efficiencies of misidentifying the B physics event as an

event in X spectrum and misidentifying as an event in the reference spectrum, respectively,

while the €5 and €5k are the average efficiencies of selecting the B physics event as an event

in the X spectrum and in the reference spectrum, respectively. The €3 and €% includes
BDT selection and the mass window cut to be within 5340. MeV/c? to 6400. MeV/c?. Table

5.21 summarizes these factors.

5.8.4 Partially-reconstructed background shapes

The partially-reconstructed backgrounds are modelled by an ARGUS function convoluted
by a Gaussian resolution. The generalized ARGUS function has three parameters (my, ¢, p)
and is given by:

92— 2(p+1) m 2 m2

m 1
—(1 = =P —=c*(1 - — 5.13
I(p+1)—T(p+1,¢%/2) mt( m?) R ( m?) o )

P(m7 my, C, p) =
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Figure 5.18: B physics backgrounds invariant mass distribution fitted with Cruijff PDF for the
modes (in order from top to bottom) B® — mrrm as pram, B® — Knrrnm as pram, BY —
KKnn as pKrrm and B — nKrr as pKnr for years (left column) 2011 and (right column)

2012.
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Figure 5.19: B physics backgrounds invariant mass distribution fitted with Cruijff PDF for the
modes (in order from top to bottom) B® - KKKr as pKnr, B - KKKn as pKKr and
BY — 1KKr as pK K7 for years (left column) 2011 and (right column) 2012.
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Figure 5.20: B physics backgrounds invariant mass distribution fitted with Cruijff PDF for the
modes (in order from top to bottom) B® — KK7K as pKnK, B - KKKK as pKKK and
B’ - 1KKK as pKKK for years (left column) 2011 and (right column) 2012.
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Table 5.21: B physics cross-spectra factors. The number of digits is automatically defined to be

three in order to ensure in all cases the presence of at least two significant digits.

Efficiencies & X-to-Reference factors (in %)

B physics
Year Xt e f
2011  3.52140.039  (29.80040.381)x 102 Ref.
B - Krrm as prom
2012  4.43140.023  (25.60540.252) x 1072 Ref.
2011 3.4644-0.065 (8.3944-0.202)x1072  27.7104-0.968
B - 7 Krm as pKnw
2012 2.96340.032 (10.78740.164)x1072 28.173+0.611
2011  2.96240.029 (46.09340.474) x 102 Ref.
B’ - KKKn as pKKr
2012 3.7634+0.018 (38.91740.311)x 102 Ref.
2011 3.09140.044 (22.10940.329)x 1072  50.056+1.257
B - KKK as pKrK
2012 3.8414:0.027 (18.37540.214)x 1072  48.1974-0.798
2011  2.93940.101 (2.94640.120) x 102 6.34240.350
B’ - 1KKK as pKKK
2012 2.53840.055 (3.19340.089)x 1072 5.534+0.203
2011  0.40240.007 (44.75240.467)x 1072  13.17140.322
B - KKKr as pKrrm
2012 0.5134:0.005 (38.71840.310)x 1072 13.5764-0.209
2011 2.94740.043 (42.27640.647)x 1072 Ref.
B? - KKrrm as pKnm
2012 3.89240.026 (36.04740.420)x 102 Ref.
2011  3.0024+0.109 (4.6304+0.215)x1072  11.15340.697
B? - nKKm as pKK
2012  2.64440.056 (5.93040.171)x1072  11.1744-0.426
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where I'(n) and I'(n,x) are the usual Gamma function and incomplete Gamma function,
respectively. The parameter m; describes the threshold, where if m > m,, the function
evaluates to zero. The parameter p controls the curvature of the function and the parameter
c controls the falling of the slope.

An ARGUS®Gauss PDF is added in each spectrum to model the partially-reconstructed
backgrounds with missed 7° coming from the A) decays. In the pK7m and pK 7K spectra, ad-
ditional ARGUS®Gauss shapes are added to model the partially-reconstructed backgrounds
coming from the = decays. No convoluted ARGUS shape for =) is added in the pK KK
spectrum since this is expected to be small. The parameters of the convoluted ARGUSes
are directly determined from fit to data, with some of the parameters shared or expressed in
terms of other parameters of the spectra. The convolution of the ARGUSes with a Gaussian
function is numerically and computationally demanding. The following items list the physi-
cal constraints used in order to help the fit in determining the parameters of the convoluted
ARGUSes:

e The slope ¢ and the power p of the ARGUSes are shared among all the charmless
spectra, but not shared among years, assuming similar kinematics of the sources.

e The slope ¢ and the power p of the ARGUSes are also shared among charmed spectra.
These parameters are also not shared among years.

e Since the main partially-reconstructed backgrounds are X — 4 body plus a missing
79 all the threshold parameters m; are set to be the difference of the nominal mass of
A (or Z7), and the nominal mass of 7° (mPP® = 134.9766 &+ 0.0006 MeV/c? [17]).

e The resolution of the Gaussian function convoluting the ARGUS function is mainly
driven by the detector resolution, and up to first approximation is the same as the
resolution of the signal models. The resolutions of the Gaussian functions convoluting
the ARGUSes are then set to be the same as the sigma of A) signal shapes (or to =}
in the spectrum pK 7K where there is no AY signal).

e All the ARGUS®Gauss shape parameters are shared by both A and A) spectra (or
=) and =7).

5.8.5 Combinatoric shapes

First order Chebychev polynomial of the second kind is used to model the combinatorial
background. Tt has only one parameter ¢ which describes the slope of the line describing the
decrease of combinatorial background as a function of the reconstructed invariant mass. In
the nominal fit, one slope ¢ per year is shared among all charmless spectra, and one slope
c per year is also shared among charmed spectra. An exponential shape is considered to
evaluate a systematic uncertainty related to this model choice.

A comment is in order regarding the choice of a polynomial model as the baseline against
an exponential shape for the combinatorics. The only valuable information about the com-
binatorics for most of the modes studied in this analysis lies in the right-hand side-band of
the dataP. The left-handed region of the invariant mass distribution of most of the spectra
of interest is populated by the partially reconstructed background and the signal cross-feeds.

Pt has been mentioned before that there is however a competition in this region with B physics events
which forbids the simultaneous determination of these two contributions from the invariant mass data dis-
tribution only.
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Since the mechanics of the adjustment of an exponential shape requires a leverage on the left-
handed part of the invariant mass distribution, it is likely that its fit can absorb overlooked
background contributions. These considerations drove us to the choice of the polynomial
model for the fit model design with blind signal region.

5.8.6 Charmed decay shapes

Using MC-generated 2012 A — (AF — pK~n")m~ events, the reconstructed invariant mass
spectra is modelled by a double CB function with shared mean p and shared width . The
same selection as applied in charmless spectra, except with a lower BD'T cut of -0.10 and
reversed A mass window cuts, is required to the charmed spectra. A PID weight is assigned
on an event-by-event basis calculated in the same way as explained in Section 5.6.2. Figure
5.21 displays the fit result to the pK7m invariant mass and the parameters measured by the
fit are summarized in Table 5.22. These parameters, except the mean p and width o, are
subsequently fixed in the PDF used to fit the real data. Due to lack of MC-generated events
for the other charmed decay modes, the same shape is used for A) — (AF — pr—7t)7~,
A — (EF - pK— 7)1 and =) — (5F — pK 7")r~ (both for 2011 and 2012). All
the widths are floated independently, except the widths of A) — (£F — pK7)m and =) —
(2 — pKm)m where they are shared for each year.

With the large amount of events in the X — (AF — pKm)m spectrum, the number
of A — (AF — pKm)K starts to become a significant cross-feed background. Hence, we
added this in the nominal fit model. MC-generated 2012 A) — (AF — pK~77)K~ events
are used to determine the shape of this cross-feed PDF. A double CB, with shared mean
but two different widths, is used to model the invariant mass distribution. Passing the same
selection cuts and the same PID reweighting scheme, the fit parameters are gathered in Table
5.22 and the fit result is shown in Figure 5.22. The same shape is also used for the 2011
spectrum. All the parameters of this PDF is fixed in the nominal fit.

|
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Figure 5.21: MC-generated 2012 A) — (AF — pK~n")n~ invariant mass distribution fitted with
DCB PDF.
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Figure 5.22: MC-generated 2012 A) — (Af — pK—n")K~ as (AT — pK 7)™ invariant mass
distribution fitted with DCB PDF.

Table 5.22: Fit parameters obtained in the fit to A) — (A7 — pKm)7 signal shape and A) —
(AT — pKm)K as (A} — pKn)7 cross-feed shape.

Fit parameters

[o31 as/an ny na/n1 fo o1 o2/01 m
A — (AF — pKm)w signal:
1.5364+0.224 -1.125+0.311 1.672+0.169 1.5754+0.313 0.57940.188 15.606+0.281 N/A 5620.5474+0.282

A — (AY — pKm)K as (Af — pKr)m cross-feed:

1.177+0.389 -2.2694+1.175 1.580+0.509 1.225+1.683 0.659+0.294 18.2984+2.794 1.3384+0.319 5577.394+£1.612

5.8.7 The fitter and the simultaneous fit strategy

A modified version of VOhhFitter is used as a tool to simultaneously fit the 28 separate spectra.
This fitter was originally developed in Warwick for modes involving a V° particle in the final
state and hence the name, but can actually be used in any 1-dimensional simultaneous fit.
It is used in particular for the analysis of the decays Bg7s—>K§hh’. Some modifications to
the original code have been implemented to adapt to the blinding strategy of this analysis.

The implementation of this simultaneous fit was a daunting task. Nonetheless, once
implemented, its virtues are invaluable. The philosophy of the simultaneous fit of charmless
and charmed signal yields to the corresponding spectra followed a two-fold objective. The
information of the charmless spectra (and charmed spectra) are intricated by the presence
of signal and background cross-feeds, the common reweighting of the PID, the physical
parameters such as the reconstructed baryon masses or the mass threshold of the partially
reconstructed backgrounds (to only cite few of them). The simultaneous adjustment of the
shared parameters between the signal and control channel modes, as well as the consistent
introduction of data-driven constraints to the fit model for all spectra to account for signal
cross-feeds or B physics backgrounds, allows to integrate most of the sources of uncertainties
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as statistical uncertainty of the fit, and hence minimize the systematic uncertainty budget
on the A™’s and AA“"’s observables. Conversely, the latter are reduced to the fit model
error sources. Eventually, this strategy presents the advantage of a modest bookkeeping of
the fit results given the number of spectra under scrutiny in this analysis. The cross-checks
of the measurement (magnet polarity and trigger requirements) proceed accordingly in one
go.

Some elements of the fit strategies and constraints were already mentioned in the previous
Sections and Subsections of this document. They are spelled again here to wrap-up the
whole strategy. Table 5.23 gathers the PDFs present in each spectrum. As discussed in
Section 5.8.2, only dominant cross-feeds are included in the fit as others involve double
mis-identification. Futhermore, A) — pK K7 as cross-feed to X{ — pK KK spectrum, and
=P — pKKK as cross-feed to X — pK K or X — pKnK spectra, are not included in the
fit since eventually the fit to data found only few events of these cross-feeds. Given the level
of estimated mis-identification rates, which are ~2% for A) — pK K as X} = pK KK and
~8% for =) — pKKK as X{ — pKKn or X — pKnK, we think that these contributions
are negligible. Note that in the SM, the A) — pK K7 and =) — pKKK are expected to
proceed only through b — d penguin loop transition.

For the case of the B physics to 4-body backgrounds, singly misidentified decays (7 to
p and K to p) are modelled in each spectrum. A doubly-misidentified B — KTK~Km~
as X)) — pKnr is also included in the fit model since B — K™K~ K7~ events have been
identified using the RHSB events of X)) — pKrr spectrum as discussed in Section 5.7. This
background is expected to be the dominant B physics background before any PID cuts are
applied and some events still survive in the X — pKnr spectrum after the PID cuts are
applied. Note as well that although BY — KnnK is a background in the X — pKKr
spectrum, it is triply-misidentified in the X — pK 7K spectrum since the two kaons should
have the same charge.

Table 5.23: List of PDFs in each spectrum.

Spectrum Signal PDF Cross-feed PDF B physics
0 - 0 -
XE S A2 N /:1 :pII((WTr as prmw go — Knnm as prmm
=y — pKrm as prrm — AT as praT
A — prrw as pKnw BY —» KKnr as pKnrw
0 s
Xg—>pK7r7r /;%:p[;(::: A§—>pKK7r as pKnm BY — nKnm as pKnrm
=6 P Z) - pKnK as pKnm BY - KKKm as pKnm
A — pKrm as pKKm BY - KKK as pKKn
0 0
Xy = pKKm Ay = pKEx A§ — pKKK as pKKr BY — nKKr as pKKn
A pKKK BY - KKKK as pKKK
0 s
Xp = PKKK Elfj — pKKK BY & nKKK as pKKK
A - pKKK as pKnK
0 =0 0
X, = pKnK ZY - pKnK A%%pKTﬂT as pKnK BY - KK7K as pKnK
X9 — (AF = prm)m A9 — (AF = prm)m
X9 = (A = pKm)7 A9 — (AT — pKm)m AY = (AF = pKm)K as (Af — pKm)w

AY — (EF — pKm)7

X9 - (5 - pK
b (Ze pKm)m El?—>(EC+ — pKn)w

o Each spectrum has a PDF for the combinatorics modelled by a first order Chebychev function.

o Each spectrum has a PDF for partially-reconstructed backgrounds from Ag — 4-body + missing 7° modelled by an ARGUS
convoluted by a Gaussian resolution.

o Additional convoluted ARGUS®Gauss shapes are added in the X — pKrm, X — pKnK and X — (5 — pKm)r

spectra for partially-reconstructed backgrounds from Eg — 4-body + missing 7.
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The simultaneous fit strategy is consist of the following:

The nominal mass of A) and = are shared by all spectra, both in charmless and

charmed decays.

The difference of the nominal mass of A) and =} is Gaussianly-constrained from the
PDG value (mzo- myo = 174.8£2.5).

The ratio of widths of the charmless signal shapes are Gaussianly-constrained with
the values obtained from the fit to MC events. The reference width is the width of
AY — pK7m 2012. These numbers are summarized in the last column of Table 5.17.

Control modes A} — (AF — prm)m and A) — (AT — pKm)m has its own signal
width parameters floated in the fit. However, the width of A — (= — pK7)m and
Z) — (EF — pKm)r are shared.

The cross-feeds yields are related to their corresponding signal yields by a factor cal-
culated from the ratio of selection efficiencies and PID (mis)-identification efficiencies
as discussed in Section 5.8.2.

The ratio of yields of B physics backgrounds appearing in more than one spectra
is also Gaussianly-constrained in the same way as how the signal cross-feeds yields
are constrained. The ratio is calculated from ratios of selection efficiencies and PID
efficiencies.

In addition to the constraints on the ratio of B physics yields, the yield of dominant B
physics in each spectrum is Gaussianly-constrained according to their corresponding
observed events in the RHSB. This was further discussed in Section 5.7. The ratio
of B — wrrm and B — Knrrm in the X — prrm spetrum is also Gaussianly-
constrained.

One slope ¢ per year is shared among all charmless spectra, and slope c¢ is shared per
year also among all charmed spectra.

The parameters power p and slope s of the convoluted ARGUSes describing the
partially-reconstructed backgrounds are shared among all the charmless spectra per
year. Another set of shared ARGUS parameters p and s per year is dedicated for the
charmed modes. The threshold parameter m; of the ARGUS shapes is set to be the
difference of the nominal mass of A) (or =} if it comes from =) — 5-body) and the
nominal mass of 7°. The resolution of the Gaussian function convoluting the ARGUS
is set to be the same as the width of the A signal PDF in the same spectrum (or =7

signal PDF in the pKmK spectrum).

In order to avoid possible bias when the statistics are low, specifically for the signal
decays, the signal yields are allowed to go as low as -5% of the total number of events
in the spectrum.

All the shape parameters are shared by the two split spectra A) & A) (or =) & Z9).
The Gaussianly-constrained ratios and factors are also shared by the two split spectra
except for the constraint on the yields of dominant B physics backgrounds, which were
obtained separately for A) and A in the RHSB.
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The total number of floating parameters in the nominal fit is 203, where 140 are yield pa-
rameters and the remaining 63 are shape parameters or ratio parameters. Out of 140 yield pa-
rameters, 28 are yield parameters of the charmless signal decays and 16 for charmed /control
decays. Although not floating parameters of the fit, the A“"’s and AA“"’s are calculated
directly from the fit results using RooFit::RooFormulaVar, which takes into account the cor-
relation of the uncertainties of the fit parameters. The A and AAYY are given by:

gi and (5.14)

qor W N N (X))  Ne(Xp) = Ne(X) (515)
N(X)+N(X,)  Ne(X)) +Ne(Xy)

respectively, where N and N¢ in Equation 5.15 are the yields of the control decays.

5.9 Pre-unblinding toy studies

Toy MC studies are conducted to check for possible fit biases on the signal yields. Since
all the yields of the charmless modes are blinded, guesstimated values are used instead in
the toy study. The signal yields of the charmed modes and backgrounds are set to be the
values obtained in the simultaneous fit, as well as the other shape parameters. The fit results
are presented in Section 5.10.1. Let us notice that a first attempt has been performed by
considering vanishing yields for all signal modes, and no biases were observed.

The generated values for the A) — pK 777~ and A) — pr~ 77~ are 622 and 386 signal
events, respectively, for the 2011 spectra, while 1394 and 892 signal events for the 2012
spectra. These were the yields observed? when the A) — prrr and AY — pK7m (combined
AY/AY) were searched for using the StrippingBetaSQ2B{3,4}piSelectionLine of Stripping20.
The rest of charmless A signals are generated with 100 signal events, and 25 signal events
for the Z’s. The same generated events are assigned to the AY and ZY signals. This toy
study is however very demanding CPU-wise and hence some simplification to the nominal fit,
namely by fixing the ARGUS power and slope in the charmless spectra, have been brought.
The correlation of these ARGUS parameters to the signal yields is in the percent level, as
summarized in Table A.6 in Appendix A.17. The full CPU-consuming procedure will be be
run once the fit model is blessed.

The pull for each MC toy is calculated and gathered, where the pull is defined as,

fit — Jgen

pull, = Jit — Jgen : (5.16)
Og fit

where gge and ggen are the fitted and generated values of the parameter, respectively, while
0g st 15 the uncertainty of the parameter obtained by the fit. In an unbiased measurement
of the quantity and correctly-estimated uncertainty, the pull distribution results in a unit
Gaussian. The pull study of the signal yields can be found in Figures 5.23 and 5.24, where
the gaussian means and widths are gathered in Table 5.24. The behaviour of the pulls is
Gaussian and no significant biases were observed on the yields, hence on the CP asymmetry
observables.
The yield of the dominant B physics background in each spectrum is Gaussianly-constrained

according to what is observed in the RHSB events (See Section 5.7 for the details on the

9See talk [https://indico.cern.ch/event/368076/].
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study of RHSB events). Due to the constraint, the pull distribution is not a unit Gaussian
as shown in the Figures in Appendix A.10. The papers [111] and [112] suggest the correct
way of calculating the widths of the pulls for constrained parameters of the fit. This will be
implemented in a further stage of the analysis if required. No bias is as well observed for
these nuisance parameters.

The ensemble of these results provides a satisfactory behaviour of the fit and does not
require any corrective action. After unblinding, the uncertainties of the biases as given by the
pseudo-experiments using the actual results of the fit will be used however as a systematic
uncertainty related to the simultaneous fitter.

Table 5.24: Summary of the Gaussian means and widths of the pull distribution for the charmless
and charmed signal yields.

Yield parameter 2011 2012
1 o I o

N (Signal AY — prr) -0.0174+0.032  0.9834+0.023 -0.0214+0.033 0.99540.023
N (Signal A) — prrr) -0.0804+0.034 1.0354+0.024 -0.04040.032 0.969+0.022
N (Signal AY — pKn) -0.053+0.033  1.0244+0.024 -0.01140.032 0.980+0.023
N (Signal AY — pKn) 0.0214+0.033  0.996+0.023 0.008+0.033  1.023+0.024
N (Signal AY — pK K) -0.0394+0.032  0.991+0.023 -0.0054+0.033 0.997+0.023
N (Signal A) — pKK) -0.0614+0.033  1.0154+0.023 -0.0224+0.032 0.975+0.023
N (Signal AY - pKKK) -0.12940.032 0.987+0.023 0.001+0.032  0.966+-0.022
N (Signal AY - pKKK) -0.0254+0.033  1.0044+0.023 0.04440.033 1.01540.023
N (Signal = — pKnr) -0.076£0.032  0.981+0.023 -0.084+0.034 1.042+0.024
N (Signal =0 — pKn) -0.0304+0.033  1.0184+0.024 -0.01740.032 0.9784+0.023
N (Signal =) — pK7K) -0.114+0.034 1.030+0.024 -0.047£0.033 1.011+0.023
N (Signal =) — pK7K) -0.0464+0.033  1.0004+0.023 -0.1034+0.033 1.02140.024
N (Signal =) — pKKK) -0.0674+0.035 1.0704+0.025 -0.0314+0.032 0.98840.023
N (Signal = — pKKK) -0.0924+0.033  1.000+0.023 -0.048+0.034 1.054+0.024
N (Signal AY — (AF — prm)T) 0.0494+0.032  0.9794+0.023 -0.0654+0.033 0.997+0.023
N (Signal A) — (Af — prm)m) -0.0704+0.033  1.0054+0.023 0.0174+0.033  1.00340.023
N (Signal AY — (AF — pKm)m)  -0.025+0.032  0.979+0.023  0.050+0.033  1.02140.024
N (Signal AY — (Af — pKm)mr)  -0.0194+0.033 1.010+0.023 -0.011+0.033  1.006-0.023
N (Signal AY — (Af — pKK)m) -0.0124+0.033 1.007+0.023  0.015£+0.033  0.998+0.023
N (Signal AY — (AF — pKK)m) -0.0074+0.034 1.034+0.024 -0.048+0.032 0.981+0.023
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Figure 5.23: Pulls of the 2011 charmless and charmed decay signal yields obtained using about 1000
toys.
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Figure 5.24:
toys.
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Pulls of the 2012 charmless and charmed decay signal yields obtained using about 1000
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5.10 Pre-unblinding fit results

In this Section, we present the fit results and the measurement of CP asymmetry observables
in three phase space regions. The first measurement considers the full phase space data,
where no invariant mass cut is applied to any of the pair of the daughter particles. The
second measurement, looks for the CP asymmetries in the low invariant mass of the pm or pK,
with the objective of scrutinizing the phase space of the decay involving the baryon series A*
and N*. Lastly, CP asymmetries are measured in the low invariant mass of pr (or pK') pair
and also low invariant mass of the pair of the two other tracks. No such cuts are applied to
the control modes in all the measurements. Particularly, the mass cuts on charmless spectra
for each measurement are summarized in Table 5.25. For labelling purposes, we arranged the
four charged tracks in each spectrum in this sequence: (ph~h'Th"~) or (ph™h'~h"T). Hence,
the proton is labelled simply as p, and the remaining tracks are labelled h, A’ and A" in a
charge arrangement defined in the previous sentence. For example, the notation m(ph_pn)
means the reconstructed invariant mass of the combination.

The invariant mass cut on the pm or pK pair is set to be less than 2 GeV/c?, while the
invariant mass cut on the two remaining tracks depends on whether it is 77 pair, K7 pair or
K K pair. The choice of these values tries to include several known resonances, in particular,
fo(1500) resonance for 7, the broad scalar K;j(1430) resonance for K7 and the f}(1525)
resonance for K K. The charmless and charmed decay signal yields are then used to calculate
the A™’s and AA“T’s, with proper propagation of the statistical uncertainties taking into
account correlations. Note that the AAY of 20 — pK7K and = — pK KK are calculated
using the control = — (= — pK7)m, and hence the knowledge of the K+ /K~ and n* /7~
detection asymmetries correction is necessary for the interpretation of the results in terms
of CP violating asymmetries.

Table 5.25: Mass cuts applied in the data in order to search for CP asymmetries in the low invariant
mass region of ph and h'h”.

Charmless spectrum Mass cut (in GeV/c?)
Low invariant mass region of ph:

XP — prrr m(ph_pr) <2 or m(ph” _pm) <
X) — pKnr m(ph_pK) <2 or m(ph” _pr) <
X - pKKm m(ph_pK) <2 or m(ph” _pr) <
XP — pKnK m(ph_pK) <2 or m(ph” pK) <
X -+ pKKK m(ph_pK) <2 or m(ph” _pK) <

Low invariant mass region of ph and h'h”:
(m(ph_pm) < 2 and m(h'h" _7m) < 1.640) or

XP —
b P (m(ph” _pr) <2 and m(Wh_7m) < 1.640)

X0 _y K (m(ph_pK) < 2 and m(h'h" _mm) < 1.640) or
b (m(ph” _pr) < 2 and m(W'h_7K) < 1.600)

X0 s pK K (m(ph_pK) <2 and m(h'h" _Km) < 1.600) or
b (m(ph” _pr) <2 and m(K'h_KK) < 1.675)

X0 s oKk (m(ph_pK) <2 and m(h'h" _nwK) < 1.600) or
b P (m(ph” _pK) < 2 and m(h'h_wK) < 1.600)

X0 s pKKK (m(ph_pK) <2 and m(h'h" _KK) < 1.675) or
b

(m(ph” _pK) <2 and m(h'h_KK) < 1.675)
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5.10.1 Full phase space

Figures 5.25, 5.26 and 5.27 display the fit results of the simultaneous fit to the invariant
mass spectra using the full phase space 2011 data. Figures 5.28, 5.29 and 5.30 show the fit
results for the 2012 data. The fit parameters are summarized in Table 5.26, where it shows
which parameters are shared and not shared. The full set of asymmetries observables are
summarized in Table 5.27.
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Figure 5.25: Fit results for the [from top to bottom)] Xl? — PUTT, Xl? — pKmm and Xl? — pKKn
spectra using the full phase space data of 2011. Plots in the left-column are for the spectra with
X} and on the right-column for the spectra with YS.
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Figure 5.26: Fit results for the [top] X{ — pKnK and [bottom| X{ — pK KK spectra using the
full phase space data of 2011. Plots in the left-column are for the spectra with Xl? and on the

right-column for the spectra with Yﬁ.
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Figure 5.27: Fit results for the [from top to bottom| XP — (AT — prm)w, XP — (AT — pKm)«
and X — (£F — pKr)r spectra using the full phase space data of 2011. Plots in the left-column
are for the spectra with X,? and on the right-column for the spectra with Yg.
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Figure 5.28: Fit results for the [from top to bottom)] Xl? — PUTT, Xl? — pKmm and Xl? — pKKn
spectra using the full phase space data of 2012. Plots in the left-column are for the spectra with
X} and on the right-column for the spectra with Y,?.
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Figure 5.29: Fit results for the [top] X{ — pKnK and [bottom| X{ — pKKK spectra using the
full phase space data of 2012. Plots in the left-column are for the spectra with Xg and on the

right-column for the spectra with Yﬁ.
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Figure 5.30: Fit results for the [from top to bottom| X}

and Xl? —

Candidates/ ( 15.1429 MeV/c?) Candidates/ ( 15.1429 MeV/c?)

Candidates/ ( 15.1429 MeV/c?)

10° |

10

o

o o0

=
o

[ERN

o

T,

4 441
N
)

T T T

LHCb preliminary

—e=— Data

— _Dgnal + Background
Ao (N, — Prem)

Partially rec. background

Combinatorial background

ry
a4

m(prtTeTt) [MeV/c?]

I:

1 ‘I |
Bt gt JR0.8T § ¢ I8 If ¢¢¢ 0 .. 4o onbbbnut
L R €3 R Y A YU A7 S Aokl 4
E Il ‘ Il Il Il ‘ R
5500 6000

= ‘P{’ T T T E
F A LHCb preliminary B
- ! ‘Q —a— Data .
- “ —— Signd + Background —
5 L Pom (N, - PK'TOTC 3
F \ e Partially rec. background
B :3‘ Combinatorial background ]|
F v \ 3
r 14 ]
i '.‘>~+.. f 'H
3 I [l
E il .

m(pK*rtrt) [MeV/c?]
L O I TR
B ¢ %% (%1 § ¢ Py (A CETETITW R I MY N FTTT  ITOL TRETT.
it §1 H— 3¢ty vartphphhtaridt g
F 1 T M E
= Il ‘ Il i Il Il ‘ =1

5500 6000

o

T
LHCb preliminary

—s— Data
— ;nal + Background
ﬁf' (5 - pK'm) T

Partlal\y rec. background
Sn)amb\ natorial background
- (5 - pK'm) T
Partialy rec. background

m(pK*rert) [MeV/c?]
F l‘ ‘ -‘..I ‘ .-‘.. |‘|||‘ I‘ ‘ ]
FRE FFTLITIN FO0 S 1 1101050 0 PET 21 TYOE SOU L9 UY PUUTTTTTITTIY
Py gy Yy v 1 3t T
Et o Y L. E
5500 6000

— (Af — prm)m, XP

— (A — pKm)7

(= — pKm)m spectra using the full phase space data of 2012. Plots in the left-column
are for the spectra with X,? and on the right-column for the spectra with Yg.



Search for CP aymmetries in the charmless 4-body decays of A)/=)

136

9T ¥v1 + ¥99°9¢
19€°6 + 6SL°¢C-
1L6°9 + G08VI
GEC 8T F 8Ly
6G1°¢C + LGSO TET
8CYVE + LC6°LIE
8¥6°07 + ¢99°99¢€
GET9¢ + ¥86°0¥¢
0¢6°L + 894°L
069°0T + 678°68
79¢° 16 + LT1E90€L
TI8%C + ¥18°¢6¢
XXX'X + XXX'X
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXXX F+ XXX'X
XXX'X + XXX'X
XXX'X F+ XXX'X

|'2 '2 \‘Z \'2 |‘2 |‘2 \‘Z \‘Z \'2 |‘Z I‘Z \‘Z \‘Z |‘2 |‘Z I\Z \‘Z \'2 |‘2

P8TET + 7.6°8¢C
6CL°TT + ¢G8'8T
609G + 1,48
Ge8ve + G096l
6¢9°0¢ + €5€°60T
9¢avE + TE6°G8C
0TV ¢y + €60°78¢€
L199°€€ F 69¢°Ccc
I16'8 + LEO°LT
LeL 0T + 80€°€6
806 + 7¥.L89CL
LLV'GC F 0617629
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXXX F+ XXX'X
XXX'X F+ XXX'X
XXX'X F+ XXX'X

(£(ey7d = P=) w
((Lyd = {y) ut
(2(rrd  Jy) ut
(37 37d ur

(3 3157d ut

(37 37d ut

(Lryyd ur

(rrud ur

SOLI0YRUIqUIO)) TTOT
sotIoyRUIqUOY) TT()

$OLIOYRUIqUIO)) TT()
SOTIOYRUIqUIO)) TT()
SOLIOYRUIqUIO)) TT()
SOLIOYRUIqUIO)) TT()
SOLIOYRUIqUIO.) TT()
SOTIOYRUIqUIO)) TT()

(2(xyd + =) + Iy 1eusig 110

(2(x37d = Jy) < v 1eusis 110
(2(rrd = Ty) « dy 1eusig 110
(M1 314 (= [euSis 110
(2r37d < (= eusig 110
(3L37d < (= [eusig 170
(37313 <y 1eusig 1710
(L3737d = dy 1euSIS 170

(ru37d < dy 1eusig 110z

(Lrrd  ly 1eusig 110z

H NHHUOQm T10G .HO.w mh@uwamhmnﬂ

z
4
z
z
z
z
z
z
(2(xyd + =) + J= [eusig 110z
z
z
4
z
z
z
z

)

2222222222222

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

) N

paxeys — 7€0°0 F €2€°0 (Lrud ut xruyy < g) N/ (Lird ut Lrry < g) N
PLT'0 F 70891 [301] (1r37d <=y [RUSIG) *0 Z10C

06¢°0 F 1€ 0L V) - (5=) 71

8L0°0 F $50'729¢ (ov) o

: ZI0Z PU® [T0Z PoJeys siojouwrered

(exyoads Iz /8y ur) (exyoods J=/dy w)

onJeA 19jourered Suryeof | onJeA 19jourered Suryeof |

"Z10C PUe TT0Z Jo eyep adeds aseyd [[nJ o) 0} J1J SNoaUR)NWIS oY) Jo sivjowrered Suryeo( :9g ¢ 9[qe],



137

5.10 Pre-unblinding fit results

poxeys
poreys
poIeys
poreys
poxeys
poxeys
poreys
porIeys
poreys
poxeys
poxeys
poreys
poxeys
poreys
vre1e + 801701
6VL €T + 808°0€
L96°¢S F GG6°T99¢
G6I'GT + 88€11¢
LE€°LC F 186701
G68'81 + 88¥°¢6
V19°0T + €8¢°0V
80L°9T + 677706
096 1L + ¥81'10¢
L6L°LG F VECLEL
789°9¢ + GC¢9'T¢Y
GeeTl + 9veer
¢68°0¢ + LG8'GET
G8IVIL + €Crva
€eree + €e0vve

N 2 R

|'2 |‘Z \‘Z \'2 |‘2 |‘2 \‘Z \‘Z \'2 |‘Z I‘Z \‘Z \‘Z |‘2 |‘Z

00¢°0 + S8C'8T
9100 + ¢€6°0
8100 + 066°0
8100 + €E0°T
G100 + 606°0
8T0°0 + ¥96°0
710°0 + ¥00°'T
LT0°0 + ¥C0°T
€V9'¢ + €169
0600 + ¢60°0
6LETV + ¢¥E0
€IT°0 + 96T°0
6100 + 1801~
8100 + 6,670~
€68°0¢ + 46786
PPaeT + ¥81°€€
VLV PG F L6°G08C
T¢L'GT + SVE6¢¢
€€9°0¢ + 9€8°99
G0c'6T + €€1°4¢
G6T'TT + 099°6¢
LVL9T + 8¢8°¢6
86V ¢L + €€L804
GG6°LC F 8L9TIL
9yL’Le + OVL 68V
067°0T + €€L°GE
16€°0C + 990°1€T
L6091 + €1L°8L
TeGec + ¥65°01¢

(L(rrd < 1y) « ly 1eusig) >0 1107

(#10) /(33 A + (= 0 110g) = +

(#10) /(51 yd < = 0 110g) = 4

(P10) /(rryyd < (= >0 T107) = 4

(#10) /(3137314 < dy 0 1107) = 4

(P10)/(23137d = {y >0 110z) = +

(P0)/(rr3yd + ly 0 1107) = 4

Cogbv\ﬁkkk& — %\ 9100 :omv 4

(L(xyd = Jy) ut £poq-¢ + Jy woxy yd) s 1107
(L(ry7d + Jy) ut £poq-¢ + ly woxy yd) d 110
(expoads ssepuureyo ur Apoq-¢ + %h]\%\ woxl YJ) 5 1103
(eryoads ssepurreyp ur Apoq-¢ + %h]\%\ woxy YdJ) 4 110¢
(sA®Dop pauLIeyD Ul SOLIOJRUIqUIO))) 2 [[0F

(sAedap sse[ULIRYD Ul SOLIOYRUIqUIO))) 2 [[0F

(2(xy7d <= [=) wt £poq-¢ < J= wo ydJ 1102) NN
(2(xyd + =) ut £poq-¢ «+ [y woy YJ 1102) N

(2(xyd < Jy) ut £poq-¢ < Jy woyp ydJ 1102) N

(2(rrd < Jy) ut £poq-¢ < [l woxy yd 110¢)

(372 >1d ut £poq-¢ < (= woly YJ 1102)

(372yd ut £poq-¢ « [l woy yJ 110%)

(37 37131d ut £poq-¢ « [l woy YJ 110%)

(£3737d ut £poq-¢ « [l woy YJ 1107)

(xx37d ur £poq-¢ < (= woy YJ 1107)

(2x37d ut £poq-¢ < dy woxyy Yd 1107)

(Lrxd ut £poq-¢ « [l woip yd 1102)

(3737d Ut 37333 o AD T10%)

(23737d Ut LT3 <= o AD T103)

(ruyrd ur yyruyy < o 4D 1102)

(vrud ut xruyy < g 40 1102)

z2zz2zz2z2zz2z22=222



Search for CP aymmetries in the charmless 4-body decays of A)/=)

138

000°GT + 88E°LY
GGc 91 + v1v'91c¢
ELT9YT + $L0¥9981
6L.¢°6¢ + 0997671
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXX'X F XXX'X

\‘Z \'2 |‘2 |‘2 |‘Z \‘Z \'2 |‘Z I‘Z \‘Z \‘Z

P9LE€T + 86€°8€
9191 + 90T°CI¢
T0GL¥T + 916°88061
0cr'6¢ + GGL°08V1
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXX'X F+ XXX'X
XXX'X F XXX'X

(2(xyyd < =) « dy 1eusIg 2108
(2(xyd + [=) + = 1eusig 2102
(2(x37d < Jy) « Jy 1eusis ¢10¢

)
W
(L(rrd + Jy) + %\ reusts z10%)
(331374 + (= 1eusig z10z)
(ruy7d < (= 1eusig z107)
(O1ey7d « J= 1eusis z107)
(3131314 <+ dy 1eusig z10z)
(L3737 < {y reusis g10¢)
(Lryyd < o< [eust§ ¢107)

AEE& — %\ [eusig NSNV
: e1poods gy(Qg I0J siojowreIed

22222222222

porxeys
poxeys
poreys
poreys
poreys
poxeys
poreys
poreys
poTeys
poreys
poxeys
poreys
poreys
poxeys
poreys
poxeys

R R A N R

9000 + £0T°0
¢10°0 + €870
€000 + ¢€T0
€000 + €90°0
6000 + I8¢0
¢00°0 + €1¢°0
¢00°0 + 2910
¢00°0 + LETO
¢00°0 + 7LT°0
¢00°0 + ¥91°0
T100°0 + 8€0°0
¢00°0 + 1vT°0
100°0 + €70°0
100°0 + 6¥0°0
¢c0'¢ + LIT°0¢
P10 + 69T°LT

1T0¢
1T0¢

(C3g w) N )/(xx737d ut yreyy < oq) N )=/
(C3od wt) N )/(Ofedpd wr L3733 < o) N )={
(C3oy ur) N )/(reypd ur 335 = o) N 1102) = f
(C3oa wt) N )/ W LYY < o) N 1102) = f
(C3g w) N )/(reyd ut xrryy < o) N 1107) =
((reustg se) N )/(xryyd ur yyryd < (= 4D) N 1100) =
((reusig se) N )/(rrrd ut vuyyd < %[] v 1102) = f
((reusts se) N )/(rexrd w >pyyd <+ {y AD) N 1102) = f
((reusig se) A )/(x3737d ur 373737 < a\ D) N 1102) = f
((reustg se) N )/(reyd wt wyyyd <y dAD) N 110T) = f
((reustg se) A )/(Oreyyd ut xeypd < ly 40) N 1102) = f
((reusig se) N )/(vrrd ur veyd <y q0) N 1102) = f
((reusig se) A )/(w3737d ur wuypd < % D) N 1102) = /
((reustg se) N )/(xeyyd ur xuud <2y 4D) N T10g) =
(L(237d < =) + (v 1eusig) 0 1107

(2(x37d < Jy) < (v 1eusig) 0 170z



139

5.10 Pre-unblinding fit results

poreys —
poreys —
poreys —
poreys —
poreys —
poreys —
cIVve + 699°89¢
¢0€'Te + 42899
G66'€8 + €9€°9L99
€LV Ve + LL8°049G
60€ TV + 9¢¢7el
0€6°9¢ + L06'89T
OTGLT + T€L'8CT
LEC'9¢ F C16°€9¢
VEE'86 + 997748
¢68°9L F 4T¢°6991
V0L TV + ¥26°GL6
G41°9¢ + 1€6'891
€091V + L6861V
P8T°9¢€ + €C1°¢ve
90¢"L¥ + 99L77€8
G96°6T + €2L°9L
996°G1 + Lyvqe
Ve 11 + ¢LG e
L10VE + 9¥9vce
LTE8E F €8T IVe
GEY6S F €697¢64
864'8L + LCI'L16
G96°¢cL + ¥¥1°02¢9

|'2 |‘Z \‘Z \'2 |‘2 |'2 \‘Z \‘Z \'2 I\Z I‘Z \‘Z \‘Z I‘Z I\Z '2 \‘Z \'2 |‘2 |'2 |‘Z \‘Z \'2

LOLT + ¢99°9-
¢€0'0 + 0210
€6C°¢ + C68°¢-
€80°0 + 00€°0
LG0°0 + ¥86°0-
L10°0 + 896°0-
VLGTE F+ GT0TIC
057°0¢ + €70°16
PCIa8 + 94672989
€0T°GC + 6L9°€LG
GOV TV + L88°G0T
61€°LC F+ 09.760¢
YOv 91 + 0€1°¢6
666°49C F 0Ve8Le
€86°L6 + 0¥ 9C8
9¢r 9L + 9907291
€CO' TV + €97°0L6
6L1VC + T88'8CT
199°0F + ¥¥8°61¥
6€€°LE F ¢09°6¢€
00T°97 + 868°61%
68¢°0C + 87116
61691 + 889'8%
VL9°Cl + GL9°9Y
9L€°9€ F+ VE6'LVC
GLELE F GLLG8E
6.9°LG F 6L7°94¢
€LT°08 + 6L1°6G00T
109°¢L + 8€S¢99

cgkkg¢|ﬂ<va>ﬂ9ﬁm+m<g5¢wﬁcmwﬁa

c;k¥g¢|ﬂ<vg_bsp@\+m<ﬁszmm&vgmza

A@Sow%mmﬂﬁmm:uﬁ%wo@-m+%[H\%\Eodmmvmmgm
rI1199ds ssofurreyd ur Apoq-¢ + I= /4 wou d

[waeyd ut Apoq-¢ + A= /1y woy yJ) d 107

Am?o@@ pourreyd ur moiog@QESOUv 2 Z10%

Aw\mﬁow.@ mw@dﬁmﬁﬂo Q_ wUHHOpﬁQ_@EOOV J NHON

(2(xyd + =) w £poq-g < J= woxy Yd z102) N
(L(ryd + =) w £poq-¢ < [l wox ¥yJ z102) N

(2(xy7d « y) ut £poq-¢ < Jdy wory v ¢102) N

(£(rrd + Jy) ut £poq-¢ «— lyy woy yd z102)

(>r2y7d wt £poq-¢ < J= woxy YJ ¢107)

(372 7d ut £poq-¢ < lyy woxy YJ z102)

(3 3731d ut £poq-¢ «— ly woxy YJ ¢107)

(237 37d ut £poq-¢ <+ i woxy YJ z107)

(Lryd ut £poq-¢ < J= woxy YJ ¢102)

(Lryd ut £poq-¢ < 1y woxy yJ 7102)

(Lrrd ut £poq-¢ < ly woxy ¥YJ Z107)

(M1 d wt 33— oFd AD ¢103)

(L373d Ut LX73 — oF AD TT0T)

(vy>7d ut Spunyy = o AD ¢102)

(Lruyd ur vryyy < o AD TT0T)

??C&& Y ﬂmv Ul SOLIOYRUIqUIO)) NSNV

?TC&& — L\v Ul SOLI0)RUIGUIO)) NSNV

A AE& — L\v ul SOLIOYRUIqUIO)) NSNV

(3737d ut sorI0YRUIqUIO)) ZT(T)

(3737 3 d a1 sdHrIoYRUIqUIO)) TOT)

)

)

)

()7 37d Ut soLI0YRUIqUIO)) ZT(OG
(Lx)7d ur souoyRUIqUIO) Z10T

z2zzzrzr2rrrrrrz22

(Lrud ur sou0yRUIqUIO)) ZT10T



Search for CP aymmetries in the charmless 4-body decays of A)/=)

140

poreys
poxeys
poreys
paxeys
poreys
poreys
poreys
poxeys
poxeys
poreys
poreys
poreys
poaxeys
poxeys
poeys
poeys
poreys
poxeys
poreys
poreys
poxeys
poreys
poxeys

N R A e O A e R A e A I

700°0 + OTT°0
8000 + 99¥°0
¢00°0 + 0vT°0
¢00°0 + €900
900°0 + 98¢0
¢00°0 + 0020
¢00°0 + 191°0
100°0 + 0€T°0
¢00°0 + TLT°0
¢00°0 + 69T°0
0000 + £E0°0
100°0 + 0¥1°0
100°0 + €%0°0
100°0 + 8¥0°0
80¢'T + L&¥0¢
060°0 + 6,697
PreE0 + 0€6'8T
710°0 + 0€6°0
G100 + €66°0
LT0°0 + €70°T
¢10°0 + 2880
Gr0"0 + 996°0
710°0 + ¢L0°T

(3o ur) N )/(edr37d w spuesy < o) N ¢10G

(C3g wr) N )/(Oreyd ut L3733 < o) N 2102
(3 w) N )/(rudpd ur 2373 <+ oF) N 10T

((3o9 w) N )/(O7311d ut 237373 < o) N TI0T
(‘3o ) N )/(xryyd ut wuwyy o) N 2102

((Teusig se) N )/(rryyd wr >yuyyd <
((Teusig se) N )/(rrud ur vwyyd <
)/ (31enpd a3y 37d
)/ (exr37d wr 3757 37d
(rayyd ur wyyyd <
(>yuypd ut wwyyd
J(xrrd ur vwyyd <+
((Teusig se) N )/(xyyyd ur rryyd <
((Teusig se) N )/(rryd ur rrud
(L(ryd < =) +
((uyd V)
(L(rud = Jy)
(#0) /(0131 31d o=
(P20)/ (31231 = =
(#10) /(rryrd + J=

((Teusig se) n
((Teusig se) p

((reusig se) N
((Teusig se)

/
)/
)/
((Teusig se) )
/
)

1= g
0=

N ¢10¢
oV D
oV JdD
oV JdD
%\ d0

N ¢10%
N 20T
N T10T
N ¢10%
v dD) N 10T
oV dD) N 210g
v dAD) N Tl0g

(3°00) /(51 M M d m< 21090 7108
(#10) /(L37 37d < dy **0 ¢10¢
Qabv\?kk& — %\ 2190 7102

) )=/
) )=/
) )=/
) )=
) )=/
D) 0) =/
4= dD) N el0g) =
) )=/
) )=
) )=/
) o) =1
) )=/
) )=/
)=

oV 1RUSIG) >0 710¢
oV 1RUBIS) >0 71(¢
oV 1RUBIS) >0 7107



5.10 Pre-unblinding fit results 141

All signal yields, and hence raw and CP asymmetries observables, are blind. Although
limited, some comments are however in order concerning the fit results and fit behaviour in
general.

e The fit model describes in a satisfactory way all the reconstructed spectra of interest.
The likelihood behaviour, studied in Section 5.9 dedicated to the understanding of fit
biases thanks to pseudo-experiments, is as well satisfactory.

e All sources of background seem to be identified and adequately modelled. In particular,
signal cross-feeds and B physics backgrounds, data-driven constrained, are in place.
No sign of an overlooked contribution is observed".

e The empirical adjustment of the partially reconstructed background shapes brings a
consistent understanding of this component among the spectra.

e The combinatorial backgrounds are found to be present in all the charmless spectra
and described with similar shapes.

e Consistent results are obtained between the two years of data taking for the parameters
which can be compared.

The raw asymmetries of the control channels are unblinded and can hence be interpreted.
The fit results are there as well consistent in between the years and the precision basically
scales expectedly with the luminosity. They show asymmetries compatible with zero. These
asymmetries embody both the detection asymmetries between charges (7, K and proton) and
the b-baryon production asymmetries in addition to a CP asymmetry expectedly extremely
small in the Standard Model. In line with similar observation in the charmless 2-body
decays of the A) baryon, the consistency of the raw asymmetry with a vanishing asymmetry
can be seen as an indication of the smallness of the detection and production asymmetry
corrections. Eventually, the sensitivities on the AA“Y observables measurements are also
provided. The very large uncertainty on the AAY observable which is found for the decay
mode =P — pKKK, particularly in the 2012 data, is likely related to a negative yield
measurement. This is not a problem per se but indicates that an asymmetry measurement
is irrelevant for this channel. We chose however to present this result as it came.

5.10.2 Low invariant mass region of ph

Cutting on the invariant mass of the ph pair requires re-estimation of the gaussian constraints
of the B physics yields from the RHSB region of the invariant mass spectra. Using the same
fit model and the same strategy as discussed in Section 5.7, we obtained the estimates of
the B physics “full-spectrum” yield constraints, as summarized in Table 5.28. The fits can
be found in Appendix A.11. However, in the X — pK KK 2011 spectra, estimation of
the B physics yields from the RHSB is no longer doable due to lack of events. Hence,
in order to estimate these, we scaled the 2012 B physics RHSB yield to the case of 2011
spectra. In example, we denote the scale factor as s and the 2012 estimated RHSB yield
as Miligs, and the scaled 2011 B physics RHSB yield as N3Ygy, then the scaling is simply

s £ oVRNL, = s+ (VAUZ, + 0VEUS,), where the o’s are the corresponding uncertainties.
The scaling factor s is obtained from the ratios of 2011 and 2012 RHSB yields of B physics
using the full phase space data, which can be found in Table 5.16 in Section 5.7.

TAn indication of an overlooked background contribution would result in particular in a gaussian con-
straint far from its central value.
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A re-calculation of the cross-feed constraints for the charmless signal modes, as well as
the cross-spectra constraints of the B physics backgrounds, was done. However, due to the
fact the X{ — phh'h” MC events are generated with a significant fraction with low invariant
mass resonances and that the MC B physics events are generated with low two-body mass
resonances, the effect on the factors is small. This might not be the case in the real data.
Since we practically apply the same cut for all the spectra (m,./m,x < 2GeV/c?), the
re-calculated ratios are still meaningful.

Shown in Figures 5.31 and 5.32 are the fit results of the simultaneous fit to the invariant
mass spectra using the 2011 data with m,;, < 2 GeV/c* phase space cut. Figures 5.33 and
5.34 show the fit results for the 2012 data. Since, no further phase space cut is applied to
the control spectra, the resulting fits and fit parameters are relatively the same as in Section
5.10.1. Figures A.20 and A.21 shown in Appendix A.13 display the fits of the invariant mass
spectra of the control modes. The measured CP observables are summarized in Table 5.29,
while the results on the fit parameters are shown in Appendix A.14.

Similar remarks as made for the full phase space fits can be repeated here. In particular,
the identification and modelling of the combinatorial background, signal cross-feeds and B
physics backgrounds seem satisfactory.

5.10.3 Low invariant mass region of ph and h'h"”

With the additional cut on the invariant mass of the A'h” pair, a re-calculation of the
gaussian constraints of the B physics yields from the RHSB region is necessary. Using the
RHSB events of the 2012 spectra, the “full-spectrum” yield constraints on the B physics
backgrounds are estimated via the same strategy as discussed in Section 5.7. The fits can
be seen in Appendix A.12 and the estimated “full-spectrum” yields are summarized in Table
5.30. However, in the 2011 spectra, estimation of the B physics yields from the RHSB is no
longer doable due to lack of events, except for the X — prrm spectrum. Again, in order to
estimate these, we scaled the 2012 B physics RHSB yield to the case of 2011 spectra.

The cross-feed constraints of the charmless signals modes and cross-spectra constraints
of the B physics backgrounds are also re-calculated. Since the X — phh/h” MC events are
generated with a significant fraction with low invariant mass resonances and that the MC B
physics events are generated with low two-body mass resonances, the effect on the factors is
negligible, which might not be the case in the real data. However, since we apply relatively
the same phase space cut for all the spectra, the re-calculated ratios are still usable.

Figures 5.35 and 5.36 display the fit results of the simultaneous fit to the invariant mass
spectra using the 2011 data with m,, < 2 GeV/c? and mypr < ~1.65 GeV/c? phase space
cuts. Figures 5.37 and 5.38 show the fit results for the 2012 data. Since, no further phase
space cut is applied to the control spectra, the resulting fits and fit parameters are relatively
the same as in Section 5.10.1. Figures A.22 and A.23 shown in Appendix A.15 show the
fits of the invariant mass spectra of the control modes. The measured CP observables are

summarized in Table 5.31, while the results on the fit parameters are shown in Appendix
A.16.
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Figure 5.31: Fit results for the [from top to bottom] Xl? — pUTT, XI? — pK7nm and XI? — pKKr
spectra using the 2011 data with m,;, <2 GeV/c? phase space cut. Plots in the left-column are for

the spectra with X,? and on the right-column for the spectra with Yg.
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Figure 5.32: Fit results for the [top] X{ — pKnK and [bottom| X{ — pKKK spectra using the
2011 data with mp, < 2 GeV/c? phase space cut. Plots in the left-column are for the spectra with

X} and on the right-column for the spectra with Yg.
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Figure 5.33: Fit results for the [from top to bottom] Xl? — pUTT, XI? — pK7nm and XI? — pKKr
spectra using the 2012 data with m,;, <2 GeV/c? phase space cut. Plots in the left-column are for

the spectra with X,? and on the right-column for the spectra with YS.
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Figure 5.34: Fit results for the [top] X{ — pKnK and [bottom| X{ — pKKK spectra using the
2012 data with mp, < 2 GeV/c? phase space cut. Plots in the left-column are for the spectra with

X} and on the right-column for the spectra with Yg.
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Figure 5.35: Fit results for the [from top to bottom)] Xz? — pUTT, Xl? — pKmm and Xl? — pKKmr
spectra using the 2011 data with mp, < 2 GeV/c? and mypr < ~1.65 GeV/c? phase space cuts.
Plots in the left-column are for the spectra with Xz? and on the right-column for the spectra with

X,.
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Figure 5.36: Fit results for the [top] X — pKnK and [bottom] X — pKKK spectra using
the 2011 data with m,, < 2 GeV/c2 and mypr < ~1.65 Ge\/'/c2 phase space cuts. Plots in the

left-column are for the spectra with X (9 and on the right-column for the spectra with Y,‘f.
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Figure 5.37: Fit results for the [from top to bottom)] Xz? — pUTT, Xl? — pKmm and Xl? — pKKmr
spectra using the 2012 data with mp, < 2 GeV/c? and mypr < ~1.65 GeV/c? phase space cuts.
Plots in the left-column are for the spectra with Xz? and on the right-column for the spectra with

X,.
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Figure 5.38: Fit results for the [top] X — pKnK and [bottom] X — pKKK spectra using
the 2012 data with my, < 2 GreV/c2 and myppr <~1.65 GeV/c2 phase space cuts. Plots in the

left-column are for the spectra with X (? and on the right-column for the spectra with Y,‘f.
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Table 5.27: The CP asymmetry observables obtained from the results of the fit to the full phase

space data.

CP asymmetry observable

Value

Observables for 2011 spectra:
A (AY — prr)

A (N — pK7)

A (N — pKKT)

A (A KK K)

A (ZD — pK7)

A (D — pK7K)

A (20— pRKE)

A (A) — (AF — prm)m)

A (A) — (A — pKn)m)

AW (=2 HO — (EF — pKm)m)

AAP = Araw (A = prrm) - A (A) — (AF — prm)m)
AAP = A2 (A) — pKrrm) - A (A — (AF — pK7)n)

AAP = A2 (N) — pKKr) - A (A — (AF — pr)7)

AAP = A2 (A) - pKKK) - A (A — (AF — pKn)m)

AAY = A= (= _b )= pKrm) - A (2 — (2F — pKn)m)

AAP = Ao (2 = pKrK) - A2 () — (2 — pKm)T)
AAP = Ao () 5 pKKK) - A ( ) — (55 — pKm)7)

X XXX £ X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX £ X. XXX
X XXX + X. XXX
0.030 = 0.029
0.018 + 0.009
0.019 =+ 0.081
X.XXX £ 0.042
X. XXX £ 0.022
X. XXX %+ 0.109
X. XXX % 0.040
X. XXX £ 0.175
X. XXX £ 0.143
X. XXX +0.821

Observables for 2012 spectra:

A (N — prr)

A (AY — pKrm)

A (AY — pK Krr)

A (N) — pKKK)

A (2 — pKrm)

A (=) — pK7K)

A (=) —>pKKK)

A (A) — (AF — prm)m)

A (A = (AT = pKm)m)

A (Z) — (2F — pKm)m)

A .ACP Araw Araw ( AO

Araw ( /10
Araw ( AO
Araw (

(A — prrm) -
AAP = A2 (A) — pKrm) -
AAP = A ( /10 — pKKm) -
AAF = Arav ( /10 — pKKK) -
AAP = A (F b — pKrm) -
A (2 = pKTK) -
A (20 5 pKKK) -

ACP
A .ACP _

— (Af = prm)7)
— (A} = pKm)7)
— (A — prm)m)

— (AY — pKm)m)

Araw ( P'O N ( =+ —>pK7T) )
Araw ( :0 - (Ec
A (20 (5

— pKm)m)
— pKm)m)

X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
0.000 = 0.019
0.011 = 0.005
-0.003 £ 0.052
X. XXX £+ 0.029
X. XXX £ 0.015
X.XXX £ 0.066
X. XXX £+ 0.027
X. XXX £ 0.131
X. XXX £+ 0.101
X XXX + 1.164
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Table 5.28: The yields of B physics backgrounds from the RHSB of each spectrum with m,, < 2

GeV/c? phase space cut.

Spectrum RHSB cut Dominant B Year Yields from RHSB Translated yields
(in MeV/c?) w/ ptrack w/ptrack w/ ptrack w/ P track
2011 305+ 74 259 £5.6  98.6 £23.8 83.9 % 18.1
Xg — pITT Mprrr > 5685. B® — Krrrm
2012 1234 4+ 12.3 140.2 £ 13.0 399.3 £ 39.9 453.7 + 42.2
o 0 2011 9.5+ 3.6 8.8 + 34 35.3 £13.6 329 £ 129
X, — pKrmm MpKnr > 5840. B - KrmK
2012 4544+ 78 37.6 £6.8 169.3 £29.0 140.3 £ 254
2011 7.4+ 3.2 5.8 &+ 3.2 50.8 £ 21.8 40.1 £ 21.8
X) - pKKm  mpiir > 5840. BY —» KKKn
2012 239 £5.3 19.8 £5.1 164.2 £ 36.5 135.7 + 34.8
2011 scaled 57.9 £ 14.7  31.7 £ 9.3
X) 5 pKKK mpggk > 5840. BY - KKKK
2012 17.7 £ 4.5 146 £ 4.3 859+ 21.8 70.8 £ 20.7
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Table 5.29: The CP asymmetry observables obtained from the results of the fit to the data with
mpp, < 2 GeV/ ¢? phase space cut in the charmless spectra.

CP asymmetry observable

Value

Observables for 2011 spectra:
A (AY — prr)

A (N — pK7)

A (N — pKKT)

A (A KK K)

A (ZD — pK7)

A (D — pK7K)

A (20— pRKE)

A (A) — (AF — prm)m)

A (A) — (A — pKn)m)

AW (=2 HO — (EF — pKm)m)

AAP = Araw (A = prrm) - A (A) — (AF — prm)m)
AAP = A2 (A) — pKrrm) - A (A — (AF — pK7)n)

AAP = A2 (N) — pKKr) - A (A — (AF — pr)7)

AAP = A2 (A) - pKKK) - A (A — (AF — pKn)m)

AAY = A= (= _b )= pKrm) - A (2 — (2F — pKn)m)

AAP = Ao (2 = pKrK) - A2 () — (2 — pKm)T)
AAP = Ao () 5 pKKK) - A ( ) — (55 — pKm)7)

X XXX £ X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX £ X. XXX
X XXX + X. XXX
0.030 = 0.029
0.018 + 0.009
0.019 =+ 0.081
X. XXX £+ 0.047
X. XXX £ 0.025
X XXX £ 0.135
X. XXX + 0.043
X. XXX £ 0.173
X. XXX £ 0.149
X. XXX £+ 0.146

Observables for 2012 spectra:

A (N — prr)

A (AY — pKrm)

A (AY — pK Krr)

A (N) — pKKK)

A (2 — pKrm)

A (=) — pK7K)

A (=) —>pKKK)

A (A) — (AF — prm)m)

A (A = (AT = pKm)m)

A (Z) — (2F — pKm)m)

A .ACP Araw Araw ( AO

Araw ( /10
Araw ( AO
Araw (

(A — prrm) -
AAP = A2 (A) — pKrm) -
AAP = A ( /10 — pKKm) -
AAF = Arav ( /10 — pKKK) -
AAP = A (F b — pKrm) -
A (2 = pKTK) -
A (20 5 pKKK) -

ACP
A .ACP _

— (Af = prm)7)
— (A} = pKm)7)
— (A — prm)m)

— (AY — pKm)m)

Araw ( P'O N ( =+ —>pK7T) )
Araw ( :0 - (Ec
A (20 (5

— pKm)m)
— pKm)m)

X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
0.000 = 0.019
0.011 = 0.005
-0.003 £ 0.052
X. XXX £ 0.032
X. XXX + 0.017
X. XXX £ 0.077
X.XXX £ 0.030
X. XXX £+ 0.130
X. XXX % 0.099
X. XXX + 5.932
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Table 5.30: The yields of B physics backgrounds from the RHSB of each spectrum with m,, < 2

GeV/c? phase and myr < ~1.65 GeV/c? space cuts.

Spectrum RHSB cut Dominant B Year Yields from RHSB Translated yields
(in MeV/c?) w/ p track w/ ptrack w/ptrack  w/ P track
2011 85+32 80+29 273+103 259+09.3
Xg — pITT Mprrr > 5685. B® — Krrrm
2012 444 4+79 36.1 £6.9 143.7 £25.6 1169 £ 224
o 0 2011 scaled 8.1 +24 169 +£ 4.2
X, — pKrmm MpKnr > 5840. B - KrmK
2012 12.8 £ 3.7 178 =44 47.7+ 14.1 66.5 £+ 16.5
2011 scaled 17.3 £ 6.1 31.8 £ 9.6
X) - pKKm  mpiir > 5840. BY —» KKKn
2012 95+34 1284+ 39 653 229 87.6 & 26.5
2011 scaled 19.1 £ 6.2 13.8 £ 4.5
X) 5 pKKK mpggk > 5840. BY - KKKK
2012 102 £3.2 9.6 +32 495+ 16.1 46.7 £ 15.3
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Table 5.31: The CP asymmetry observables obtained from the results of the fit to the data with
Mmpp < 2 GeV/c? and mypr < ~1.65 GeV/c? phase space cuts in the charmless spectra.

CP asymmetry observable

Value

Observables for 2011 spectra:
A (AY — prr)

A (N — pK7)

A (N — pKKT)

A (A KK K)

A (ZD — pK7)

A (D — pK7K)

A (20— pRKE)

A (A) — (AF — prm)m)

A (A) — (A — pKn)m)

AW (=2 HO — (EF — pKm)m)

AAP = Araw (A = prrm) - A (A) — (AF — prm)m)
AAP = A2 (A) — pKrrm) - A (A — (AF — pK7)n)

AAP = A2 (N) — pKKr) - A (A — (AF — pr)7)

AAP = A2 (A) - pKKK) - A (A — (AF — pKn)m)

AAY = A= (= _b )= pKrm) - A (2 — (2F — pKn)m)

AAP = Ao (2 = pKrK) - A2 () — (2 — pKm)T)
AAP = Ao () 5 pKKK) - A ( ) — (55 — pKm)7)

X XXX £ X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX £ X. XXX
X XXX + X. XXX
0.030 = 0.029
0.018 + 0.009
0.019 =+ 0.081
X.XXX £+ 0.074
X.XXX £ 0.030
X. XXX £ 0.162
X. XXX + 0.047
X. XXX £ 0.266
X. XXX £+ 0.210
X. XXX £+ 0.083

Observables for 2012 spectra:

A (N — prr)

A (AY — pKrm)

A (AY — pK Krr)

A (N) — pKKK)

A (2 — pKrm)

A (=) — pK7K)

A (=) —>pKKK)

A (A) — (AF — prm)m)

A (A = (AT = pKm)m)

A (Z) — (2F — pKm)m)

A .ACP Araw Araw ( AO

Araw ( /10
Araw ( AO
Araw (

(A — prrm) -
AAP = A2 (A) — pKrm) -
AAP = A ( /10 — pKKm) -
AAF = Arav ( /10 — pKKK) -
AAP = A (F b — pKrm) -
A (2 = pKTK) -
A (20 5 pKKK) -

ACP
A .ACP _

— (Af = prm)7)
— (A} = pKm)7)
— (A — prm)m)

— (AY — pKm)m)

Araw ( P'O N ( =+ —>pK7T) )
Araw ( :0 - (Ec
A (20 (5

— pKm)m)
— pKm)m)

X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
X XXX + X. XXX
0.000 = 0.019
0.011 = 0.005
-0.003 £ 0.052
X. XXX + 0.051
X. XXX =+ 0.020
X. XXX £ 0.096
X. XXX £ 0.035
X. XXX £ 0.232
X XXX £ 0.132
X. XXX + 8.457
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5.11 Systematic uncertainties and cross-checks

Systematic uncertainties will come when the unblinding of the fit results and proton-antiproton
spectra will occur. We are rapidly reviewing in this Section the main sources of systematic
uncertainties and the methods we have installed for their determinations. We will as well
spend few words on the envisaged cross-checks after unblinding.

5.11.1 Systematic uncertainties sources

e The fixed parameters of the signal shapes, signal cross-feed shapes and B physics back-
ground shapes modelling as determined from the MC simulated events. The parameters
are for instance the tail parameters of the signal DCB model. In most cases, they have
been determined by a simultaneous fit of several MC simulated events datasets with a
finite number of events and their determination comes with a statistical uncertainty.
Pseudo-experiments can be generated by fluctuating the parameters of the MC fit ac-
cording to the results of the fit and taking into account its covariance matrix. The
distribution of the final observables will be used as an estimate of the related system-
atic uncertainty. The procedure has been successfully commissioned with educated
values of the fit results. It is however very demanding CPU-wise and some simplifica-
tion to the nominal fit, namely by fixing the parameters of the partially reconstructed
background shape, have been brought. The full CPU-consuming procedure will be be
run once the fit model is blessed.

e The PID systematic corrections: pseudo-experiments will be generated by fluctuating
the uncertainties of the parameters of the MC PID re-weighted shapes. The spread of
the toy results will be assigned as the related systematics.

e The combinatorics shape: the results of the baseline fit model with a first order Cheby-
chev polynomial will be compared to the ones obtained with an exponential shape. The
observed difference of the measured yields will be taken as the systematic uncertainty
estimate related to the choice of a polynomial shape for the combinatorics.

e The LOhadron trigger efficiencies for the different charges of LOHadron TOS pions
and kaons: the calorimeter group is providing tables of LOHadronTOS efficiencies
with associated upper and lower systematic uncertainties from a selected sample of
offline reconstructed D° — K~7+. The efficiencies are determined for both pions and
kaons and split by charge. The observed variation in the fit results by changing these
efficiencies within their errors (driven by the size of the calibration sample) will be
taken as the corresponding systematic uncertainty.

e The tracking efficiency systematic uncertainties: the detection efficiency of X} and 72
in the charmless spectra is cancelled, up to corrections of kinematics difference, by the
control channels. A second-order correction on the tracking efficiency comes due to the
difference of their kinematics. The tracking group is providing tables of efficiencies for
kaons and pions with associated upper and lower systematic uncertainties (and split by
charge) as a function of momentum. The observed spread of results by varying the track
efficiency within errors will be assigned as the corresponding systematic uncertainty.
However, no such table yet exists for protons and hence we plan to take the same
systematic correction from what we will get from the kaon and pion corrections.
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e Partially-reconstucted backgrounds from AY — pK— (' — w7 v): This possible
contribution is not modelled in the fit to data. As such, a systematic uncertainty,
educated from the BT decays, is assigned. The SM quark level diagrammatic picture
for A) — pK (7' — 77 7) decay is the presence of uu pair. Hence, we are expecting
a hierarchy of 777~ > p® > n > 1. The analogous decays in the meson systems are:
Bt — ot nt, BY — p%7nt, Bt — nrt, BY — y/7 ", and shows that very hierarchy.
We will assign a systematic uncertainty by considering the change in the result of the
introduction of this shape with a ratio of 1:20 as indicated by the BT hierarchy.

e A systematic uncertainty will also be assigned for the difference of the kinematics of
the charmless decays and the control modes.

5.11.2 Cross-checks

There are two main studies which must be performed for a sanity check of the results after
the unblinding of the results:

e The comparison of the results obtained for the independent samples obtained with
each of the magnet polarities.

e The comparison of the results obtained for the two categories of L0 trigger require-
ments: Trigger Independent of Signal (TIS) candidates and Trigger On Signal (TOS)
candidates.

5.12 Concluding remarks

This document describes the search for CP-violating asymmetries in 4-body fully charged
decays of the neutral b-baryons, A) or =P, proceeding through charmless quark transitions
b — u and FCNC quark transitions b — s, d.

The CP violation in baryons remains unobserved up to date. In these multibody decays of
b-baryons, the interference pattern is expected to be rich of resonance structures, in particular
in the low mass two-body baryon resonances (A*9, N*® and A series). They come likely in
association with two-body non-baryonic resonances (i.e. 77, K7 and KTK~ invariant mass
spectra). The weak interaction induced CP asymmetries might hence receive significant
enhancement from the phase differences coming from these strongly interacting resonances
and makes these decays a favorable terrain for the first observation of CP violation in baryon
decays.

There are seven decays of interest, namely A) — pr= 77~ A) — pK 77—, A) —
pK Ktn, A) » pK " KYK~, 5) > pK ntn, 5) > pK 77K~ and Z) - pK K"K,
which are reconstructed and selected consistently with common selection tools. A simultane-
ous mass fitter has been designed to measure their yields and charge conjugate counterparts.
A simple counting experiment can measure the direct A up to corrections of instrumental
and productions asymmetries. In LHCb, this amounts to correction on the K /K~ nt /7~
and p/p detection asymmetries and b-baryon /b-baryon production asymmetry. In order to
cope with these unknowns, we have chosen to measure the AA™ of both A) and = charm-
lessly decaying to fully-charged four-body final states with respect to charmed decays having
the same unpaired final tracks, such as A) — (AF — pr=nT)r—, A) — (AT — pK 7")7~
and =) — (£F — pKm)m. These decays are fitted simultaneously with the charmless
spectra.
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A particular care has been taken to understand the background sources which can induce
CP asymmetries distinct from the ones we are aiming at measuring. They are coming
from charmless B mesons decays and are controlled from a data-driven technique in the
simultaneous fit of the signal and control channels spectra.

The global behaviour of the fit is found satisfactory and we did not find any sign of an
overlooked background. The control channels are unblinded and raw asymmetries are found
consistent among the years of data taking and compatible with zero.

A (A) — (AT — prm)m,2011) = 0.030 £ 0.029
A (AY — (AT — pKm)m,2011) = 0.018 4 0.009
A™(Z) — (EF = pK7)7,2011) = 0.019 £ 0.081

A (A — (AT — prr)m,2012) = 0.000 £ 0.019
A (A) — (AT — pKm)m,2012) = 0.011 4 0.005
A™(Z) — (EF = pK7)7,2012) = —0.003 £ 0.052

The evaluation of the systematic uncertainties must proceed after the unblinding. How-
ever, a discussion of their sources is given in this document and the methods for their
determination (mostly based on pseudo-experiments) have been commissioned.

This analysis document gathers the selection of the decay modes of interest, the simulta-
neous fit and the blinding strategies, the mass fit model and the study of the fit biases with
pseudo-experiments, and eventually the blind fit results and sensitivities.
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After careful scrutiny of the possible background contributions, the simultaneous fit were
reran with the signal mass regions and CP observables unblinded. The fit results are pre-
sented in Section 6.1. Section 6.2 presents the statistical significance of the signals modes.
Cross-checks are also performed for sanity checks of the results after unblinding and these
are presented in Section 6.4. Finally, Section 6.5 summarizes and interprets the results.

6.1 Fit results

As a reminder, we performed three measurements of AA" in different regions of the phase
space. The first measurement, whose results are presented in Section 6.1.1, considers the
events in the full phase space, hence no invariant mass cut to any combination of the daughter
particles is applied. The second measurement involves AA“Y determination in the phase
space region where the invariant mass of pr or pK is less than 2 GeV/c®. The results are
presented in Section 6.1.2. Lastly, AAY measurements are performed in the phase space
region where the pm or pK is less than 2 GeV/c and invariant mass of the pair of the two
other tracks is less than ~1.6 GeV/c?. The results of the latter measurement are discussed in
Section 6.1.3. Table 5.25 in Chapter 5.10 lists the phase space cuts applied. The fit results
of the charmed modes are the same as what has been presented in Section 5.10 of Chapter
5.

6.1.1 Full phase space

Figures 6.1 and 6.2 show the fit results of the simultaneous fit obtained using the 2011 data,
while Figures 6.3 and 6.4 are for the 2012 data. All events in the phase space are considered.
The yields are also reported in Table 6.1, while the CP observables are summarized in Table
6.2. The measured yields of =) — pK KK using the 2012 data are negative and hence the
AAT measurement for this mode is not relevant.
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Figure 6.1: Unblinded fit results for the [from top to bottom| X{ — prrm, X — pKnm and
Xl? — pK K7 spectra using the full phase space data of 2011. Plots in the left-column are for the

spectra with X(? and on the right-column for the spectra with Yg.
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Figure 6.2: Unblinded fit results for the [top] X — pKnK and [bottom] X — pKKK spectra
using the full phase space data of 2011. Plots in the left-column are for the spectra with X} and

on the right-column for the spectra with Y?.
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Figure 6.3: Unblinded fit results for the [from top to bottom| X{ — prrm, X — pKnm and
Xl? — pK K7 spectra using the full phase space data of 2012. Plots in the left-column are for the

spectra with X(? and on the right-column for the spectra with Yg.
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Figure 6.4: Unblinded fit results for the [top] X — pKnK and [bottom] X — pKKK spectra
using the full phase space data of 2012. Plots in the left-column are for the spectra with X} and

on the right-column for the spectra with Y?.
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Table 6.1: Measured yields of the charmless and charmed modes of the simultaneous fit to the full
phase space data of 2011 and 2012.

Yield parameter
(in A9/=0 spectra)

Value

Yield parameter
(in A9/Z9 spectra)

Value

Yields for 2011 spectra:

N (2011 Signal AY — prrr) 647.405 + 28.715 N 633.736 + 28.692
N (2011 Signal A) — pKwr)  1367.015 + 41.500 N 1328.267 + 40.608
N (2011 Signal A) — pKK) 77.325 + 12.116 N 93.560 + 12.972
N (2011 Signal A) - pKKK)  350.028 + 18.995 N 301.476 + 18.100
N (2011 Signal =) — pKmr) 30.958 + 9.656 N 62.927 + 11.270
N (2011 Signal =) — pK7K) 47.393 + 8.857 N 58.333 + 9.024
N (2011 Signal = — pKKK) 5.081 + 4.311 N 3.739 + 4.337
Yields for 2012 spectra:

N (2012 Signal AY — prrr) 1419.699 + 43.680 N 1373.019 + 43.378
N (2012 Signal A) — pK7r)  3035.045 + 61.749 N 2779.812 4 59.614
N (2012 Signal A) — pKK7)  195.430 + 19.268 N 245.689 + 20.629
N (2012 Signal A) — pKKK)  692.925 + 26.986 N 652.178 + 26.447
N (2012 Signal = — pKr) 84.267 + 16.309 N 110.855 + 17.266
N (2012 Signal = — pK7K)  109.408 + 13.078 N 99.013 + 12.591
N (2012 Signal =) - pKKK)  -0.146 + 5.848 N -1.576 + 5.551

0

All signals for particles and antiparticles decays are established but the decay =, —
pK K K. The significance of the most suppressed modes will be discussed in the section 6.2.
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Table 6.2: The CP asymmetry observables obtained from the unblinded results of the fit to the full
phase space data.

CP asymmetry observable Value
Observables for 2011 spectra:
A (AY — prr) 0.011 £ 0.031
A ( AO — pKnm) 0.014 + 0.021
A (N — pKK) -0.095 £ 0.104
A ( /10 — pKKK) 0.075 £ 0.040
A (ZD — pK7m) -0.341 4+ 0.160
A (Z — pK7K) -0.103 £+ 0.121
A (=) — pKKK) 0.152 4+ 0.924
AAP = Araw (A — prrm) - A (A) — (AT — prm)m) -0.019 + 0.043
AAP = A (A) — pKrm) - A (A — (Af — pKm)m)  -0.003 + 0.023

(
AAP = Ao (N9 — pKK7) - A ( A) - (AF — prm)m)  -0.125 £ 0.108
AAP — Arav ( /10 — pKKK) - A ( A) — (AF — pK7)7)  0.057 £ 0.041
AAP = Arav ( J’ — pK77) - A (5 = (EF — pKm)m)  -0.360 4 0.180
AAP = Ao (2 = pKnK) - A ( Z) — (EF — pKm)7)  -0.123 £ 0.145
AAP = Ao () 5 pKKK) - A (£ — (2 — pKm)7)  0.133 £ 0.927
Observables for 2012 spectra:

A ((AY — prr) 0.017 4+ 0.022
Arv( AO — pKnm) 0.044 £ 0.014
A (A) — pKKT) -0.114 + 0.064
AW ( AO — pKKK) 0.030 4 0.028
A=Y (2 _b — pK7r) -0.136 + 0.122
A (20 = pK7K) 0.050 + 0.087
AAP — Araw (A — prrm) - A (A — (AT — pr)m) 0.016 £+ 0.029
AAP = A (N — pKar) - A ((A) — (AT — pKm)T) 0.033 £ 0.015

AAP = A2 (A) — pKKr) - A (A) — (AF — prm)m)  -0.114 % 0.066
AAP = A= ( /10 — pKKK) - A2 (A) — (AF — pKm)w)  0.019 & 0.029

AAP = Arov (F _b — pKnr) - A™ (50 = (EF — pK7)7)  -0.133 £ 0.133
AAP = Ao (20 — pKnK) - AV (2 ”0 — (5 — pKm)7)  0.053 £ 0.102
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6.1.2 Low invariant mass region of ph

The second measurement intends to measure the AA" in the phase space region of low
invariant mass of pm or pK pair. The unblinded fit results of the simultaneous fit are shown
in Figures 6.5 and 6.6 for the 2011 data, while Figures 6.7 and 6.8 are for the 2012 data. The
extracted yields are summarized in Table 6.3 and the measured CP observables are listed
in Table 6.4. Again, the measured yields of =) — pK K K using the 2012 data are negative
and hence the CP measurements for this mode is not relevant.

Table 6.3: Measured yields of the charmless and charmed modes of the simultaneous fit to the 2011

and 2012 data with my), < 2 GeV/ c? phase space cut in the charmless modes.

Yield parameter Value

in A?/Z50 spectra
b/ =

Yield parameter
(in A9/Z9 spectra)

Value

Yields for 2011 spectra:

N (2011 Signal A — prrm) 443.649 + 23.685 N 428.466 + 23.513
N (2011 Signal A) — pKrr) 1036.629 + 36.180 N 962.794 + 34.593
N (2011 Signal A) — pKK) 46.776 + 10.049 N 66.424 + 10.884
N (2011 Signal A) — pKKK)  272.994 + 16.931 N 243.941 + 16.095
N (2011 Signal =Y — pKrm) 25.208 + 7.929 N 54.335 £+ 10.117
N (2011 Signal =Y — pK7K) 42.731 + 7.999 N 44.840 + 7.696
N (2011 Signal = — pKKK) 0.039 £ 2.808 N 1.546 + 3.431
Yields for 2012 spectra:
N (2012 Signal AY — prrm) 990.035 + 36.451 N 941.771 + 36.010
N (2012 Signal A) — pKrn) 2346.842 £ 54.180 N 2089.912 + 51.570
N (2012 Signal A) — pKK) 123.768 + 15.584 N 168.315 £+ 16.976
N (2012 Signal A) - pKKK)  553.507 + 23.756 N 497.805 + 22.723
N (2012 Signal =) — pKrm) 76.604 + 14.261 N 87.245 + 14.432
N (2012 Signal =) — pK7K) 112.801 £+ 12.573 N 84.318 £+ 11.167
N (2012 Signal = — pKKK) -2.251 + 4.313 N -2.460 + 4.074
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Figure 6.5: Unblinded fit results for the [from top to bottom| X{ — prrm, X — pKnm and
Xl? — pK K7 spectra using the 2011 data with my, < 2 GeV/c? phase space cut. Plots in the

left-column are for the spectra with X} and on the right-column for the spectra with Y,?.
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Figure 6.6: Unblinded fit results for the [top] X — pKnK and [bottom] X — pKKK spectra
using the 2011 data with mp, < 2 GeV/c? phase space cut. Plots in the left-column are for the

spectra with Xg and on the right-column for the spectra with Yg.
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Figure 6.7: Unblinded fit results for the [from top to bottom| X{ — prrm, X — pKnm and
Xl? — pK K7 spectra using the 2012 data with my, < 2 GeV/c? phase space cut. Plots in the

left-column are for the spectra with X} and on the right-column for the spectra with Y,?.
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Figure 6.8: Unblinded fit results for the [top] X — pKnK and [bottom] X — pKKK spectra
using the 2012 data with mp, < 2 GeV/c? phase space cut. Plots in the left-column are for the

spectra with Xg and on the right-column for the spectra with Yg.
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Table 6.4: The CP asymmetry observables obtained from the unblinded results of the fit to the data
with mp, < 2 GeV/ ¢? phase space cut in the charmless spectra.

CP asymmetry observable Value
Observables for 2011 spectra:

A ((AY — prrm) 0.017 &+ 0.038
A (N — pK7m) 0.037 + 0.024
A= (A9 5 pK Kr) -0.174 + 0.132
A (AY - pKKK) 0.056 + 0.045
A (= ”0 — pKrm) -0.366 £ 0.160
A (20 5 pKTK) -0.024 + 0.128
AAP = A2 (A — prm) - A2 (A) — (AF — prm)m) -0.012 £+ 0.048
AAP = A (A) — pKrm) - A (A) — (AF — pKm)w)  0.019 £ 0.026

(
AAY = A (N - pKK7) - A (A) = (AF — prm)m)  -0.203 £ 0.135
AAP — Arav ( /10 — pKKK) - A (A) — (A — pKm)m)  0.039 + 0.046
AAP = A (2 — pKrr) - A ( Z) — (5F — pK7)n)  -0.385 £ 0.179
AAP = Ao (2 = pKaK) - A2 () — (5F — pKm)7) -0.043 £ 0.151
Observables for 2012 spectra:

A (A9 = pr) 0.025 + 0.026
A (A0 = pKr) 0.058 + 0.016
A (A9 5 pK Kr) -0.153 £ 0.079
A (A9 5 pKKK) 0.053 + 0.031
A (20 5 pKer) -0.065 + 0.124
A=y (20 pKrK) 0.144 + 0.085

AAP = Araw (A — prrm) - A (A) = (A — prm)T) 0.025 £ 0.032
AAP — Arav ( /10 — pKrr) - A (A — (AF — pKm)7)  0.047 £ 0.017
AAP = A (N9 — pKKT) - AV ( Ag — (A — prm)w)  -0.153 £ 0.081

AAT = Amav ( /10 — pKKK) - A (A) — (AF — pKm)w)  0.042 4 0.032
AAP = Ao (2 — pKam) - A2V ( 50 — (Ef = pKm)7) -0.062 £ 0.135
AAP = Ao (2 — pKnK) - A ( 20 — (2 — pKn)mr)  0.147 £ 0.100
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6.1.3 Low invariant mass region of ph and h'h”

The third measurement intends to measure the AA in the phase space region of low
invariant mass of pm or pK pair and simultaneously having a low invariant mass on the
pairing of the other two tracks, i.e. the mesonic resonance. The unblinded fit results of the
simultaneous fit are shown in Figures 6.9 and 6.10 for the 2011 data, while Figures 6.11
and 6.12 are for the 2012 data. The extracted yields are summarized in Table 6.5 and the
measured CP observables are listed in Table 6.6.

Table 6.5: Measured yields of the charmless and charmed modes of the simultaneous fit to the 2011
and 2012 data with my, < 2GeV/c? and mypr < ~1.65 GeV/c? phase space cuts in the charmless
modes.

Yield parameter
(in AY/ZP spectra)

Value

Yield parameter
(in AY /=Y spectra)

Value

Yields for 2011 spectra:

N (2011 Signal AY — prrr) 140.385 + 13.340 N 124.187 + 12.493
N (2011 Signal A — pKn) 711.650 + 28.578 N 633.825 + 27.174
N (2011 Signal A) — pKK) 34.057 + 7.272 N 28.178 + 6.727
N (2011 Signal A) — pKKK)  205.967 + 12.870 N 170.059 + 12.052
N (2011 Signal = — pKr) 4.918 + 3.593 N 20.659 + 6.159
N (2011 Signal 50 — pKnK)  17.726 + 5.341 N 21.761 + 5.434
N (2011 Signal =) — pKKK) 0.828 + 1.846 N 1.606 + 2.406
Yields for 2012 spectra:

N (2012 Signal A9 — prrn) 319.737 £+ 20.659 N 278.243 + 19.834
N (2012 Signal A) — pKn) 1487.826 + 41.113 N 1333.901 + 38.905
N (2012 Signal A) — pKK) 73.311 £ 10.721 N 95.711 + 12.029
N (2012 Signal A) - pKKK)  386.097 &+ 18.116 N 325.933 + 16.991
N (2012 Signal =P — pKr) 27.084 + 7.623 N 23.143 £+ 7.815
N (2012 Signal =) — pK7K) 50.804 + 8.269 N 44.114 + 7.840
N (2012 Signal =) — pKKK) -0.707 £+ 3.038 N -0.265 £+ 2.754

6.2 Statistical signal significance

We calculate the approximate statistical significance of some of the signal modes using Wilks’
theorem [113| in order to determine how many standard deviations away the alternative
hypothesis (the nominal fit) is from the null hypothesis of zero yields. The charmless modes
A — prrm, A) — pKrr and A) — pK KK are unambiguously observed as can be seen in
Figures presented in Section 6.1.1. Hence, their corresponding statistical significances are
no longer determined.

Separate fits are performed for the A) — pKKn, =) — pKnn, 5 — pKnK and
=) — pKKK charmless signal modes with yields fixed to zero for both 2011 and 2012
spectra. For these modes, the logarithm of the likelihood ratio In (£(Ynun)/L(YMax.)) is
obtained, where L£(Yyu) is the likelihood where the signal yields are fixed to zero, while
L(YMax.) 18 the likelihood of the nominal fit where the yields are freely floated.

As the size of the sample approaches to infinity, the distribution of the —2AInL ap-
proaches a y? distribution with number of degrees-of-freedom equal to the difference in
dimensionality of £(Yxun) and £(Yuax.). In principle, this is approximately equal to four in
this analysis corresponding to the yield parameters of the four spectra. Hence, the proba-
bility is calculated assuming a x? distribution with four degrees-of-freedom, and then the
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Figure 6.9: Unblinded fit results for the [from top to bottom| X{ — prrm, X — pKnm and
X — pK K spectra using the 2011 data with m,, < 2 GeV/c? and myp» < ~1.65 GeV/c? phase
space cuts. Plots in the left-column are for the spectra with Xl? and on the right-column for the

.1 <0
spectra with X .
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Figure 6.10: Unblinded fit results for the [top] X) — pK7K and [bottom] X — pKK K spectra
using the 2011 data with my, < 2 GeV/c? and myr < ~1.65 GeV/c? phase space cuts. Plots in

the left-column are for the spectra with X,? and on the right-column for the spectra with Yﬁ.
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Figure 6.11: Unblinded fit results for the [from top to bottom] X{ — prrm, X — pKnr and
X — pK K spectra using the 2012 data with m,, < 2 GeV/c? and myp» < ~1.65 GeV/c? phase
space cuts. Plots in the left-column are for the spectra with Xl? and on the right-column for the

.1 <0
spectra with X .
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Figure 6.12: Unblinded fit results for the [top] X) — pK7K and [bottom] X — pK KK spectra
using the 2012 data with m,, < 2 GeV/c? and mypp» <~1.65 GeV/c? phase space cuts. Plots in

the left-column are for the spectra with X,? and on the right-column for the spectra with Yﬁ.
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Table 6.6: The CP asymmetry observables obtained from the unblinded results of the fit to the data
with mp, < 2 GeV/c? and mypn < ~1.65 GeV/c? phase space cuts in the charmless spectra.

CP asymmetry observable Value
Observables for 2011 spectra:
A™ (N — prrn) 0.061 4 0.069
A (AY — pKrr) 0.058 4+ 0.029
A (A — pKKT) 0.094 £ 0.161
A () = pKKK) 0.095 4 0.047
A (20 = pK7r) -0.615 + 0.251
A (29 & pKTK) -0.102 £ 0.197
AAP = Afaw ( A) = prrm) - A (A) = (AF — prm)7) 0.031 £ 0.075
AAP = A2 (A) — pKrm) - A (A) — (AF — pKm)m)  0.040 & 0.030
AAP — Arav ( /10 — pKK7) - A ( A) = (AF — prm)7)  0.065 & 0.163
AAP = Arav ( /10 — pKKK) - A ( A) — (A} = pKr)7)  0.078 £ 0.048
AAP = A2 (2 — pKor) - A () — (EF — pKm)7)  -0.635 £ 0.264
AAYP = pgrov () — pKrK) - A ( 20 — (2F — pKm)7) -0.122 £+ 0.213
Observables for 2012 spectra:
A™ (N) — prrm) 0.069 + 0.048
A ( /10 — pKrr) 0.055 4 0.020
AW ( AO — pKKn) -0.133 + 0.095
A (N = pKKK) 0.084 4 0.035
A (=) — pKrn) 0.078 £ 0.223
AW (5 '0 — pK7K) 0.070 £ 0.121
AAP — Araw (A — prrm) - A (A — (AT — pr)m) 0.069 £+ 0.051
AAP = A (N9 — pKrar) - A (A) — (AF — pKm)m)  0.043 £ 0.020
AAP = A (N — pKKT) - A (A) = (AT — prm)m)  -0.133 £ 0.097
AAP = A= ( /10 — pKKK) - A ( A) — (AF — pK7)7) 0.073 £ 0.035
AAP = Arov ((F _b — pKrr) - A ( Z) — (ZF — pKm)m)  0.081 £ 0.229
AAP = A (2 — pKrK) - A ( 50 — (2 — pK7)mr)  0.073 £ 0.132

probability is expressed in terms of number of standard deviations of a unit Gaussian. We
are using the TMath::NormQuantile() routine of ROOT toolkit to calculate the number of
standard deviations given the probability. However, due to numerical precision limit, only
the result of =) — pK KK has been calculated this way. For large values of —2AInL, the
probability in terms of number of standard deviations of unit Gaussian is approximately
equal to v/ —2AInL. For the other three modes, we used this approach.

Table 6.7 summarizes the measured statistical significance of the four modes. The A) —
pKKn, Z) — pKnr and =) — pK7K are observed with more than 5 standard deviations
of statistical significance from the null hypothesis, while we found that =) — pKKK is
compatible with no signal at 0.2 standard deviations.

6.3 Determination of fit biases

In order to check for possible fit biases linked to the global fit strategy, pseudo-experiments
are generated using the nominal fit results. The central values and uncertainties of the fit
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Table 6.7: Statistical significances of A) — pKKm, =) — pKrn, Z) — pKnK and =) - pKKK
calculated using Wilks’ theorem.

Charmless mode Statistical siginificance (in o)
A — pKKm 24.2
=) - pKrm 12.4
29 & pKnK 19.7
20 pKKK 0.2

parameters of the model are obtained from the nominal fit to data using the full phase space
sample. In each pseudo-experiment, MC data are produced in accordance to the measured
uncertainties of the fit parameters and its correlations. Around 600 independent MC pseudo-
experiments are produced and fitted back with the same model. The pull distributions of the
AATs, fitted with a Gaussian function, are shown in Figures 6.13 and 6.14. As summarized
in Table 6.8, the pull distributions of the AA“" quantities are well-described by a unit
(Gaussian and no biases were observed. Also gathered in Table 6.8 are the results of the
Gaussian fit to the pull distributions of the A™" quantities. We observed no biases as well
on these observables.

Table 6.8: Summary of the Gaussian means and widths of the pull distributions of the A™Y and
AACP measurements.

Observable 2011 2012
o o il o

A (A — prrr) 0.06740.040  1.010£0.028 -0.008+0.038 0.96040.027
A (N9 — pKrm) -0.00440.039  0.984+0.027 -0.038+0.038  0.96940.027
A (A — pKKr) 0.06040.038  0.956+0.027 -0.00740.040 1.0144-0.028
Araw (/10 — pKKK) 0.03340.039  0.994+0.028 -0.01240.038 0.9644-0.027
A (20 — pK ) 0.001£0.037  0.940+£0.026 -0.03840.040 1.00740.028
A (20 — pKTK) 0.02540.040 1.011£0.028 0.03740.040 1.01440.028
Araw (/1 (A — prr)7) 0.02640.039  0.981+£0.027  0.02640.041  1.02940.029
A (N — (AF — pK7)n) -0.06440.041 1.036+0.029 -0.01340.040 1.0064-0.028
Araw (”0 — (Ef = pKm)7)  -0.04540.040 1.01340.028 -0.05640.040 1.01040.028

AAP (N — prrr) 0.0324£0.041  1.032+£0.029 -0.02340.039  0.9894-0.028
AAP (N — pKrr) 0.02040.038  0.97240.027 -0.031£0.038 0.95740.027
AA (N) — pKK) 0.051+£0.037  0.9484+0.027 -0.014+0.040 1.019-+0.028
AAF (/10 — pKKK) 0.04640.039  0.994+0.028 -0.010£0.038 0.95340.027
AAP (2 — pKrm) 0.02140.039  0.975+0.027 -0.01540.041 1.02740.029
AAP (2) - pK7K) 0.04340.040 1.01240.028  0.05940.039  0.9764-0.027

6.4 Cross-checks

Cross-checks are sanity checks in order to examine whether there is a dependence of the
results to different subcategories of data. No systematic uncertainty will be assigned in the
discrepancy, if there are any, but rather have to be investigated and corrected. Since the 2011
and 2012 data are separated in the nominal fit, the cross-check on the different data taking
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Figure 6.13: Pull distributions of the 2011 AA®" measurements obtained using about 600 MC-
generated pseudo-experiments.

periods comes directly from the fit results. As listed in Section 5.11, we also performed
cross-check based on the polarity of the LHCb magnet when the data were taken, and also
based on whether one of the daughter tracks of the X} candidate has triggered the L0 or
not. We performed the cross-checks using the full phase data, where we have enough events
to allow for further splitting into different categories.

In the cross-check in terms of magnetic polarity, a new simultaneous fit was performed by
splitting further the 2011 and 2012 data into two subcategories called MagUp and MagDown
(referring to the direction of the magnetic field). We note that in 2011, slightly more data
were taken using the MagDown configuration than MagUp, while in 2012 the two data split-
tings are relatively equal. Although a simultaneous fit has been performed, the signal cross-
feed factors, the B physics cross-spectra constraints, the Gaussianly-constrained ratios of
signal widths, the combinatorial slopes and the ARGUS parameters are set to be indepen-
dent for the two subcategories. Since the yield of the dominant B physics background in each
spectrum is constrained using estimates in the RHSB, then there is a need for recalculation
of these numbers. The new numbers for the constraints are estimated by scaling the old
constraints according to the fraction of events categorized as MagDown (or MagUp) w.r.t. to
the combined data.
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Figure 6.14: Pull distributions of the 2012 AA’" measurements obtained using about 600 MC-
generated pseudo-experiments.

The cross-checks based on the L0 trigger categories are also obtained by simultaneously
fitting all the split subcategories. The two subcategories are called LO Triggered-On-Signal
(TOS) events and LO Triggered-Independent-of-Signal (TIS). As the name suggests, events
that are triggered by one of the daughter particles of the X7 candidate are called L0 TOS
events, while events triggered by neither of the daughter particles are called 1.O TIS events.
Like in the case of magnet polarity splitting, the signal cross-feed factors, the B physics cross-
spectra constraints, the Gaussianly-constrained ratios of signal widths, the combinatorial
slopes and the ARGUS parameters are set to be independent for the two subcategories.
Also, the new numbers for the B physics yield constraints are estimated by scaling the old
constraints according to the fraction of events categorized as LO TOS (or L0 TIS) w.r.t. to
the combined data.

Shown in Figures 6.15 and 6.16 are the cross-checks on the AA“" measurements on the
different subcategories. Note the different scales of the y-axis. The first two points in the
plots, which are found to be compatible within 1.500, are the measurements obtained from
the nominal fit to the full phase space data. The said two points are then averaged, weighted
by their corresponding uncertainties. The calculated average values and the uncertainties are
written in each plot and are drawn as blue lines and light blue bands. The AAT values of
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the subcategories are found be compatible within 20 from this band. Shown at the bottom
on each plot are the compatibilities of the two consecutive points, which are (aside from
the first two points) the magnet polarity splitting and L0 trigger category splitting in each
vear. They are found to be compatible within about 20 except for the =) — pK7m magnet
polarity splitting of 2011 data. However, this discrepancy could be a statistical fluctuation
due to limited statistics for this mode.

6.5 Interpretation of results

This section should start with a word of caution. The unblinding of the spectra and results
of this analysis happened very recently and the necessary systematics studies onto the A A"
measurements are not yet completed. The results provided here are hence given with their
statistical uncertainty only. However, the analysis strategy was devised such that most of
the systematic uncertainties related to the knowledge of backgrounds and signal cross-feeds
are suppressed to a first approximation (actually embodied into the statistical uncertainty).
On a similar note, it has been shown that the observed fit biases will induce a negligible
systematic uncertainty. The remaining systematic uncertainty estimates have still to be
worked out and the full understanding of the results should proceed from there. We will
hence limit our interpretation to the following series of careful remarks:

e Six out of the seven decay modes searched for in this work have been observed, si-
multaneously for particle and antiparticle. Only the decay =) — pK KK escaped the
observation. On a general basis, the invariant mass fits are excellent and the establish-
ment of the signal decays is unambiguous.

e The cross-checks performed on the consistency of the AA“Y measurements by switching
the magnet polarity or splitting the trigger streams do not indicate any signs of an
experimental problem whatsoever. The obtained consistency satisfies the requirements
which were set a priori before the unblinding.

e The proton/antiproton asymmetries in the combinatorial backgrounds are measured
at the percent level and found to be consistent with zero. That result indicates that
no experimental bias is unattended. The asymmetries for the B decays are also found
vanishing, inline with former experimental results.

e On the contrary, AA“ asymmetries in the dominant charmless decays AY — pKnm
and A) — pK KK are interestingly found to simultaneously depart from zero by more
than 2.50 in the low invariant mass region of the phase space as displayed in Ta-
ble 6.9. A naive estimate of the simultaneous departure from the hypothesis of CP
symmetry places the significance of the effect at more than three standard deviations,
although a thorough estimate of both the total significance of the result is in order.
This observation cries for a dedicated scrutiny of the Phase Space.
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Figure 6.15: Cross-checks on the AAY observables of the AY charmless decay modes on

subcategories.
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Figure 6.16: Cross-checks on the AAY observables of the Eg charmless decay modes on different

subcategories.

Table 6.9: Summary of the AA“Y measurements combining the 2011 and 2012 results.

Combined results

AACP observable Full phase space Low myp Low mypn & mppn
Measurement  ogev Measurement  ogey Measurement  ogev
AA (A — prr) 0.006 + 0.024 0.250 0.014 + 0.027 0510 0.058 + 0.042 1.38¢
AAT (A) — pKrm) 0.021 £ 0.013 1.61c0 0.038 £ 0.014 2.71c0 0.043 £ 0.017 2.520
AAP (A) - pKKT) -0.118 £ 0.056 2.100c  -0.167 & 0.069 2.420  -0.080 & 0.083 0.960
AAT (A) - pKKK) 0.032 £ 0.023 1.39¢ 0.041 £ 0.026 1.57¢ 0.075 = 0.028 2.670
AA (E) — pKrm) -0.206 £ 0.106 1.940 -0.167 £ 0.108 1.54c0 -0.160 £ 0.176 0.91c
AACP (2P — pKTK) -0.005 £ 0.083 0.060 0.089 £ 0.083 1.070 0.016 = 0.111 0.140
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Chapter 7

Summary and conclusions

The results presented in this thesis can be divided into three parts: (1) Ageing and calibration
studies of the Pre-shower subdetector of LHCb have been performed; (2) Two-sided limits
on the branching fraction of B?— K{K K~ were provided using modified Feldman-Cousins
inference using the 2011 data of LHCb; and (3) AA“Y measurements on the four-body fully
charged charmless decays of A and = are performed using the full Run T data of LHCb.

The a posteriori check in the calibration status of the PS showed that at the end of 2011
data taking campaign, the calibration met the 10% absolute precision requirement. Hence,
this result justified the decision of using the same set of numeric gains for the 2012 campaign.
At the end of 2012, the absolute precision has slightly degraded to about 12%. The main
purpose of the study was to quantify the ageing during the Run I data taking. It has been
shown that the PS detector has a typical maximum ageing of 10%. This level of ageing does
not require corrective action so far.

As presented in Chapter 4, the number of BY - K?K* K~ candidate events obtained was
not enough to claim a discovery and subsequently measure the central value of the branching
fraction. Instead, two-sided limits were provided using a modified Feldman-Cousins infer-
ence. Two separate measurements, based on the reconstructed K category, were conducted
and eventually combined into the following result:

BB K!KTK™) ¢ [0.2,34] x107% at 90% C.L. . (7.1)

The data used in this analysis correspond to about fL =1 fb~! collected data during the
2011 data taking. As a prospect, an ongoing analysis of the By, — K{h*h™ (h being a 7 or
a K) decay modes is currently conducted in LHCb using the full Run I data.

The main analysis discussed in this thesis is the search for CP violation in the charmless
decays of AY and =P baryons. CP violation in baryon decays has not been observed to
date and its first observation constitutes a physics objective of the LHCb experiment. The
choice of the charmless modes conducted in this analysis is driven by the possibility of
having a rich interference pattern in the baryonic intermediate resonances in addition to
the mesonic resonances, possibly enhancing the particle/antiparticle decay rate asymmetry
due to the CP-violating weak phase. Three measurements were conducted by looking in the
different phase space regions, which are: (1) In the full phase space; (2) In the low invariant
mass of baryonic resonance; and (3) In the low invariant mass of baryonic resonance and
simultaneously low invariant mass of mesonic resonance (constructed from the other two
particles). In order to cancel the production and detection asymmetries, the raw asymmetries
of the charmless signal decays are compared to those measured in control channels where
the CP violation are expected to be small to form the observables AAY. The first stage of
the analysis strategy employs a blind analysis of both the signal region in the mass spectra
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and the AAY central values. This is in order to understand the different background
contributions and avoid subconscious bias in the design of the analysis. The unblinded fit
results and AAY measurements are eventually presented in Chapter 6. A word of caution
has to be taken as the results are given with statistical uncertainty only since the unblinding
happened very recently. Some systematics, e.g. knowledge on backgrounds and signal cross-
feeds, are however included in the fit model as external Gaussian constraints, and hence
injected into the statistical uncertainty given by the fit results. Alongside, it has been shown
that the observed fit biases will induce a negligible systematic uncertainty.

The results show that the AA®Y measurements are compatible with zero for most of the
modes under study, except for the dominant decays A) — pKnm and A) — pK KTK~,
where it departs from zero by more than 2.50 when looked at the low invariant mass region
of the phase space. Naively, these simultaneous departures estimate to about 3o standard
deviations from zero, and consequently cries for a dedicated scrutiny of AA" in the phase
space. In addition to the CP measurements, the seven charmless decay modes were all
previously not seen by prior experiments. As discussed in Section 6.2, except for the =) —
pK K K mode, the said modes are observed unambiguously. In the near future, now that the
six decay modes are established, measurements of the branching fractions will follow.

Albeit not presented in the main text, but rather in Appendix B, it is worth mentioning
that a reconstruction technique dubbed “partial reconstruction technique”® has also been
explored and developed. The idea involves reconstructing decays that proceeds through a
narrow intermediate resonance and then one of the daughter particles coming from this res-
onance is missing. This missing particle could be any particle, but mostly neutral particles
as they are difficult to reconstruct in LHCb. It has been shown that there is enough con-
straints to reconstruct the decay thanks to the excellent vertexing of LHCb. Particularly,
the technique is commissioned on real data events to search for the well-established decay
BY — J/¢(uTp)n'(nm ), where n is the missing particle. A perspective of application of
this technique concerns the not yet achieved measurement of the proton/antiproton detec-
tion efficiency difference, which can be an invaluable input for further measurements of CP
violation in b-baryon decays.

aNot to be confused with partially reconstructed backgrounds, although in both cases, one or more of the
daughter tracks are not reconstructed.
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Appendix for Chapter 5

A.1 Delta A™"

The asymmetry directly measurable from a simple counting experiment is called the raw
assymetry A™Y. The general form of raw asymmetry is defined as,

P — el P

AV — - (A].)

el'P + el'P
where it is driven by at least three main sources of asymmetries, namely the asymmetry on
the decay rates I', the asymmetry of the detection efficiencies € of the final tracks, and the
asymmetry on the production P. These are given by the following equations:

F@K%ﬁ+ﬂ7§ ﬂ’

b e(h) —h)

A= A9
P(XD) + P(X})

Expressing Equation A.1 in terms of the asymmetries in Equations A.2, A.3 and A.4 it can
be shown that,

g AP + AP + AP 4 AP AP AP As

1+ APAP 4 ACPAD 4 APAD (A-5)

In this analysis, we define pairs of raw asymmetries, e.g. raw asymmetry of the charmless

modes and raw asymmetry of the charmed control modes. The two asymmetries are then

subtracted to define the AA™" where we assumed that there is no CP violation in the

charmed control modes. Hence, the AA™ is defined as,

AP 4 AP ACE 4 AP 4 AP + ACE AP AP
A raw — o Nno! no A.
AT =TT A T 1 AP AP § ACTAD 4 APAD (4.6)

where AS%, is the asymmetry of the charmless decay and where we assume (up to corrections
of kinematic difference) that the production asymmetry and detection asymmetry are the
same for the charmless and charmed modes. We take note that in the case of vanishing
ACE, the AA™ equates to zero.
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Figure A.1: Efficiency maps of [first-row| pions identified as pions, [second-row| pions misidentified
as kaons, [third-row| kaons identified as kaons, and [fourth-row| kaons misidentified as pions for
the optimal PIDg, cut (0.55,0.55) obtained using the 2011 [first-column] MagDown and [second-
column| Mag-Up calibration data.
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Figure A.2: Efficiency maps of [first-row]| pions identified as pions, [second-row| pions misidentified
as kaons, [third-row| kaons identified as kaons, and [fourth-row| kaons misidentified as pions for
the optimal PIDg, cut (0.55,0.55) obtained using the 2012 [first-column| MagDown and [second-
column| Mag-Up calibration data.
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A.3 PID p (Mis)identification Maps
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Figure A.3: Efficiency maps of [first-row| protons identified as protons, [second-row| pions misiden-
tified as protons, and [third-row| kaons misidentified as protons for the proton ProbNNp > 0.50 cut
obtained using the 2011 [first-column] MagDown and [second-column] Mag-Up calibration data.
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Figure A.4: Efficiency maps of [first-row| protons identified as protons, [second-row]| pions misiden-
tified as protons, and [third-row| kaons misidentified as protons for the proton ProbNNp > 0.50 cut
obtained using the 2012 [first-column] MagDown and [second-column]| Mag-Up calibration data.
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A.4 PID K/z Figure of Merits
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Figure A.5: Figure of merits of PID s, optimization of A) — pr~n+7~ for [top-left] 2011 MagDown,
[top-right] 2011 MagUp, [bottom-left] 2012 MagDown and [bottom-right]| 2012 MagUp.
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Figure A.6: Figure of merits of PID, optimization of A) — pK~ KT~ for [top-left] 2011 Mag-
Down, [top-right] 2011 MagUp, [bottom-left] 2012 MagDown and [bottom-right| 2012 MagUp.



A.4 PID K /7 Figure of Merits 193

P I B
16 18 2
PiD,, < act

Figure A.7: Figure of merits of PIDg, optimization of =) — pK 7K~ for [top-left] 2011 Mag-
Down, [top-right] 2011 MagUp, [bottom-left] 2012 MagDown and [bottom-right| 2012 MagUp.
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A.5 Signal and Cross-Feed PID K /7 Efficiencies

Table A.1: The list signal and cross-feed efficiencies for the (a$", a$¥*) = (0.55, 0.55) on each
spectrum. The calibration samples used to obtain these efficiencies come from 2011 data. Only the
central values are shown.

Signal decay Efficiency (in %) Cross-Feed decay Efficiency (in %)
MagDown MagUp MagDown MagUp
A) = pK-mta  0.131 0.131
50 5 pK-mtn  0.131 0.135
0 - Kto—

Mo ame o fowRT em o
A) - pK~ KK~ 0.003 0.003
50 5 pK-KtYK~  0.003 0.003

20 o pK-ntr 0.796 0.797 Ay = prmta o 0.08 0.038
A) = pK-K*tr~ 0128 0.130
Z) > pK atK~  0.165 0.164

A) = pK-mtn  0.797 0.792 A) - pK-KTK—  0.027 0.026
50 5 pK-KtYK~  0.026 0.027
A = prmtrT 0.001 0.001
A) = pK-mta—  0.030 0.030
=0 -t

A pK-K*ta~  0.706 0.703 ::lé :ig;;{ gggé 8:822
A) - pK~KTK~  0.135 0.131
Z) > pK KtK~ 0.132 0.134
A) = prrtao 0.001 0.001
A) = pK-mta—  0.028 0.028

20 o pK-ntK— 0702 0.703 Sy o pKmia 0028 0029
A) - pK~K*tr~  0.004 0.004
A) - pK~K+K~  0.101 0.101
50 5 pK~KtYK~  0.102 0.103

0 -t

20 pK-K+K~ 0641 0.637 ﬁé :Z{f; N 8:88?07 8:88(1)08
50 - pK-mta~  0.001 0.001

A 5 pK~KTYK~  0.638 0.638 A) = pK-K*tr~  0.026 0.026

E) 5 pK ntK~  0.027 0.026
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Table A.2: The list signal and cross-feed efficiencies for the (a$", a$¥*) = (0.55, 0.55) on each
spectrum. The calibration samples used to obtain these efficiencies come from 2012 data. Only the
central values are shown.

Signal decay Efficiency (in %) Cross-Feed decay Efficiency (in %)
MagDown MagUp MagDown MagUp
/12 — pKntm™ 0.127 0.130
) = pK ntn~  0.130 0.131
A pratr 0.901 0.896 /120 - PR _K:W_ 0.019 0.020
=, » pK 1K 0.020 0.021
/Ig —pK~"KTK~ 0.004 0.004
55 —pK~"KTK~ 0.004 0.004
=20 s pK-rtne 0.801 0.796 Ay = prorte o 0.037 0.039
/12 —pK" KT~ 0.128 0.131
=) = pK 7K~  0.157 0.161
/12 — pK 7ntn~ 0.805 0.798 /12 —pK K™K~ 0.026 0.026
El? —pK~KTK~ 0.027 0.027
A) = prwta 0.002 0.002
/12 — pKntm™ 0.029 0.031
A S pK- Kt 0.717 0.706 ::bz -P K:”?__ 0.030 0.032
=, - pK 1T K 0.006 0.006
/12 —pK " KTK~ 0.129 0.130
E,? —pK~"KTK~ 0.129 0.131
A) = prrta 0.001 0.001
/12 — pK ntm™ 0.027 0.029
20 pKntK- 0713 0.705 5 Komta 0028 0.030
/12 —pK " K'n 0.004 0.005
/12 —pK~"KTK~ 0.101 0.101
519 —pK~KTK~ 0.103 0.103
20 pK-KYK- 0.648 0.641 /Ig — pr T 0.00005 0.00006
/12 — pK ntm™ 0.001 0.001
EI? — pK "t~ 0.001 0.001
A pK-K+K~  0.647 0.642 A0 & pK-K+r~ 0.025 0.027

) - pKntK~  0.027 0.028
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Figure A.10: Distribution of variables used in the training of BDTy for 2011, superimposing RHSB
background events (in Red) and MC-generated signal events (in Blue).
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Figure A.11: Distribution of variables used in the training of BDT; for 2012, superimposing RHSB
background events (in Red) and MC-generated signal events (in Blue).
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A.7 Correlations of the variables used in the BDT train-
ing
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Figure A.13: Linear correlation of variables used in the training of BDTs for 2011 (top); BDT; for
2012 (middle); and BDT; for 2012 (bottom). The plots on the left column are for the signals and
on the right-column are for the background events.
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Figure A.14: Comparison of the MC-calculated variables of the seven signal modes using (1st &
2nd columns) 2011 and (3rd & 4th) 2012 MC-generated events.
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A.9 B physics backgrounds from RHSB events
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Figure A.15: RHSB events of 2011 & 2012 Xl? — prrm and Xl? — pKmm spectra reconstructed as
Krnrm and K Knw, respectively, with a milder proton PID cut of ProbNNp > 0.30.
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Figure A.16: Pulls of the (left-column) 2011 and (right-column) 2012 B physics yields obtained
using about 1000 toys. See Table A.3 for the summary of the Gaussian means and widths.

Table A.3: Summary of the Gaussian means and widths of the pull distribution of the yields of the

B physics backgrounds.

Yield parameter 2011 2012
i o i o

N (CF BY — Kz in prom) -0.05740.027  0.817+0.019  0.011£0.027  0.815+0.019
N (CF B® — Knrrm in prr) 0.02340.027  0.825+0.019  0.031£0.025 0.763+0.018
N (CF BY - KK in pKnr) 0.02240.030  0.929+0.021  0.015+£0.029  0.892+0.021
N (CF BY - KrrK in pKnr) -0.00340.030  0.924+0.021  0.023+£0.029  0.901+0.021
N (CF B - KKK7 in pKK) 0.006+0.024  0.731+£0.017 -0.01740.029  0.902+0.021
N (CF B - KKKr in pKKn) -0.047£0.026  0.7964+0.018 -0.02840.024 0.744+0.017
N (CF BY - KKKK in pKKK) -0.03740.027  0.822+0.019  0.000+0.028  0.84840.020
N (CF B! - KKKK in pKKK) -0.05440.027  0.821+0.019 -0.02540.025 0.7724+0.018
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A.11 B physics from RHSB with low mass cut on ph
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Figure A.17: Invariant mass spectra of 2011 RHSB events from [from top to bottom| X — prrr
as B — Knrr, X — pKrr as B — KnnK and X)) — pKKm as B - KKK (left-column)
with p and (right-column) p separated. A phase space cut of my, <2 GeV/c? is also applied.
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Figure A.18: Invariant mass spectra of 2012 RHSB events from [from top to bottom| X — prrr
as B - Knn, Xl? — pK7mm as Bg — KnrnK, Xl? — pKKmas B® - KKKn and Xl? — pKKK
as BY - KKKK (left-column) with p and (right-column) p separated. A phase space cut of myy,

< 2 GeV/c? is also applied.
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A.12 B physics from RHSB with low mass cut on ph and
h/h//
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Figure A.19: Invariant mass spectra of RHSB events from [from top to bottom]| 2011 X — prrr
as BY — Knnm, 2012 X,? — prm as BY — Ko, 2012 XI? — pKrm as BY — KnarK, 2012
X) — pKKm as BY - KKKr and 2012 X{ — pKKK as B? - KKKK (left-column) with p
and (right-column) P separated. Phase space cuts of my, < 2 GeV/c? and mypr < ~1.65 GeV/c?
are also applied.
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Figure A.20: Fit results for the [from top to bottom] X —
— (EF — pKn)m spectra using the 2011 data with m,, < 2 GeV/c? phase space cut on

and Xg
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Candidates/ ( 15.1429 MeV/c?)

Figure A.22: Fit results for the [from top to bottom| X —

and X{ — (EF — pKn)n spectra using the 2011 data with my;, <2 GeV/c? and myp»
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Figure A.23: Fit results for the [from top to bottom| X — (AT — prm)m, X — (AF — pKm)«
and X — (£ — pKm)7 spectra using the 2012 data with my,, < 2 GeV/c? and mppr < ~1.65
GeV/c? phase space cuts on the charmless spectra. Plots in the left-column are for the spectra with
X} and on the right-column for the spectra with Yg.
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A.17 Correlation of signal yields and ARGUS parame-

ters

Table A.6: Correlation of the signal yields and the ARGUS slope and power.

Yield parameter

Correlation (in %)

2011 2012

power slope power slope
2011 Signal yields:
N (Signal AY — prr) -1.256 0.452 -0.287 0.157
N (Signal AY — prrm) -1.306 0.507 -0.312 0.164
N (Signal A) — pKrr) -1.709 3.649 -0.202 0.119
N (Signal AY — pKn) -1.218 3.039 -0.189 0.105
N (Signal A} — pKKm) -2.527 1.894 -0.129 0.084
N (Signal A) — pKK) -2.018 1.390 -0.149 0.098
N (Signal AY — pKKK) 0.055 -0.141 -0.083 0.052
N (Signal A) - pKKK) -0.460 0.225 -0.122 0.082
N (Signal =) — pKrn) 0.689 -0.317 0.087 -0.024
N (Signal = — pKrr) 0.727 -0.451 0.114 -0.048
N (Signal =) — pK7K) -0.643 0.519 -0.101 0.076
N (Signal =) — pK7K) -0.337 0.231 -0.052 0.026
N (Signal =) — pKKK) 1.159 -0.709 -0.002 0.052
N (Signal Eg — pKKK) 0.792 -0.612 0.097 -0.069
N (Signal A) — (AF — prm)m) 0.003 0.003 0.001 0.001
N (Signal AY — (AF — prm)n) -0.002 0.006 0.001 0.000
N (Signal A} — (AF — pKm)m) -0.204 0.157 -0.318 0.244
N (Signal A) — (A} — pKn)7) -0.191 0.146 -0.328 0.252
2012 Signal yields:
N (Signal AY — prr) -0.292 0.164 -1.513 0.582
N (Signal A) — prrr) -0.288 0.159 -1.665 0.672
N (Signal AY — pKn) -0.308 0.176 -2.946 3.791
N (Signal A) — pK7r) -0.313 0.177 -2.689 3.863
N (Signal A) — pK K) -0.133 0.079 -2.568 1.759
N (Signal AY — pKK) -0.146 0.091 -2.678 1.917
N (Signal 4} - pKKK) -0.079 0.047 -0.442 0.334
N (Signal AY — pKKK) -0.079 0.050 -0.549 0.396
N (Signal =) — pKnr) 0.082 -0.011 0.584 -0.311
N (Signal =P — pKnr) 0.114 -0.032 1.003 -0.614
N (Signal =) — pK7K) -0.086 0.057 -0.485 0.303
N (Signal = — pK7K) -0.078 0.059 -0.249 0.141
N (Signal =) — pKKK) -0.008 0.033 0.657 -0.504
N (Signal = — pKKK) 0.056 -0.061 1.156 -0.994
N (Signal Ay — (AF — prm)m) 0.006 -0.003 -0.022 0.030
N (Signal A) — (AF — prm)T) 0.002 -0.001 -0.012 0.019
N (Signal A) — (AF — pKn)m) -0.307 0.232 -0.475 0.359
N (Signal A) — (A} — pKn)7) -0.292 0.220 -0.480 0.359
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Appendix B

Partial reconstruction of decays
involving a resonance in the decay chain

B.1 Introduction

Statistics required by the LHCb physics case might be limited in certain cases by either the
detector geometry/acceptance or the low reconstruction efficiency of some particle species
(e.g. neutrals including V%’s). In particular, the reconstruction of several neutrals plagues
those analysis willing to study these final states. In this analysis, we discuss a rather different
approach by not reconstructing one of the decay products — from hereon referred to as partial
reconstruction. The partial reconstruction is possible in some decays due to the additional
constraint which is the direction of the b-hadron decay.

The basic idea of the partial reconstruction is to reconstruct the momentum and mass
of the b-hadron by reconstructing all the charged tracks of the decay products and not
reconstructing a final neutral decay product. The non-detected or missing particle can then
be determined by decay kinematics, with the aid of topological information. Consider the
hadronic decay of B° to J/v(u™ ™)y (xT7TX) shown in Figure B.1. Since the J/1 and
n' decay via electric and strong interactions, the tracks (2 muons and 2 pions) will form a
unique decay vertex, which determines the flight direction of b-flavoured hadron. Somewhat
similar studies in LHCb were conducted in Ref. [114] and Ref. [115].

BO

PV

Figure B.1: Tlustration of B — J/¢(up~)n/(7T7~X) decay, where X can be a photon or 7
meson. The X particle is not detected and can be reconstructed using decay kinematics.
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B.1.1 Partial reconstruction: Equations and procedure

Referring to Figure B.1, the four-vector energy-momentum of BY can be obtained even
without detecting the X particle if the decay is sufficiently constrained. Counting the number
of degrees of freedom, we have a total of 7 which are the three vector components of the
momentum of BY, the invariant mass of B, and the three vector components of the missing
particle. The first four constraints come from the four vector momentum conservation in the
BY — J /() (r 7 X) decay,

VPb = \JiR i\ JPh+mde b (B.1)

PB = D/ + Por + Px (B.2)

where g, Py, Por and px are the three-vector momenta of B° meson, J/1) meson, ntn~
mesons from the 1’ meson decay and X as the missing particle of the 7 meson decay, respec-
tively; while mp, m /.y, mar and mx are the corresponding invariant masses, respectively.

The charged tracks due to the pions will form a common secondary vertex (SV)* and
such provide additional two constraints,

where ﬁ}/w, ﬁgﬂ and ﬁﬂ( are the vector components of pj/y, por and px, respectively, that

are parrallel (or antiparallel) to the direction of pp; while the ﬁﬁ/w, Py, and p% are the
corresponding vector components that are perpendicular to the direction of pp.

The last additional constraint can be obtained by considering that the decay of B should
be constrainted by 1’ mass m,,, hence by using the conservation of four vector momentum
in the B® — J/¢1 decay,

m2B = m?,/w + mf?, + 2(EJ/¢E77/ - ﬁj/w -]5;7/) y (B5)

where Ejy = /D5, +m3,, and Ey = Ex + Ex = \/p3, +m3, + /px +m% are the
energies of J/v and 7/, respectively; while pj/, and p,y = por + Dx are the corresponding
three vector momenta.
We have a total of 7 constraints given by Equations B.1 - B.5 for the 7 degrees and hence
. . . |
the problem is well-contrained to be solvable. Solving for the p' results to,

Py = (A+VB)ps (B.6)

where,

A - 2 12 2 ) (B7)
(p27r + m27r)

2 2
A =20 (P 55) |+ (P + )

2 (pi2 +m3,)’ Py +m3,

B = B3, (B.8)

2Both J/v and n’ mesons decay quickly resulting in decay vertices overlapping with the decay vertex of
the B® meson that can not be resolved by the LHCb VELO.
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2

where pp is a unit vector pointing in the direction of p, m% is equal to mf?, —m3_ —m%,

and E2_is equal to p2_+m3 = in + pa2 +m32 .

Equation B.6" is expressed in terms of quantities that can be measured by the LHCb
detector with masses m,y, m,+ and mx constrained to their nominal values. This can then
be substituted to Equation B.2 to obtain pp and then finally solve for mpg from Equation
B.1.

™

B.1.2 Application of partial reconstruction

The partial reconstruction method outlined in the previous Subsection can also be applied
to other decay channels where one of the final decay particles is difficult to reconstruct. The
accuracy of this method is dependent on the accuracy of the measurement of the secondary
vertex and hence it is expected that the efficiency of this method will improve with increasing
number of charged tracks that are used to determine the secondary vertex. The same argu-
ment is also true for the primary vertex. Some decay channels that partial reconstruction
may be utilized are,

B — K*yf (B.9)
B — Ko/ (B.10)
By — J/vn s w, ¢,m (B.11)
B — o1, w,n (B.12)

(B.13)

where 7/ is searched for as m#t7—{v,n}, n is searched for as 777 7% and w and ¢ are
searched for as 77~ 7Y. This reconstruction technique might be of Value when we want
to measure the branching fractions of these decays. But another possible application of
partial reconstruction is in the determination of the asymmetry in detection efficiency. For
example, the decay of B® to J/v(pp)X, where X are charged tracks can be used to measure
the detection efficiency on p and p. The idea is to reconstruct only either p or p and the
charged tracks and then count the number of events. One thing to note here is that since the
missing particle is charged, then it will leave hits in VELO detector, giving a hint on which of
the two solutions is likely the correct one. This additional information is expected to shrink
the mass resolution. Of course this can be extended to detection efficiency asymmetry on
K% and K~. Some decay channels that partial partial reconstruction can be used to measure

detection efficiency asymmetry are,

B — J/y(pp)K T~
B — n.(pp) K (892)°
O — (25)(pp) K

B.2 Commissioning the partial reconstruction in B
KY(rtn ) K*rT

We test the partial reconstruction procedure by using the decay channel B® — KQ(nt7 ) K*nF
considering the 7~ from the K3 decay as the missing particle. In this decay channel, the K+

PA more detailed derivation of Equation B.6 can be found at the Appendix.
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and 7F tracks determine the decay vertex position, while the K3 flies to a significant distance
from the b-hadron decay vertex before decaying to 7#t7~¢. In this exercise, we use Monte
Carlo events? in which the K2 decays outside the Vertex Locator (VELO) hence dubbed as
K2 Down-Down (DD), in contrast to Ko Long-Long (LL) in which the K2 decays inside the
VELO and hence provide additional constraint. A total of 62991 MC matched events are
used. We are starting the study from a MC-truth based simulation and add up elements of
reconstruction step by step to understand the origins and dependencies of the precision of

the method.

B.2.1 Reconstruction of py

As shown in Equation B.6, there are two possible solutions for pg( momentum, resulting to
a two-fold ambiguity of the direction and magnitude of the missing 7=. We first try the
partial reconstruction by choosing the solution of pﬂ( which is closer to the true direction

of pﬂ( — hereafter referred as cheated partial reconstruction. This is in anticipation that we
could find a procedure that can distinguish which of the two solutions is more probable®.
Moreover, we choose the true direction of ppo in this first trial. As shown in Figure B.2,
with its corresponding pull distribution, the momentum of the missing particle seems to be
well determined with a resolution of ~10%".

The ratio of terms A and v/B of Equation B.6 is shown in Figure B.3(left). The term
VB is always less than the A. The term B, as shown in Figure B.3(right), however can
sometimes be negative. This is due to the resolution of the reconstruction of the visible
charged tracks®.

It is also possible to have two entries per event candidate by including the two possible
solutions in the mass spectrum instead of randomly choosing which one of the two. The mass
spectrum of this procedure and the random choice procedure will be relatively the same but
the signal significance of this procedure will be /2 higher. For the time being, to compare
with the weighted approach, we use a random choice. We take note also that an optimal
solution might be to enter the two solutions when they differ by more than the resolution
and use a random choice when not.

B.2.2 Reconstruction of B° Mass

Knowing the four-vector energy-momentum of the missing particle, the mass of the B® meson
can then be reconstructed using Equation B.5. We investigate this partial reconstruction
method by starting with the true direction of pz, true momenta of K*7F mesons and cheated
partial reconstruction®. This will then be slowly degraded: (a) by choosing the wrong
solution of Equation B.6; (b) by random choice of the two solutions of Equation B.6; (c)
by cheated partial reconstruction with MC true primary vertex but reconstructed secondary
vertex; (d) by cheated partial reconstruction with both primary vertex and secondary vertex

reconstructed; and (e) by random choice of the two solutions of Equation B.6 with both

¢This mode was basically considered for convenience since this was used for another study
[10.1007/JHEP10(2013)143].

dThese events are fully reconstructed events.

®Such procedures are described in Section B.3.3.

fUnfortunately, the MC sample does not contain tuples for the true direction of the pions from the K?
decay. It is expected that this resolution will improve if true momenta of the pions are known.

gConversely, background candidates will often have a B parameter negative. It is hence an intrinsic
selection discriminant.

I Cheated in the sense that we choose the solution of Equation B.6 that is closer to the true value.
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Figure B.2: (top) Superimposed histograms of the magnitude of the momentum of the missing
particle as determined from Monte Carlo and reconstruction using decay kinematics. (bottom) The
corresponding pull on per a event basis.

primary vertex and secondary vertex reconstructed. These cases are summarized in Table
B.1. For each case, we fit the mass distribution with three Gaussian functions, taking note
of the resolution of the best (Gaussian as this will be compared for the different cases to be
studied in the next Subsections.

Case 1

In this case, we use the true direction of pg, true' momenta of the visible daughter particles
and also employ the cheated partial reconstruction algorithm. This can be considered as
the asymptotical case, in which the partial reconstruction algorithm can not do better than
this asymptotical case. To model the reconstructed mass distribution, we choose to follow
a qualitative approach by fitting it with the most adequate sum of Gaussian functions. As
can be seen in Figure B.4, the reconstructed mp distribution can be well-modelled by three
Gaussian functions. We take note of the resolution of the first Gaussian which is equal to
~23 MeV /c?, with a corresponding efficiency of ~53% (28756/54381), as the asymptotical
resolution that can be obtained by this partial reconstruction algorithm for the B® —

‘Except for the momentum of the accompanying 7+ from the Kg due to technical reasons.
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Figure B.3: (left) The ratio of terms A and /B of Equation B.6. Only 54641 out of 62991 (~87%)
events have B > 0. (right) Distribution of term B showing some negative values.

Table B.1: Several cases for degrading mp resolution obtained from partial reconstruction.

Case Choice of ﬁﬂ( Choice of PV Choice of SV
Case 1 Good Choice (Cheated) True PV True SV
Case 2 Wrong Choice True PV True SV
Case 3 Random Choice True PV True SV
Case 4 Good Choice (Cheated) True PV Rec. SV
Case 5 Good Choice (Cheated) Rec. PV Rec. SV
Case 6 Random Choice Rec. PV Rec. SV

KY(nt77)K*xF Down-Down.

We look for variables that can discriminate the events for the three Gaussian functions in
Figure B.4. As such, we divided the mass range in Figure B.4 into 5 regions, as summarized
in Table B.2. Events in regions 1 and 5 are associated to Gaussian 3 (worst resolution),
events in regions 2 and 4 are associated to Gaussian 2 (moderate resolution), while events
in region 3 are associated to Gaussian 1 (best resolution).

The transverse momentum of the 7% meson’ from the K2 decay, shows a small discrim-
inating power as shown in Figure B.5. It appears that events with low py of 77 (from the
K? decay) is statistically responsible for the Gaussian function with worst resolution, while
events with high pr of 7% are on average more prominent for the Gaussian function with
best resolution.

IThe MC true momentum of 7+ (from the K9 decay) was not used in Case 1, the reconstructed momenta
of 7+ was used instead.

Table B.2: Division of the mass range in Figure B.4 into 5 regions.

Region No. Range of mp Associated to
Region 1 5000 MeV /c? < mp < 5175 MeV/c*  Gaussian 3
Region 2 5175 MeV /c? < mp < 5240 MeV /c?  Gaussian 2
Region 3 5240 MeV /c* < mp < 5325 MeV /c?>  Gaussian 1
Region 4 5325 MeV /c? < mp < 5390 MeV /c?  Gaussian 2

Region 5 5390 MeV /c? < mp < 5600 MeV/c?  Gaussian 3
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Figure B.4: BY invariant mass distribution as obtained using cheated partial reconstruction method
using the true pp direction and true momenta of visible daughter particles.

Case 2: Impact of wrong choice

The configuration of case 2 is the same with case 1, except that instead of taking the good
choice of ﬁﬂ( from Equation B.6 we take the wrong choice. This will give us the extent of

the degradation of the mp resolution due to wrong choice of the 154;( solution. As shown in
Figure B.6, the resolution of Gaussian 1 degrades from ~23 MeV /c? to ~57 MeV /c?, with a
corresponding efficiency of ~0.0751 (4083.7/54381).

Case 3: Random choice of combinations

Case 3 is the same as with case 1 or case 2, except that the choice of 154)'( from Equation B.6
is completely random. As can be seen in Figure B.7, the resolution of Gaussian 1 is basically
unchanged with respect to the Gaussian 1 of case 1 (07 = ~23 MeV /¢?). The efficiency is,
as expected, twice lower compared to case 1, with only ~25%.

Case 4: Impact of SV reconstruction

Here, we again utilized the cheated partial algorithm using MC truth primary vertex location
but reconstructed secondary vertex. Figure B.8 shows the reconstructed mp distribution in
this configuration, with resolution of Gaussian 1 equal to ~76 MeV /¢?>. The corresponding
efficiency is ~30%. The resolution of Gaussian 1 can be related to the resolution og... due to
the reconstruction and the resolution ogy due to the introduction of reconstructed secondary
vertex, as described by this equation,

ol =0%h, + o5y . (B.18)
Here we suppose that the resolution is due in an uncorrelated way to the addition of kine-
matical reconstruction and the SV resolutions. o%_. is ~22 MeV /c? as already obtained in
case 3, and henceforth using Equation B.18, ogy is equal to ~73 MeV /c2. Despite the crude
approximations, we already identified one of the major sources of experimental uncertainties
in the mass reconstruction.
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Figure B.5: The tranverse momentum of 7% from Kg decay for the three categories of Gaussian
functions.

Case 5: Impact of PV reconstruction

Still employing the cheated partial reconstruction algorithm, we now introduce the recon-
structed primary vertex and secondary vertex in case 5. As shown in Figure B.9, the res-
olution of Gaussian 1 is equal to ~89 MeV/c?, with an efficiency of ~26%. Since here we
introduce the reconstructed primary vertex and reconstructed secondary vertex, then the res-
olution of Gaussian 1 is related to the resolution due to partial reconstruction algorithm, to
the resolution due to the introduction of reconstructed primary vertex and to the resolution
due to the introduction of reconstructed secondary vertex, as given by,

02 = 0-12260. + U?JV + 0-123\/ . (Blg)
Oree. and ogy have already been obtained in case 3 and case 4, respectively. Using Equation
B.19, we infer opy is ~46 MeV /¢2.

Case 6: Full implementation

Case 6 is the full implementation of the partial reconstruction algorithm. Here, we use the
reconstructed primary and secondary vertices, and utilize a random choice of ﬁ)‘( The result
is shown in Figure B.10. The resolution of Gaussian 1 is 90.74 MeV /c?, with corresponding
efficiency of ~0.1470 (5887.4/40044).

The whole mass range in Figure B.10 is again divided into 5 regions: Region 1 (4000
- 4890 MeV /c?), Region 2 (4890 - 5150 MeV /c?), Region 3 (5150 - 5400 MeV /c?), Region
4 (5400 - 5610 MeV/c?) and Region 5 (5610 - 6600 MeV/c?). By splitting the variables
(topological and kinematical) according to the above-mentioned regions, it was possible to
identify two main variables distinguishing statistically the badly-reconstructed events from
the nicely-reconstructed events. These are the flight distance x? of BY, and the transverse
x? of the end vertex of B, as shown in Figure B.11. We then apply a square-cut on the
two variables and found out that indeed the reconstructed BY mass resolution improves by
increasing the cut values on the said variables, as shown in Figure B.12.
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Figure B.6: B? invariant mass distribution as obtained using partial reconstruction method using
the true pp direction and true momenta of visible daughter particles, but with wrong choice of ]54)|(

B.2.3 Summary

We have shown in this study that the partial reconstruction technique might be a useful
technique in some decays where there are enough number of constraints to apply it. Since
the energy-momentum relation is a quadratic equation, we obtained two possible solutions
for the decay. One can consider to randomly choose between these two solutions as what we
did in this chapter, or find a clever way of statistically choosing the better solution, as what
we hope to do in the next chapter.

We found out also that the introduction of the reconstructed vertices degrades the B°
mass resolution. This is not a surprise knowing that the partial reconstruction technique
depends on how one can precisely measure the direction of the b-flavoured hadron. Since
there are only few tracks used to reconstruct the secondary vertex, hence this has more
impact compared to the reconstruction of the primary vertex.

Knowing that the technique depends on the precise measurement of the flight direction
of B%, we have shown that one can improve the reconstructed B° mass resolution by cutting
hard on the transverse end vertex x? and the flight distance y? as well. There are of course
other non-linearly correlated variables that can be used to further remove badly reconstructed
events, and this will be studied in the next Section.

B.3 MC studies on B — J/o(utp™ )y (natr)

We also test the partial reconstruction procedure by using the decay channel B° —s
J/ (T )y (nmta~) considering the n from the 7' decay as the missing particle. It is
actually thought that in reason of the relatively high mass of the missing particle, physical
backgrounds from J/i¢m" 7~ X are suppressed. This decay mode is very suppressed and is
only used here for convenience in view of commissioning the method for B — J/¢n/. In
this decay channel, the J/¢) and the two pion tracks from 7’ decay determine the decay
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Figure B.7: B? invariant mass distribution as obtained using partial reconstruction method using
the true pp direction and true momenta of visible daughter particles, but with random choice of
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Figure B.9: B invariant mass distribution as obtained using cheated partial reconstruction method
but reconstructed primary vertex and secondary vertex.
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Figure B.12: B° mass distribution with increasing cut on (top) the transverse end vertex x? and
(bottom) the flight distance x*. (Top-left) Without any cut; (top-center) with a cut of x%,, > 10
and % > 10K; (top-right) with a cut of x%,, > 20 and x%,, > 10K. (Bottom-left) With a cut of
X%y > 50 and x%,, > 10K; (bottom-center) with a cut of x%,, > 50 and x%.,, > 20K; (bottom-right)
with a cut of X}QEV > 50 and X%D > 30K.
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vertex position. In this exercise, we use Monte Carlo events® in which only the final charged
particles (u* & p~ from the J/1) decay and 7t & 7~ from the 7 decay) are MC matched. A
total of 105408 MC matched events, both MagUp & MagDown are used. These events will
be used to address two questions in the partial reconstruction technique: (1) Can we get a
statistically clever way of choosing the good solutions? (2) Can we improve the resolutions
by selecting efficiently the best reconstructed events?

B.3.1 Selection of B — J/y(utp)n'(nm 7)) Events

We use the MC generated events based on event type number 11144413, simulated using sim-
ulation condition sim-20121025-vc-m{d,u}100 and detector condition dddb-20120831. These
generated events have tight generator cuts, as summarized in Table B.3!. The .J /4 is forced
to decay to putp~ with indefinite number of radiative photons modelled using PHOTOS
package, while 7/’ is forced to decay to nwt7~ and the 7 is forced to decay to 7.

Table B.3: Generator level cuts used in event type 11144413.

Particle Cut

7 (GPT > 2.25 * GeV )

[t]ce ( GPT > 500 * MeV ) & ( GP > 6 * GeV ) & inAcc

[7F]cc ( GPT > 100 * MeV ) & inAcc

J/(1S) ( GPT > 500 * MeV ) & in_range (1.8, GY , 4.5)

g (0 < GPZ) & (150 * MeV < GPT ) & inEcalX & inEcalY
inAcc in_range ( 0.005 , GTHETA , 0.400 )

inEcalX abs ( GPX / GPZ ) < 4.5 /125

inEcalY abs (GPY / GPZ ) < 3.5 /125

The selection of B — J/y(u*p™)n'(nmt7~) events is summarized in Table B.4. The
J/1 candidates are taken from the Phys/StdMassConstrainedJpsi2MuMu/Particles container
with additional mass cut of ADMASS('J/psi(1S)') < 80.0*MeV. The n are selected from the
Phys/StdLooseResolvedEta/Particles container, while the pions are taken from the container
located at Phys/StdLoosePions/Particles. An event filter is also applied to retain only events
with fewer than 250 Long tracks.

Table B.4: Selection of BY — J/w(utp=)n'(nmtm~) events.

Particle Cut

J/¥(1S) (|mrec — M| < 80.0 MeV)

n (|mreC my| < 50.0 MeV)

[t ]ec (x2,./ndof < 4.0) & (P < 0.5)

n (|Mrec — muy| < 105.0 MeV) & (x2,, < 10.0)

B° (4000.0 MeV < mye. < 6200.0 MeV) & (x2,, < 10.0) & (x3%p > 50.0)

B.3.2 Reconstruction of B’ mass using full truth

A smaller sample of 18859 events, which the n from 1’ decay are also MC matched, is used
to check the validity of the partial reconstruction code. Using the true momentum direction

kThese events are fully reconstructed events.
ISee the original dkfile at $DECFILESROOT /dkfiles/Bd_ Jpsietap,mm,etapipi=TightCut.dec.
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of the B meson, true momenta of the pions and true momentum of J/v and also utilizing
the cheated partial reconstruction technique, the reconstructed B® mass is shown in Figure
B.13. Most of the events has a reconstructed B mass at 5279.6 MeV/c?, with few events at
[5276.0 MeV/c?, 5283.0 MeV/c? |. This resolution is physics and basically comes from the
natural width of 7.
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Figure B.13: B invariant mass distribution as obtained using full truth and cheated partial recon-
struction technique.

B.3.3 Reconstruction of B’ mass

We apply the partial reconstruction technique to reconstruct the mass of B° for different
situations. The first case is the full implementation of partial reconstruction — that is all the
charged tracks are reconstructed, the primary and secondary vertices are also reconstructed,
and the choice of ﬁﬂ( solution is completely random. On the second case, instead of choosing
randomly, the two possible solutions are included in the B° mass distribution. On the third
case, the two possible solutions are included in the B® mass reconstruction but weighted
according to each reconstructed proper decay time. The fourth case is of the same concept
as the former case, the two possible solutions are weighted according to its corresponding
reconstructed momentum. On the fifth case, we combine the two weighting procedure — that
is the two possible solutions are weighted based on its corresponding reconstructed proper
time and momentum. The three weighting procedures have two entries in the BY mass
spectrum but the total weight is set to 1. The weighting procedures discussed above are
summarized in Table B.5.

The mass difference of the two solutions can be as large as ~500 MeV/c? as shown
in Figure B.14(left), but most of the events has a mass difference of about zero for the
two solutions. Furthermore, the v/B term™ is, on average, minimum at the correct B° mass,
which means that the mass difference for the two solutions is small in that region (See Figure
B.14(right)). Away from the correct B° mass, the v/ B term increases and consequently
increases also the mass difference.

m The /B term is the term in the equation p@( =A++B.
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Figure B.14: (left) The mass difference for the two possible solutions. (right) Average v/ B term as
a function of correct B® mass.

Table B.5: Different techniques of choosing or weighting the two possible solutions of ﬁ)‘(

Case Remarks

Case 1 Random choice of ]54;(

Case 2 Two entries per event

Case 3 Weighting the two solutions of ﬁﬂ( according to

its corresponding proper time
Case 4 Weighting the two solutions of ]54;( according to
its corresponding momentum
Case 5 Weighting the two solutions of ]54)'( according to
its corresponding proper time and momentum combined

Just like in the case of the B® — K2(r "7~ ) K*7T, the quantity B in Equation B.6 can be
negative. As shown in Figure B.15, only 60483 out of 105408 has B > 0, which is ~57.38%
of the MC matched sample. Events with B < 0 are excluded in the subsequent analysis. For
events with B > 0, the quantity /B is always less than the quantity A, as shown on the
same Figure and hence v/B can be interpreted as a correction to A.
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Figure B.15: (left) The ratio of terms A and v/B of Equation B.6. Only 60483 out of 105408
(~57.38%) events have B > 0. (right) Distribution of term B resulting to both positive and
negative values.

Random Choice

The BY mass spectrum is shown in Figure B.16(left) for the case where we choose randomly
from the two possible solutions of ﬁ)‘( Just in the case of B — K3(nTn ) K*nT, we fit
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the B® mass spectrum with three Gaussian functions and we take note of the resolution
and efficiency of the Gaussian with best resolution. In this case, the best Gaussian has a
resolution of ~87 MeV /c? with a corresponding efficiency of ~29%.
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Figure B.16: B° invariant mass distribution as obtained using reconstructed vertices and recon-
structed tracks. (Left) Random choice of ﬁ)‘( (Right) Two entries per event.

Two entries per event

Instead of choosing randomly, the two possible solutions are included in the B° mass spec-
trum both with weights equal to 1. As shown in Figure B.16(right), it does not differ signif-
icantly from the random choice. Although the resolution of best Gaussian is ~80 MeV /c?,
the corresponding efficiency is 14%, which is lower compared to the random choice. However,
this has an advantage. If we assume that the signal and background events will increase by a
factor of 2, then the signal signifance S/v/S + B will be a factor v/2 larger than the random
choice.

Proper time weighting

The idea of weighting the two possible solutions of ﬁ)‘( according to its corresponding proper
time is that the probability of a particle decaying as a function of time is given by an
exponential function. The smaller the ﬁroper time, the higher the probability of decaying.
Hence, the two possible solutions of p' is weighted according to this. The first possible
solution of ﬁ)‘( will result to a proper decay time of B°, say t;, while the other solution
will result to a proper time decay of say t5. The weight given to the first solution is w; =
e~1/T [(e=h/T 4 e7t2/7) while the weight given to the second solution is wy = e~/ /(e=1/7 4
e~'2/7), where 7 = 1.530 ps is the proper mean lifetime of the B° meson. Summing up the
two weights should of course amount to 1. Therefore, although there are two entries in the
B® mass spectrum for every B® — J/v(u* )1 (nmt7~) decay candidate, the total weight
is still equal to 1.

As shown in Figure B.17, the best Gaussian has a resolution of ~81 MeV /c?, which is
better than what was obtained in the random choice procedure, but with smaller efficiency
of ~25%". The superimposition of the total PDF obtained in random choice (in gray curve)

and the total PDF obtained in this weighting procedure (in blue curve) is shown in Figure
B.17(left).

“Cautiously interpreting the results of our qualitative approach, it seems that this weighting procedure
improves the resolution as expected but only marginally as shown in Figure B.17.
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Figure B.17: B? invariant mass distribution as obtained using reconstructed vertices, reconstructed
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tracks and weighted choice of p'y based on its corresponding proper time.

Momentum weighting

In the momentum weighting procedure, a prior probability density function (or histogram) is
needed. This can be obtained from the distribution of pgo on MC matched events, as shown
in Figure B.18. Using the same procedure as in the proper time weighting, the first possible
solution of ﬁﬂ( will result to a momentum of B°, say p; with corresponding probability P;, and
while the other solution will result to a momentum of say p, with corresponding probability
P,. The weight given to the first solution is w; = P;/(P, + P,), while the weight given to
the second solution is wy = P»/(P; + P). Again, although there are two entries in B® mass
spectrum for every B® — J/o(uTpu~)n'(nmTn~) decay candidate, the total weight is still
equal to 1.

As shown in Figure B.19, the best Gaussian has a resolution of ~78 MeV /c?, with an
efficiency of ~24%. Although it improves the resolution with respect to the random choice,
the effect is again marginal.

Proper time and momentum weighting

In this case, the two weighting procedures are combined. The first possible solution of ]3@(
will result to a proper time and momentum of BY, say t; (with a corresponding probability
Ty = e7"/7) and p, (with corresponding probability P,), respectively. The other possible
solution will result to proper time and momentum of B°, say t, (with a corresponding
probability 7, = e%/7) and p, (with corresponding probability P,), respectively. The
weight given to the first possible solution is wy = (1T7P)/(T\ Py + T2 P,), while the weight
given to the second possible solution is wy = (T5P,)/(T1 P, + Ty P,). The resulting B® mass
spectrum for this weighting procedure is as well disappointing as shown in Figure B.20. It
happens that the two solutions are very close in lifetime and momentum.
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Figure B.18: BY Momentum distribution of MC matched events.

Summary on the weighting techniques

Using the three different weighting techniques, we did not find significant improvements w.r.t.
the random choice procedure. The weighting technique based on momentum requires a prior
momentum distribution, which in this case was obtained from Monte Carlo. Henceforth, this
technique relies on the good agreement of data and Monte Carlo. The weighting procedure
based on proper time is however well-motivated by physics and must therefore be used in
data. Although the improvement is insignificant in the decay mode of B® — J/yn/(7 7™ n)
that we tested, the introduction of this technique can not be worse than the random choice.
One thing to note however is how this procedure will affect the background shape. This
can be checked on the data by applying a reverse weighting (put more weight on the wrong
solution) and look how the background shape is affected (See Section B.4.5).

B.3.4 Discriminating variables

As already shown in the case of B® — K2(r"7~)K*rT, there are two variables that can
categorize the events resulting to Gaussian with worst resolution and events resulting to
Gaussian with best resolution. We found out that the significance of the impact parameter
of J/1 and of the 7% can also discriminate the said categories, as well as the number of
tracks used to create the primary vertex. Using sPlotting technique, the reconstructed B°
mass is considered as the discriminating variable. This allows us to plot sWeighted B° flight
distance 2, B transverse end vertex x? and J/¢(1S) impact parameter x?, 7= impact
parameter x* and number of tracks in the PV of B (although small), as shown in Figure
B.21. It has been checked that these variables are, to first order, uncorrelated with the B
mass within each category.

The distributions shown in Figure B.21 are then used to train Boosted Decision Trees
(BDTs). We consider the sWeighted events corresponding to the Gaussian with best reso-
lution and moderate resolution as the signal, and the events corresponding to the Gaussian
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Figure B.19: B? invariant mass distribution as obtained using reconstructed vertices, reconstructed

tracks and weighted choice of 134)( based on its corresponding momentum.

with worst resolution as the background®. To avoid bias, we design two BDTs — namely
BDT1 and BDT2, where half of the events are used to train BDT1, and the other half is used
to train BDT2. The events used to train BDT1 are used as test events for BDT2, and vice
versa. In this way, the whole sample is the training sample, as well as the test sample.

The histograms of the variable distributions and the linear correlation plots for the two
BDTs are provided for in Figures B.22 and Figure B.23, respectively. The BDT discriminant
response histogram for the two BDTs are shown in Figure B.24 (top). In order not to bias
the analysis, a final single BDT output is provided as the sum of BDT1 and BDT2. This is
shown in Figure B.24 (bottom). The double structure of the signal events shown in the BDT
response is a reflection of the additional intermediate Gaussian (the Gaussian with moderate
resolution). We however believe that these events will contribute a significant part of the
signal statistics in the end and must be considered as legitimate signal events.

To find the optimal BDT cut, we use the signal significance S/v/S + B. The number
of signal events S and the number of background events B are obtained by refitting the
B° mass distribution for every applied BDT cut. Here, the number of events at the best-
resolution Gaussian is considered as S, while the number of events at the worst-resolution
Gaussian is considered as B. To avoid fluctuation due to instability of the fit and to have
a sensible comparison in between BD'T cuts, we fixed the resolution of best Gaussian equal
to 75.0 MeV /c? and let free the other parameters. The resulting Figure of Merit is shown in
Figure B.25, where ~0.08 is shown to be the optimal cut maximizing the signal significance.
Looking at the BDT response plot, at ~0.08 BDT cut, all the background events are all
killed. This is also shown in the B° mass distribution in Figure B.26, where we apply a BDT
cut equal to 0.08 and fixed the resolution of Gaussian 1 equal to 75.0 MeV /c?.

°Although the events in the worst-resolution Gaussian are signal events, we assume that the characteristic
of these events represents real background events.
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Figure B.20: B° invariant mass distribution as obtained using reconstructed vertices, reconstructed
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tracks and weighted choice of p'y based on its corresponding proper time and momentum combined.

B.3.5 Summary

We have developed a BDT that can select events that will have a good reconstructed B°
mass resolution. This BDT is based mainly on variables that can select the most relevant
vertexing performance. With regards to the weighting methods, we did not find a satisfactory
way to choose statistically the good solution. The two solutions for this specific final state
are too close for obvious criteria on lifetime and momentum. But as already mentioned in
3.3.6, the weighting method based on proper time is well-motivated by physics and hence
can not be worse than the random choice. Should this technique may of some interest for
LHCD users, we will provide the choice between the different weighting methods.

B.4 MC Studies on B? — J/¢(u ™ )n'(nmt7~) and search
on real data

Physics-wise, the decay of BY into a CP eigenstate J/tn’ is one of the easiest way to access
the mixing-induced phase of the BY — Bg system through a time-dependent analysis. As
far as the partial reconstruction technique is concerned, it was thought that this final state
with 7 as the missed particle was relevant. Mostly because of the presence of two neutral
particles in the final state, both resulting to a low explicit full reconstruction efficiency.

Searching for the decay mode B — J/¢(up~)n'(nmTn~), we apply the partial recon-
struction technique in this decay using MC-generated events based on event type number
13344402, simulated using condition Sim08-20130503-1-vc-m{d,u}100 and detector condition
Sim08-20130503-1. The J/4 is forced to decay to uu~ with indefinite number of radiative
photons as modelled using the PHOTOS package, while 7’ is forced to decay to either nrta™—
or p(rtm~)~P. In order to evaluate the real efficiency, the 7 can decay to any mode and only
the u™ and p~ are required to be in the LHCDb acceptance angle.

PThis decay will be used to evaluate background events where the event is mis-assigned as B? —
Sty (et ).
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Figure B.21: (From left-to-right, top-to-bottom) Reconstructed B® mass using partial reconstruction
technique fitted with three Gaussian functions; sWeighted number of tracks used to create PV of
BY; sWeighted B flight distance x?; sWeighted B transverse end vertex x2; sWeighted .J/1(19)
impact parameter x?; sWeighted 71 impact parameter x?; and sWeighted 7~ impact parameter
x2. Blue events are signal-like, while green are background-like events.

B.4.1 Selection of B? — J/¢(u p" )y (nmt7™) events

The selection of BY — J/y(u* ™)' (nmtn~) events is summarized in Table B.6. The J/1
candidates are taken from Phys/StdMassConstrainedJpsi2MuMu/Particles container, while the
ntn~ candidates are taken from the Phys/StdLoosePions/Particles.

Table B.6: Selection of BY — J/¢(u*p~)n'(natn~) candidate events.

Particle Cut

J/¥(1S) (|mrec —myy| < 80.0 MeV)

[T ]ce (X2, /ndof < 4.0) & (P < 0.5)

[t ]ee (x2.,./ndof < 4.0) & (P < 0.5)

BY (4000.0 MeV < M. < 6200.0 MeV) & (x2, < 10.0) & (x%p > 50.0)

B.4.2 Reconstruction of B! mass

Using the partial reconstruction technique discussed in section 1.1, the reconstructed mass of
BY is shown in Figure B.27. Since none of the weighting techniques in the previous chapter
improves the resolution of the mass distribution, random choice of the pﬂ( is used here. A
total of 19036 MC-matched events? but only 9500 events are reconstructible. As shown in
Figure B.27, the resolution of the narrow Gaussian is ~47 MeV /¢?, with ~12% efficiency.
We apply another weighting technique by considering the reconstructed mass difference
of the two possible solutions of pﬂ(. Shown in Figure B.28 is the probability of p!( = A++VB
as the correct solution as a function of mass difference: (left) if the average of the two
possible reconstructed mass is less than 5366.77 MeV /c?; (right) if the average of the two
possible reconstructed mass is greater than 5366.77 MeV /c?. The two probability distribution
functions shown in Figure B.28 are then used to assign weights to the two possible solutions,
and hence for every BY — J/¢(utp)n/(nmtn~) candidate event, there are two entries in
the mass distribution, but the total weight is 1. Shown in Figure B.29 is an improvement on
the mass resolution as well as reducing the asymmetry of the distribution after the above-
discussed weighting method is applied. However, we do not yet know how this weighting

9Since 7 is missing, only the charged tracks are MC-matched.
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Figure B.22: Distribution of variables used for the training of BDT1. (The same plot can be
observed for BDT2).
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Figure B.23: (Linear correlation matrix of the variables of signal events (left) and background events
(right) for BDT1. (The same plot can be observed for BDT2).

method will affect the background events, whether it will bias the distribution or maintain
its structure. It has yet to be checked on real background events and for that this weighting
technique has not yet been considered so far.

B.4.3 Physical background events

Several decays, which might mimic the decay that we are searching, are listed in Table B.7.
Some of these decays are still under investigation, while the others are studied and discussed
in the subsections that follow.

BY = J/(ut ) (p(ntr)y)

Since only the charged tracks are reconstructed, it is possible that n'(p(7+7~)v) events are
mis-assigned as /' (nm 7). Out of 13019 MC-matched events of BY — J/v(up™)n (p(xt77)7),
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Figure B.24: (Top) Training and test response for BDT1 (left) and for BDT2 (right). (Bottom)
Final BDT output as a combination of BDT1 and BDT2.

only 3 events (~0.023%) are reconstructible’, since the kinematics of the two pions is different
enough from ' — nrtr.

BY = J/p(ptp)o(KTEK™)

If the two kaons are misidentified as pions, then the decay ¢(K ™K ~) will be mis-assigned
as n/(nrT7w~). Only 326 events are reconstructible out of 40035 (~0.08%) irrelevant of any
PID cut and they peak around 6600 MeV /c?.

BY — J/(utp )o(ntr )

Since the selection only requires the presence of two pions and J/v, this decay mode will be
mis-assigned as 7'(n7T77). Out of 7328 MC-matched events, only 85 events (~1.15%) are
reconstructible, although this peaks at the nominal B? mass. The main reason for this low
reconstruction efficiency is the difference in the kinematics compared to the searched decay
channel. The searched missing particle 7 is significantly heavier compared to 7.

B — J/p(utp )n(ntmn0)

The branching fraction of B® — J/yn(n 7 7°) is about the same as that of BY — J/yn/ (7 77 n).
Using MC data, we applied partial reconstruction on these events with the hypothesis that

"Reconstructible in the sense that the B factor in p‘)l( = A+ /B is positive.
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Figure B.25: Signal significance S/v/S + B as a function of BDT cut.

these are J/yn'(m* 7™ n) events. We fitted the distribution with a Gaussian function and a
second-order polynomial to have an idea on the peak location and resolution of this back-
ground shape. Although the absolute efficiency of this decay mode w.r.t. partial reconstruc-
tion technique is not yet known since these MC events are generated with different cuts,
these background events would peak at ~5500 MeV /c? with a resolution of ~175 MeV /c?,
as shown in Figure B.30(left). This is about 150 MeV /c? away from the B? peak. These has
to be modelled when fitting the mass distribution of candidate events. Given the mutual
cross-feed of J/¢n and J/¢n' channels, the extraction of the branching ratios in these two
channels will proceed through a common fit of the two mass distributions with a signal and
cross-feed pdf given by the MC.

B® — J /(i Yo (w70

We applied partial reconstruction technique on B® — J/vw(nt7~7%) MC generated events.
Again, we fit the distribution with a Gaussian and second-order polynomial. As can be seen
in Figure B.30(right), these events peak at ~5400 MeV /c? with a resolution of ~110 MeV /c?.
They hence will populate the signal region and should be modelled. The relative branching
fraction and the small efficiency make these background events negligible with respect to the

J/n.

Combinatorial By, — J/¢h*h'~ events

One has to pay attention of B?S) decays into charged-only mode where a wrong PID assign-
ment of charged particle can mimic the decay mode that we are searching. For example, a
decay of B° to J/¢ K7 where the kaon is mis-assigned as a pion can be reconstructed as
J/Ym T~ + missing neutral. Luckily, there are two complementary ways to get rid of these
harmful decays. First, by applying a good PID cut on the pions. Second, by requesting that
the x% of B® w.r.t. to its own primary vertex (where this x% is obtained using the charged
tracks only) is > 10 for example, since this variable is sharply peaked at 0 for such decays.
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Figure B.26: B invariant mass distribution with BDT cut equal to 0.08. The resolution of Gaussian
1 is fixed to 75.0 MeV /c2.

The second requirement will also remove most of the J/¢rt7n~ events. See for example
Figure B.31 for a typical x% distribution of such decays.

B.4.4 Signal cross-feeds: 777~ from n

In the decay of B? — J/vym/(xt7™n), the n can decay to n*m {n° ~v}. The branching
fraction of n — 7t~ {n% v} is 27.34% and hence the charged pions may be mis-assigned
as the two pions that come from the n’. Out of 2623 MC-matched events, 1060 events
(~40.41%) are reconstructible peaking the nominal B? mass as shown in Figure B.32(a). It
is also possible that only one pion that comes from 7 is mis-assigned as the pion that comes
from 7. 2857 events (~51.47%) are reconstructible out of 5551 MC-matched events, as
shown in Figure B.32(b). These events are definitely signal events. Although the candidates
from the mis-assignment of pions from 71 peak at the correct BY mass, the corresponding
mass resolution is very degraded and hence distort the signal shape.

B.4.5 Partial reconstruction on the dimuon stream

We applied the selection of X — J/v(u™p~)mT 7~ described in Section B.3, to the dimuon
stream of 2012 LHCb real data. The data corresponds to [ L£dt = 2.08/fb integrated lu-
minousity. A total of 33 655 274 initial candidate events are selected for both MagUp and
MagDown configuration. To reduce the data, additional cuts are applied as summarized
in Table B.8. For reconstructible signal events, the two following conditions must be sat-
isfied: A > 0 and VB < A. We impose these two requirements to reduce the background
contamination. The last cut is applied to remove dimuons not coming from the J/v. The
imy5, — 3096.916 MeV/c? < 48 MeV/c? cut corresponds to the 30 resolution of the J/1
mass distribution in the LHCb dimuon stream. The said cuts retain only 168 897 of the
selected X° — J/¢(utp~)mtr~ candidate events.
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Figure B.27: B? invariant mass distribution as obtained using reconstructed vertices, reconstructed
tracks and random choice of ]§4)|(
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Removal of combinatorial backgrounds

To further remove combinatorial backgrounds, two Boosted Decision Trees (hereafter referred
as BDT 1 and BDT _2) are designed. The background events used to train the BDTs come
from the side band of the J/1 mass distribution, where 50 MeV/c? < Im5, — 3096.916] <
80 MeV /¢?, while signal events are the MC-matched signal events. About 3300 signal events
and ~5300 are used to train and test the two BDTs.

The histograms of the variable distributions and the linear correlations plots for BDT 1
are provided for in Figure B.33 and Figure B.34, respectively. The same can be found for
BDT 2. The non-linearity of the correlations in between variables justifies to employ the
BDT technique. Although some of the variables are highly linearly correlated, the difference
of the correlations in between signal and background for a given variable opted us to include
these in the BDT. Table B.9 lists the importance of these variables in the two BDTs. The
most discriminative variables are the topological variables, which are the x2, v (X%), X3p
(X9, X% (J/¥) and Nipaasapy (X°). Note that these variables were used also in the training
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Figure B.30: X° mass distribution for (left) B® — J/yn(rt7—7") events reconstructed as
J/yn (7 n) and (right) B® — J/vw(nt 7~ 7%) events reconstructed as J/vn (77 n).

of the BDT discussed in section B.3.4 to reject badly reconstructed events. The range of
some of the variables covers only few orders of magnitude and hence the logarithm of their
values are used instead.

Two types Boosted Decision Trees are added into the data. The first BD'T is designed to
reject combinatorial backgrounds (hereafter referred as BDTx). This is the BDT presented
in this section. The second BDT is designed to reject badly® reconstructed events. This is
the BDT discussed in section B.3.4 — hereafter referred as BDTy. Applying a BDTx > 0.10
and BDTy > 0.10 cuts on the real dimuon data stream results in Figure B.35'. With all these
cuts applied, including the two BDTs, we expected ~1200 events with a signal resolution
of ~88 MeV /c?. (See Appendix B.6.4 for the efficiencies and expected number of events).
By eye inspection, we see that the possible signal peak corresponds to what we expect. To

sThese are events with reconstructed mass far from the nominal mass of X°.
tThis figure was obtained using the weighting method based on proper time. The other weighting methods
will be discussed in the next subsection.
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Table B.7: Possible sources of background events with its corresponding branching fraction.

Decay B B/B /gy
BY — J/Yp(ut )y (7wt n) [ref] ~ 9.5x107° ~ 1.0
BY s J /() K *(892)° ~ 7.1%1077 ~T75
BY — J/p(utp )n(mtr{=% +}) ~ 8.3x1076 ~ 0.9
BY — J/(utp ) w(rtamw) < 1.4x107° <15
B — J/p(utp ) KOt ~ 5.9x107° ~ 6.2
B — J/p(put ) (KT K™) ~ 3.2x10° ~ 3.4
BY — J/p(utp)o(r T w0) ~ 9.9x1076 ~ 1.0
By — J/(ut ) (p(m 7)) ~ 6.4x107° ~ 0.7
BY — J/op(pt ) K+ (892)° ~ 5.3x1076 ~ 0.6
Bt — J/Y(ptp ) Ktntn~ ~ 4.8x107° ~ 5.1
BT — J/Y(utp )n(n e {n% 4K ~ 1.7x107° ~ 0.2
BT — J/Y(ut )y (a {77 YHEK™ < 3.8x107° <04
BY — J/p(utp)b(rtrn0) K ~ 4.7x1077 ~ 0.05
BT — J/w(u+u_)w(ﬂ+7r_7ro)[(+ ~ 1.7x1075 ~ 1.8

Table B.8: Sanity cuts to further reject background events.

Cut Efficiency on MC signal events
B>0 0.501996
A>0 0.501996
A>VB 0.501996
I — 3096.916| MeV /c? < 48. MeV /c? 0.986441
Combined cut 0.495593

further reduce possible contamination of kaons misidentified as pions, we applied a tight cut
on the PID of the two pion tracks. Applying DLLg, < —5 and DLL,, < 10 cuts on the two
pion candidates results in Figure B.36.

We apply an additional cut of xfp (X§aas) > 10 to further remove J/o(utp=)h™h'~
events, since this variable is highly-peaked at 0 for these type of events. Only 6 out of 1195
were removed after applying the cut, which means that the BDT and the PID cuts has effec-
tively removed these events already. We take note that the x% (X3 ...) variable is included
in the BDTx. We also checked whether ¢(2S)— J/¢¥nt7n~ is a potential background. As
shown in Figure B.37, we did not find a peak at the nominal mass of ¥(2S) and hence we
conclude that these events were already removed.

We also applied partial reconstruction technique to a MC sample of B°/Bf — J/¢X
inclusive events whether these will contribute to the signal region in the search for B? —
J/Yn'(mmn). As summarized in Appendix B.6.5, the said events do not contribute to the
signal peak region"; while looking at the MC sample of B — J/¢X inclusive events, (by
eye inspection) the number of events in the peaking region is consistent with what we expect
as the signal events.

UThe cuts used are not exactly the same as the ones used in the data, i.e. no BDT cuts, due to techni-
calities, but the cuts are chosen to be as close as possible.
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Figure B.32: Pions from 7 mis-assigned as pions from 7.

B?S) mass distribution using different weighting methods

In Section B.3.3, we observed that the three different weighting methods do not signifi-
cantly change the X° mass distribution. Those weighting methods are based on recon-
structed proper time, reconstructed momentum and combination of both. We check how
these weighting methods affect the X° mass distribution on the real data after all the cuts
applied. Shown in Figure B.38 are the X" mass distribution [top-left] using two entries per
candidate event, [top-right| using proper time as basis for weighting, [bottom-left] using the
momentum as basis for weighting and [bottom-right| using both proper time & momentum
as basis. We did not find a significant change in the distribution for the three weighting
methods.

Although we have studied in the previous section the effects of the weighting techniques
on the signal events, we did not know how will these affect the background shape. To check
how the weighting affects the distribution, the reconstructed mass distributions are weighted
in reverse. We do this reverse weighting by putting more weight on the events which are
less likely to be the correct solution. From the distributions shown in the Figure B.38, we
did not find significant change on the background events and hence we conclude that the
weighting procedures do not bias the background shape.
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Table B.9: BDT variable importance ranking [0,1] for BDT 1 and BDT _2.

Variable Importance

BDT 1 BDT 2
XY logio(X2 0 nsmy) 0.138 0.1646
X% logio(x3p) 0.1207 0.1006
J /1 logio(x%) 0.1093 0.1325
X9 1og10( Niracks) @ PV 0.1006 0.06877
7~ logio(x?%) 0.08325 0.09256
7 logio(X3p) 0.07885 0.1014
J/1 logio(Pr) 0.06274 0.04316
X% logo(Pr) 0.05998 0.05152
X% logio(n) 0.05378 0.04719
X0 logio(xay) 0.05270 0.05280
7t logio( Pr) 0.04835 0.03449
X% logio(x%) 0.04768 0.06923
7~ logyo(Pr) 0.04412 0.04111

B.5 Conclusions

We discussed in this document a novel technique to reconstruct a certain class of b-hadron
decay in the absence of the explicit reconstruction of one of its decay products. The missing
momentum is constrained by the knowledge of the b-hadron direction from the reconstruc-
tions of the primary and secondary vertices of the candidate and the presence of a narrow
intermediate resonance in the decay chain, up to a two-fold ambiguity.

The technique has been commissioned for the sake of simplicity with a well established
final state BY — J/¢m/(n’ — nt7n), where the 7 is the missing particle. It is mandatory
to envisage simultaneously the similar final states but one particle which can feed in the
spectrum of the reconstruction hypothesis. It happens that the only relevant cross-feed for
the mode of interest is coming from the decay B? — J/vn(n — w7 7°) where the 7 is
not reconstructed. Conversely, it has been shown possible to reconstruct this decay.

Two multivariate discriminators have been built in order to first select the candidates with
vertexing properties adequate for partial reconstruction and second to reject combinatorial
backgrounds. The typical performance in term of reconstructed mass resolution for the
modes scrutinized in this study is of the order of 60 MeV /c?. Although a mass model for
partially reconstructed background and signal candidates has to be be provided to draw
quantitative conclusions, we estimated that the gain in statistics w.r.t. a full reconstruction
of BY — J/ym/(— 7 n~n) can reach a factor of O(10). More modes were considered with
intermediate resonances such as ¢ — w7 (7°) or ¥ — 7 7 (7) but happened to be
drowned by cross-feeds of similar final states or physical backgrounds.

The two-fold ambiguity for the momentum solutions mentioned above has been studied
along different weighting of the solutions. The weighting techniques proposed in this docu-
ment show a marginal improvement in terms of resolution with respect to considering the
two solutions. It is worth to note however that this result is most likely dependent upon the
decay mode to be reconstructed.

Let us conclude this note by sketching few perspectives of application of this partial
reconstruction method to physics studies. This is certainly not exhausting the whole possible
applications of the method. In the scope of the charmless b—hadron decays, the obvious
candidates are BY — ¢n', ¢n,n'n,n'n’,mm. These modes are penguin-dominated transitions
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and analogously to B? — ¢¢ allows to access the weak mixing phase of the B? meson,
without the need of an angular analysis since the final states are pure C'P eigenstates. On
the same note, but addressing the weak mixing phase of the B° meson, another candidate
of interest is B® — 1/ K2. Another field of application is the search for exotic charmonia
states, for which one of the most promising final state involves B*¥ — Y (— yw)K*, where
w — 7m(n%). Eventually, we will apply this partial reconstruction technique in order to
select unbiased samples of protons and antiprotons from J/¢¥) — pp issued in the class of
decays B — J/¢hh'(h) where h can be either a pion or kaon and either the p or the p
is not reconstructed. Whether the statistics of the sample will allow it, the absolute p/p
reconstruction efficiency difference can be computed and serves as the necessary input for
studies of C'P violation in b-baryon decays.

Should there be an interest in using or developing this method within the LHCb collab-
oration, we would be happy to share and release this tool of partial reconstruction.

B.6 Appendix

B.6.1 Partial reconstruction in B? — J/v(utp™)o(xtrn0)

For the sake of completeness, we are reporting in this appendix the challenging reconstruction
of B® — J/¢(utp™)¢(rTn~70), where a much larger physical background is expected in
contrast to B — J/vm', J /iym. Searching for the decay mode B? — J/v(uTpu™)p(ntmn0),
we apply partial reconstruction technique on the same real data sample used in the search
for BY — J/o(uTp~)n'(nmTn~) (See discussion in Section B.4.5). Henceforth, we replace
the mass of the missing particle as the nominal mass of 7° and the intermediate mass as the
nominal mass of ¢(1020). The visible branching fraction of BY — J/v(u"u~)p(ntr—n°) is
about the same as BY — J/¢(u"p~)n'(nmt7~). Hence it might be possible to reconstruct
the said decay using partial reconstruction technique. The result is shown in Figure B.39.
One should take note that no BDT cut is applied yet here.

However, it is possible that kaons are misidentified as pions and still produces a peak at
the B? nominal mass. Considering that there are decays involving J/v(upu~) K*7T, which
branching fractions are larger than that of B — J/¢(utp~)¢(rTn~7°), we put additional
PID cuts to make sure that we are considering only pions. This is summarized in Table B.10.
After applying the PID cuts, the peak disappears as shown in Figure B.40(left). Although the
visible branching fraction of B? — J/¢¢(ntr~n") is about the same as B? — J/vn/ (nmr77),
it is possible that the former is contaminated by more background events. What we have
shown here is that J/¢(utp™) KEaF X is present in the B? peak. One can also notice a peak
at around 5100 MeV /c?, which becomes more visible when we applied the same BDT cut as
what we applied in the search for J/¢n' in Section B.4. See Figure B.40(right). This peak
might be from J/¢¥ Knm events, an hypothesis that is still under investigation.

Table B.10: PID cuts applied to retain only pions. DLLg is the logarithm of the likelihood ratio of
the kaon and pion hypotheses, and the DLL, is the logarithm of the likelihood ratio of the proton
and pion hypotheses.

Particle PID cut
T+ DLLg, < =5
T* DLL,, < 10
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B.6.2 Decay kinematics of BY — J/v(u™p™ )y (nt7™n)

Referring to Figure B.41, the four vector momentum of B® can be obtained even without
detecting the missing particle X since the decay is well constrained. As presented in Section
B.1.1, there are seven constraints for the 7 degrees of freedom and hence the problem is
solvable. The first four constraints come from the four vector momentum conservation in
the B® — J/¢ (7 7~ )n/(m "7~ X) decay. Using obvious notations, these are given by,

VP + % = \J5 )+ 2+ S5 3+ 0+ (B.20)

PB = PDyjp + Por + Dx (B.21)
If we resolve the vector components of the momenta of the daughter particles in the direction

parallel to B® (denoted by ||) and in the direction perpendicular to BY (denoted by L), then
the momentum conservation gives us,

P = By, + Poe + Py (B.22)

0= Py + 55 + 5 (B.23
Squaring both sides of Equation B.20,

2
Pp+mp = [\/p?w +mi, A\ Phe+ m%]
+2 {\/pi/w %+ DRt m%w] : [\/p?x + mﬁ}

+ p% +mk (B.24)

P+ My = Yy M7y Pae My, + 2\/ (p?,/w + mi/w) (P3s +m3,)

+2 {\/p?]/w + m?f/z/; + \/p%n + m%n] . {\/pgc + mg{}
+ px +mix (B.25)

From Equation B.22, we perform a scalar product with itself on both sides of the equation
resulting to,

2 2 2

Substituting Equation B.26 to Equation B.25, knowing that p3% = pﬂ? + i, PR = pﬁﬁ +

Paz + 2Py - Doy (from Equation B.23), p3,, = p!ﬁw + DYy Dor = P2 4 pi2 and cancelling

out some terms, we got,
(% =3y = m3, = m%) +2 (8 B + B % + B %)
= (pufy + P22 + By Do)
=2E;4For + 2 (Ejyp + Ear) Ex (B.27)

where Ejpy = /p%,, +m3 . Bor = /D3, + m3, and Ex = \/p% +m5%.
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The last additional constraint can be obtained by considering that the decay of B° should
be constrainted by 1’ mass m,,, hence by using the conservation of four vector momentum
in the B® — J/¢n decay,

my = mi/w + mg/ +2(EjuEy — By - D) (B.28)

where E,) = Eo. + Ex = \/p3, + m3, + /D% + m% and p,y = Do, + px are the energy and
three vector momenta of 7/, respectively.

Substituting Equation B.28 to Equation B.27 and cancelling out some terms to simplify
the equation, we got,

[m2 —m2, —m% — 255 - (Fh + 051)] + 285, - Py = 2E2, Ex (B.29)

Knowing that Ea, = \/p3. + m3, and Ex = \/p% + m%, we square both sides of Equation

B.29 and substituting p% = pl& + p? and pi? = pﬁp + p32 + 2Py - Py, (from Equation

B.23), we have,

[m3 25, - (i + 05)]

+ 4 [mA — 2, (P + D) ] P Bk
2 |2
+ 4phapl?
2 2 — —
=4 (2 + 32+ 3, ) (P + iR+ a2+ 20 - e + ) (B.30)

where,
mi =m., —ms, —mx (B.31)
Rearranging Equation B.30,
0=4 (p3; +m3,) Y
— 4 [mA = 2y - (P + 757)] Do
{40k + ma) [k + (B0 + 95)°] - [mh = 205, - (B +79)]°) (B32)

The only unknown quantity in Equation B.32 is the pﬂ(. Equation B.32 is quadratic w.r.t.

pﬂo which is the component of the momentum vector of the missing particle X in the flight
direction of the B® meson. Solving this equation using the quadratic equation, yields,

pk=AxVB (B.33)
where,
A= 2 12 2 (B34)
(p27r + m27r)
. . - 2 2 STTI Sl R
[mQA — 2Py - (pQﬁr + pﬁ/wﬂ E2 [mx + <p27r + PJ/w) ] Eyr
b= 4 (2 2 )2 B ( 12 02 ) (B.35)
(p27T + m27r) Par 27
where,
mi =ml —m3 —mx (B.36)
Por = (Brt + Dr-)* = Dot + D2+ 2P - P (B.38)
M = \/ Pre tmiy + \/pi_ +m2. — pi, (B.39)
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B.6.3 Parallel and perpendicular components of the momentum
vectors of the visible particles

If d is the displacement vector from the primary vertex (PV) to the secondary vertex (SV)
of X% meson, then,

G Typed s Byeed (AN Beed s
Py = ] d= p (3 =B (dxl +d,j + dzk> (B.40)
G Paped e Paeed s Bapped
Pig =~ p dyi + 7 dyj + 7 d.k (B.41)
then,
Pr = Py — ﬁ}/w (B.42)
We do the same for the ﬁgw and py-_, where,
ﬁZW'J 2 ﬁZﬂ"CZ ~ ﬁZﬂ"CZ\ 7
o= > dyi + = dyJ + szk (B.43)
Py = Do — Dy (B.44)
For the missing particle X, then,
Px = — (B + Pan) (B.45)
7 ]7271—'6? s ﬁQﬂ"J ~ ﬁ?ﬂ"cz 7
e = pld = el + sy + ok (B.46)
Px = P + P (B.A7)

B.6.4 Efficiencies and expected number of events

We want to compare the event yield that can be obtained using partial reconstruction tech-
nique versus the 79 events that were obtained by the explicit full reconstruction [116]. Hence,
the efficiency splitting is necessary. We do this by looking at MC events where only the J/¢
is required to be in acceptance. The corresponding efficiency of each cut is shown in Table
B.11. With these cuts, the expected signal distribution is shown in Figure B.42.

Table B.11: Efficiencies corresponding to each cut.

Cut Efficiency
Acceptance €ace = 0.25
Trigger €trig = 0.90
Reconstruction €rec = 0.07564
Stripping Estrip = 0.7976
Bfactor > 0 €Bgaerer = 0-501996
\m}% —3096.916] MeV /c? < 48. MeV /c? €m;,,, = 0.986441
BDTx > 0.10 espTx = 0.168889
BDTy > 0.10 espry = 0.298079

Combined Erotal = 1.28637 x 1073
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Given the efficiencies summarized in Table B.11, we calculate the expected number of
signal events N, using the following equation,

Nsig =L- Opp * 2fBQ . BBQHJM’(N'FM_)??/(??W*'W_) * Etotal = 1212 (B48)

where L = [ Ldt = 2.08/fb is the integrated luminousity for the 2012 LHCb data, oy =
291.6ub is the production cross-section of bb-pairs in the 2012 LHCb data, fpo = 0.105 is
the hadronization fraction of a b(b) into a B (B?) meson, and Bpo_,j/p(ut -y (netn-) =
Bposjpy X Birposptpu- X By pren- = 9.522394 x 107° is the visible fraction of B —
J/W(ptp™)n'(nrt o). The result of the partial reconstruction technique gives more ex-
pected event yield but with lower signal to background ratio compared to the explicit full
reconstruction.

B.6.5 MC B/B} — J/1¥X inclusive events

We have applied partial reconstruction technique, under the reconstruction hypothesis BY —
J/yn'(mt7™n), to the inclusive BY/B} — J/¥X Monte-Carlo data sample. This sample
contains 10 millions of such events, with the muons from the J/1 decay in the acceptance.
The size of this sample is approximately a factor five smaller than the actual data sample
considered in our analysis. The B? mass candidates reconstructed using a set of cuts similar
to the actual ones applied in the data are displayed Figure B.43(left). These events do not
peak in the signal region of J/¢n .

The very same MC sample has been analysed with partial reconstruction under the
hypothesis BY — J/¢¢(ntm 7). In contrast to the former case, the mass distribution
shown on Figure B.43(right) exhibits a peak around 5100 MeV/c?. Among the physics
processes which could account for this excess, the most appealing explanation is coming
from BO* — J/y K, Kyrn decays, as discussed in Appendix B.6.1. Further investigation
is however required to sort out the origin of the peak.

B.6.6 MC BY — J/¢X inclusive events

We have in addition applied partial reconstruction technique, along the same hypothesis, to
the analogous inclusive B? — J/¢X Monte-Carlo data sample of 10 million events. Because
of the hadronisation fraction of the b quark into B? meson, this sample corresponds approx-
imately to the total number of data events analysed to reconstruct B? — J/¢n/(7T7n).
This sample includes in natural proportions the signal we are searching for. Shown in Fig-
ure B.44 is the mass distribution obtained by the partial reconstruction method (B? —
J/un' (7™ n)) on this sample. We convincingly observe a peaking structure at the nominal
BY mass (about 5300 - 5400 MeV /¢?). By eye inspection, the number of reconstructed events
in the data is consistent with the number of MC reconstructed candidates which are seen in
the peak.
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Figure B.33: Distribution of variables used for the training of BDT 1. The same plot can be
observed for BDT 2.
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Figure B.34: Linear correlation matrix of the variables of signal events (left) and background events
(right) for BDT 1. The same plot can be observed for BDT 2.
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Figure B.35: X° mass distribution as reconstructed using partial reconstruction technique on real
data searching for the decay BY — J/¢(u*pu~)n'(nmT7~). Random choice method was used to
obtain these plots, the weighted spectrum is shown in Figure B.38.
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Figure B.36: X° mass distribution as reconstructed using partial reconstruction technique on real
data searching for the decay BY — J/¢(up™)n'(nmT7n~) with PIDg < —5 and PID, < 10 on
the two pions.
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Figure B.37: Reconstructed J/¢¥mm mass distribution after applying all the cuts including PID g <
—5 and PID, < 10 cuts on the two pions.
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Figure B.39: J/1¢¢ mass distribution as reconstructed using partial reconstruction technique on real
data searching for the decay B? — J/v(utpu~)¢(nt 7~ 70) with no PID cuts.
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Figure B.40: (Left) J/¢¢ mass distribution as reconstructed using partial reconstruction technique
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meson. The X particle is not detected and can be reconstructed using decay kinematics.
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Figure B.42: Expected signal event distribution after applying all the cuts.
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